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ABSTRACT

Generating amorphous solid dispersions (ASDs) containing active pharmaceutical
ingredients has become a favorable technique of emerging prominence to improve drug
solubility and overall bioavailability. Cannabidiol (CBD) has now become a major focus
in cannabinoid research due to its ability to serve as an anti-inflammatory agent, showing
promising results in treating a wide array of debilitating diseases and pathologies. The
following work provides evidence for generating homogenous glass phase amorphous solid
dispersions containing 50% (w/w) up to 75% (w/w) CBD concentrations in the domain size
of 2 — 5 nm. Concentrations up to 85% (w/w) CBD were concluded homogenous in the
supercooled liquid phase in domain sizes of 20 — 30 nm. The results were obtained from
polarized light microscopy (PLM), differential scanning calorimetry (DSC), as well as

solution and solid-state NMR spectroscopy.
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Introduction

Cannabinoids and the Endocannabinoid System:

Due to the loosening of restrictions on cannabinoids in recent years, their therapeutic
effects on the human body have been the focus of a large amount of recent research.t
Therapeutic benefits from cannabinoids have been documented in many clinical case
studies over the past decade. Treatment of many diseases and disorders such as Crohn’s
Disease, Parkinson’s Disease, and even in pediatric cases involving cerebral palsy with
cannabinoids have shown promising results.>4® However, with such a vast amount of
fundamental research untouched, the need for furthering the understanding of cannabinoids
and their interactions with the endocannabinoid system must be approached. Cannabinoids
isolated from C. sativa are classified as exocannabinoids as opposed to the human body’s
naturally produced endocannabinoids and both play integral roles in the immune response
and are attributed to inducing a wide range of molecular interaction with the human

endocannabinoid system.’®

EXTRACELLULAR

INTRACELLUAR

Figure 1: Schematic displaying the activation of CB2 receptor via cannabidiol. As a G coupled protein
receptor, activation induces an array of cellular signaling activity.
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The two main receptor types found within the endocannabinoid system are known as
cannabinoid type 1 (CB1) and cannabinoid type 2 (CB2) receptors, and both of which are
classified as A serpentine receptors which interact dynamically with Gi, proteins leading

to a cascade of cell signaling activity. 810

The CB2 receptor is found primarily in the peripheral nervous system (PNS) and is
distinguished from its counterpart in that upon ligand binding, induces no psychoactive
effects.”® The non-planar molecular structure of cannabidiol (CBD) prevents ligand
binding interactions from occurring between it and the CB1 receptor, and therefore CBD
induces no psychoactive effects, but instead acts as an anti-inflammatory agent by binding
to CB2 receptors of the PNS and immune-system.” The ability to induce expression of the
CB2 receptor is a very high, with expression increases up to 100 fold post tissue damage
and continues through the inflammatory process.® As it has been determined that all
immune cells express CB2 receptors, reports have shown that inflammatory-mediated
demyelinating pathology improvement is seen in response to CB2 immune cell activation.’
As a reported anti-inflammatory cannabinoid that induces no psychoactive side effects,

CBD presents itself as an excellent candidate for lead natural compound drug development.

Pharmacokinetics, Phase, and Bioavailability:

The pharmacokinetics of drug absorption, distribution, metabolism, and extraction (ADME)
dictate oral drug therapeutic design.!! In the case of developing an orally administered drug
therapeutic, while common factors of hydrophobicity of the drug must be accounted for,

the phase of active pharmaceutical ingredient (API) must be accounted for as well. The



physical state of the APl can have a dramatic impact on the bioavailability, and thus the

efficacy of the drug.1%*?

Crystalline APIs are attributed with a discrete structural lattice holding a low energy state
dominated by strong intermolecular forces.'®* As such, a large energy input is required to
disrupt the molecular lattice of the API upon digestion.*> Comparatively, an API in the
glass phase can greatly increase dissolution and therefore enhance bioavailability
properties of the API and is due to the high entropy state associated with the intermolecular

forces of a glass phase API.%2
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Figure 2: Depiction of a crystalline material (left) compared to an amorphous material (right). The
intermolecular forces holding each molecule together shows a discrete organization in a crystalline material
versus the disrupted molecular lattice of an amorphous material.

While a crystalline material has regular order in the arrangement of molecules in a lattice,
amorphous (or glassy) materials lack this order. Good glass formers are molecules which
resist crystallization when cooled below their melting point (Tm), allowing them to become
“supercooled” liquids. If a material continues to be cooled and does not crystallize, at some
point translational molecular motion will cease. The temperature at which this occurs is

referred to as the glass transition (Tg) of a material.»** By cooling a material very quickly



from above its melting point to below Tgq the likelihood of the material crystallizing can be
minimized, in a process commonly referred to as quenching.!3'* As seen in Figure 3, a
liquid material’s temperature must fall below its Tm to adopt a supercooled liquid state of
matter and then further drop below the Tg before it has reached a hardened glass state.'>13
Therefore, bringing the temperature of an API past its Tm will allow for a liquid phase to
be reached which in turn can be immediately quenched resulting in the formation of an

ASD AP|.12-14

Entropy

Temperature

Figure 3: Phase diagram comparing the entropy associated with crystalline materials and amorphous
materials as a function of temperature. The higher entropic state of amorphous materials represented by the
glass, supercooled liquid, and liquid phases provide not just the phase differences between Ty and T but also
show the rate of entropy change associated with each phase.

It is the glass phase that an API resembles the macroscopic characteristics of a solid yet
holds the molecular organization of high entropy fluid states.**'* And while some materials
may hold a stable glass phase for an extensive amount of time, other materials may
recrystallize over time due to such a lower activation energy barrier associated with the
API amorphous state.!?> The lowest energy state associated with matter is observed in the
crystal phase and thus there is the natural drive to reach this stability when materials are in

higher energy phases.'® This presents a challenge in the pharmaceutical industry when
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designing an amorphous oral therapeutic, as shelf life becomes an obstacle.'>* In order to
achieve the beneficial properties of bioavailability from an ASD, APIs are commonly

mixed with polymers which help to increase glass phase stability.*?

Amorphous
API

Amorphous
Soild
Dispersion

Crystalline
API

Figure 4: Energy diagram depicting energy barriers that must be overcome in order to transition from an
amorphous state into a crystalline state for an API. A pure API in the amorphous state will be attributed with
a smaller energy barrier when transitioning into the crystal phase. Addition of a polymer into a binary mixture
containing the API greatly increases the needed energy input required induce phase transition into a
crystalline state.

In the case where an API alone holds a Tq below room temperature, recrystallization
becomes an issue in oral therapeutic design. In order to raise the T above room temperature,
and increase the stability of the amorphous solid dispersion, a polymer must be selected
with a high enough of a Tq that allows for glass stability above room temperature of the
mixture, yet low enough such that the T4 of the mixture is reasonably attainable.'?> With a
proper combination of polymer and API, the antiplasticizing effect brought about by the
polymer will result in molecular mobility reduction and a retardation in the crystallization

process therein.!?



Increasing the Ty of an API can be achieved by incorporating the addition of a polymer.
However, the intimate mixing at the molecular level of both components must is critical.
Inadequate mixing of the components would inevitably lead to phase separation, API
recrystallization, and therefore defeat the purpose of incorporating a polymer when
designing an ASD oral therapeutic.21® In the context of oral therapeutics, the miscibility
of an ASD binary mixture refers to the degree of homogeneity an APl and chosen polymer
display when both components are mixed.*21617 Figure 5 depicts the difference in levels of

miscibility between an APl and polymer.
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Figure 5: Three levels of miscibility between an API and a polymer where the APl domain is considered
densely packed in an immiscible state, partially miscible with an increase in saturation of APl with polymer,
and a supersaturated state where the APl and polymer are miscible and therefore intimately mixed at the
molecular level.

Production and Characterization of ASD Oral Therapeutics:

The technological advancement in ASD oral therapeutic development has progressed over
the years with the development of hot melt extrusion and spray drying techniques holding
a predominant method in pharmaceutical designs.*6*® Other methods of rendering APls and
polymers into a miscible state include ball milling and even classical grinding via mortar

and pestle.’® Regardless of the chosen method in designing an ASD oral therapeutic,



analytical methods for evaluating the miscibility of ASD systems have just as well
advanced through the years. Some of the most common techniques utilized to evaluate
ASD miscibility in a binary mixture include X-ray diffraction (XRD), differential scanning
calorimetry (DSC), Raman spectroscopy, infrared (IR) spectroscopy, and solid-state
nuclear magnetic resonance (SSNMR) spectroscopy.12131618 \While the above analytical
methods can be considered relatively extensive, providing vast amounts of information
when investigating thermodynamic properties and/or the physical states of matter, more
simplistic approaches such as polarized light microscopy (PLM) can provide a qualitative

assessment of phase determination at a relatively low cost.'®

A miscible system can be characterized by a single T¢ where the individual glass transition
points intrinsic to either APl or polymer are no longer detectable but rather both
components display an intermediate T4.2°2% DSC provides the capability of detecting the
Tg of amorphous solid dispersions allowing for homogeneity of a binary mixture to be
evaluated.'61%20 Still it has been documented that a homogenous mixture can still display
two glass transition points and additionally, a phase separated ASD can hold an
intermediate T4.1%2! While DSC is a technique useful in evaluating miscibility of an ASD,
domain size limitations of miscibility are limited to a range of ~20 — 30 nm.16?> However,
SSNMR however provides a means of detecting homogeneity of an ASD in the domain of
2-5 nm, and therefore provides even greater insight into how well an ASD is mixed at the
molecular level.*® A limitation of SSNMR is that attempting magic angle spinning on a
material characterized as a “super cooled” liquid could potentially lead to detrimental probe

damage upon analysis without proper equipment.?®> A combination there within of multiple



techniques is advantageous when evaluating the properties and characteristics of ASD

systems.

Analvytical Techniques:

Polarized light microscopy is a technique which involves the manipulation of white light
normally produced by a regular microscope in the process of viewing a specimen or sample
at higher magnification. While white light vibrates randomly in all directions, polarized
light waves vibrate unidirectionally.?? This is achieved by passing the white light produced
by the microscope through a polarized filter aligned in an east west direction prior to
passing through the sample.?? The directional limitation of light wave vibrations allow for
the detection of a phenomenon known as birefringence, or the double-refraction of light,
through an anisotropic material. Birefringence is detected as it passes through anisotropic
materials into a secondary polarized filter termed an analyzer.?? A substance that is
anisotropic can be characterized as a material having directional dependence in its lattice
organization.?> A great example of an anisotropic material would be a crystal. The
structural lattice of a crystal is directionally dependent and the incident light that passes
through refracts at two distinct angles. As the crystal is rotated clockwise or
counterclockwise perpendicular to the polarized incident light, birefringence can be
observed in the form of distinct color changes as the wavelengths of refracted light are
altered passing through the anisotropic lattice and then into the analyzer.1”? This in turn
provides an easy means of performing a qualitative analysis for phase determination with

respect to amorphous solid dispersions.1”:?2
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Figure 6: Diagram depicting the two types of Ty change of a homogenous binary mixture composed at various
compositions. The bottom curve represents the theoretical change in T4 based on the Gordon-Taylor model,
while the top curve represents the theoretical change in Tgbased on the Fox-model. As component 1 decreases
in composition while component 2 increases in composition, the T4 of component 1 begins to increase and
vice versa for its counterpart.

Differential scanning calorimetry is a thermoanalytical technique providing a means to
measure the quantity of heat required to increase the sample temperature compared to that
of a reference.'®2* The resulting thermogram plots heat flow measured in W/g as a function
of temperature, and thus phase changes of the sample can be accurately determined. If a
series of ASD binary mixtures varying in percent composition are analyzed, shifts in phase
transition temperatures for each amorphous material become apparent. By evaluating the
Tg of ASD binary mixtures varying in percent composition, the defined T4 pertaining to
each mixture can then be plotted against wt% composition of either component.'> When
ASD binary compositions are intimately mixed at the molecular level and thus considered

homogenous, the experimental intermediate T4 of each composition should be comparable
9



to the calculated Tg¢’s acquired from the Fox model and/or the Gordon-Taylor model.1525:26
The Gordon-Taylor model, equation 1, calculates the intermediated Tq of an ASD binary
composition based on weight fractions of component one xi, the glass transition
temperatures of each pure component Tgi, and a fitting parameter ke-t, acquired from the
quotient of the products of density and change in thermal expansion (CTE) coefficients
respective of each component.?>%6 CTE represents each components’ isobaric expansivity
differences in the process from transitioning from a liquid to a glass phase.?

(1T, + kT,

T:
¢ (1-x) + k_ x )
P LAY
e @
P Pl
G-T T

,02 g2 (3)

The Simha-Boyer equation is utilized to simplify the Gordon-Taylor model allowing the
elimination of factoring in the thermal expansion coefficient to derive the value of k.1.2>
28 The Simha-Boyer rule states that the CTE of a liquid polymer will always be larger than
its glass state CTE, and thus the approximation of pAa. at Tg= 0.133 can be applied.?>2
The Simha-Boyer rule dictates that k can be approximated to equation 3 above.?>28 As the
value of the parameter k-1 increases, the predicted intermediate Ty for each binary mixture
increases by a factor of ke-1’s value with wt% polymer increase. Further simplification of
the Gordon-Taylor model is applicable when densities of both components are
approximately the same, however a slightly less accurate Ty predication results.?”? This

simplification removes the parameter k = 1 in the Gordon-Taylor model, and the resulting

10



equation is termed the Fox model.?”?8 The Fox model, equation 5, provides the reciprocal

intermediate Tg based on weight percent and pure component Tgalone, assuming k = 1.2728

L = xl +_xL
Tg Tgl Tg2 (4)

A basic representation of each model can be seen in Figure 6 where the top curve is
representative of the Fox-model, and the bottom representative of the Gordon-Taylor-
model. In the past couple decades however, another variation on the Gordon-Taylor model
was introduced by Kwei et al. to which an additional fitting parameter was introduced into
the Gordon-Taylor equation.?>?¢ Equation 5 shows this rendition to the Gordon-Taylor
model and is known as the Kwei model, where, x is the wt% fraction of component 2, and
q is an additional fitting parameter that considers the effects from component interactions
such as hydrogen bonding, ion-dipole forces, and Van der Waals interactions on

stabilization.

(T, + kG_Tng2

=Tk < +q(1-9)(x)

()
Kwei proposed that in a binary system of two polymers, evaluating the excess energy
related to the polymer backbone stabilization in the binary system allows for comparison
to that of the weighted average of each polymer backbone stabilization within separate
systems.?® If the required average thermal energy needed to breach the energy barriers
rendering polymer backbones immobile below Tg is measured as the product of the xsTg,
then the product xsgxixz is the excess energy related to polymer backbone stabilization in
a binary system.? The term &z is the Boltzmann constant, and Ty is the intermediate glass

transition temperature of the binary system.?® The energy barriers associated with polymer

11



backbone immobilization at the Ty include intramolecular flex energy as well as
intermolecular hole energy.?® These interactions are represented in Figure 7 as pairs of
contact, where in the case of an APl and a polymer blend, three types of interactions can

occur.2

Figure 7: Lattice model of a binary mixture composed of API and polymer. The three types of interactions
that can occur include homocontacts between polymer units, homocontacts between API units, and
heterocontacts between API and polymer. The contribution from each interaction inducing stabilization is
denoted by E;i, where E1; are the interactions between API and API, E; are the interactions between polymer
unit and polymer unit, and Ej; is the interaction between API and polymer unit.

When incorporating the volume fractions (®ii), of each contact type with respective
backbone stabilization contributions (Eii), the excess backbone stabilization energy of the
polymer mixed with API over the weighted mean backbone stabilization energy of the
polymer and weighted mean stabilization of the API alone can be expressed through
Equation 6.2

KggX X, = Q12E12+ 9,E,+ gzzEzz - 0'5(E11 t Ezz)

-1 (6)
The probability of finding a hetercontact ®12 in any location of the lattice is dependent
upon the binary mixture composition.?®¢ Only contacts resulting from neighboring units of

immediate proximity are considered and for simplification only 6 contacts are accounted
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for.?6 Of the 6 contacts, two of which will always be homocontacts between two units of
the polymer.?® Therefore, the contact type resulting from the remaining four will occur as
statistical distribution of homo and heterocontacts proportional to the wt% of each
component.?® Hence, the probability of heterocontact formation within the binary mixture
is (4/6)x1x2.26 When the case of an API and polymer are the components of the binary
system intimately mixed at the molecular level, random distribution of each component is
assumed ideal.'%26 The intermediate Tq predictions based of the Kwei model dictate when
(g > 0) high intermediate Tg’s can be expected to result due to higher excess energies, and
when (q < 0), smaller intermediate Tg’s are to be expected due to lower excess energies.?®
It is this extra fitting parameter that accounts for the intermolecular forces between

components allowing for a more accurate Tq prediction.?5:26

SSNMR is a powerful analytical technique utilized to investigate solid materials much like
in solution state NMR, but SSNMR must take advantage of a phenomenon known as
magic-angle spinning (MAS) to acquire useful information.?®3° The intrinsic spins
associated with the nuclei composing the sample experience several interactions causing
broad signals to arise upon Fourier-transformation (FT) of the free induction decay
(FID).2%% However, by spinning the sample at the magic angle (~54.74°) with respect to
the applied static magnetic field (Bo), interactions responsible for the broadening of signals
such as dipole-dipole interactions, chemical shift anisotropy (CSA) interactions, and
quadrupolar interactions can be averaged out, improving the resulting signals in the FT
spectrum.?%3° Cross polarization (CP) is also a useful technique employed when probing

solid samples and is commonly used in conjunction with MAS, and when both techniques

13



are combined, they are termed cross polarization magic-angle spinning (CPMAS).16:29.30
Cross polarization is a signal to noise (s/n) enhancing technique where in the polarization
from abundant spins such as *H nuclei are transferred over to far more dilute spins from
isotopes such as 13C.30 Additionally, the extended time taken for slow relaxation of dilute
isotopes to return back into the static field can be circumvented as the recycle delay is based
on the spin lattice relaxation of the abundant nuclei. Proton decoupling after CP, further
optimizes the s/n in the resulting FT spectrum.'62®30 A combination of the above
techniques allows for SSNMR investigation into the miscibility of a ASD binary mixtures

and the molecular dynamics of both components. 162

Two basic types of SSNMR experimental approaches can be employed to investigate the
miscibility of a sample composed of an ASD. Spin lattice relaxation (T1) and spin-lock
relaxation (T1,) experiments allow for evaluation of relaxation rates in two different time
domains.1®1730 Spin-lattice relaxation refers measuring the time taken for radio frequency
(RF) irradiated nuclei to relax back into the applied static field following a = pulse.3®3! In
this case, a pulse sequence can be applied to the sample nuclei such that the bulk
magnetization associated with the sample is tipped 180° with respect to the Bo field. The
bulk magnetization immediately begins to relax as it precesses back towards the Bo field.
After a specified delay time (1) has occurred, a RF n/2 pulse irradiates the nuclei again.
This pulse pattern is applied over a series of delay time increments and a logarithmic
pattern is observed in signal intensity upon arraying the resulting FT spectra acquired from
each free induction decay (FID).3%2! This type of measurement is referred to as an inversion
recovery experiment.16303! Spin-lock relaxation refers to pulsing nuclei 90° with respect

14



to the Bo field and then locking their magnetization along the transverse axis by a secondary
RF field.2%32 The decay rates of transverse magnetization from each component can then

be measured.%°

In both types of relaxation, spin diffusion, or the process of mutual magnetization exchange
occurring from polarized spins in different localized sites coming to equilibrium with
respect to the B1 locked magnetic field, can be used to access internuclear distances.'633
Intimate molecular mixing of two components in an ASD is successful when the proximity
of each component is closer than that of the length scale of spin diffusion. 633 Slow relaxing
components transfer magnetization to faster relaxing components and the weighted average
of these values from each component is equal to the relaxation time for both as a whole. 162

The following equation describes the length scale of spin diffusion.'®

L2 = 6Dt (8)

Where D represents the spin diffusion coefficient equal to 1012 ¢cm?/s,¢ and t represents
the rate of relaxation time.'®32 The length scale for spin diffusion of 20 — 50 nm ranges
between 1 to 5 s for spin lattice relaxation times while the length scale for spin diffusion
of 2 — 5 nm ranges between 5 and 50 ms for spin-lock relaxation times.6:2° If domain size
of homogeneity is shorter than 2 — 5 nm, T1and T, times from each component will be
comparable. If homogeneity occurs within the domain size of 5 — 20 nm, then a comparable
T time will be observed from each component yet the Ti, time for each component will
differ. And finally, if homogeneity is achieved in the range of 20 — 50 nm or greater, both

relaxation times will vary for each component.16-2°
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Experimental

Material Preparation:

Polyvinylpyrrolidone (PVP) with an average molecular weight of ~29,000 g/mol and was
procured from Sigma Aldrich. The PVP was vacuum dried over night at 70°C. The
cannabidiol (CBD) isolate was purchased from Standard Hemp Company (Denver, CO)
and both components were stored seperately in 20mL scintillating vials and placed under
drierite at all times unless utilized. Below is an image depicting the molecular structure of

the two components.

A) B)

OH

AN
HO

Figure 8: Molecular representation of A) cannabidiol (CBD) and B) polyvinylpyrrolidone (PVP) monomer.
The backbone of the PVP polymer is denoted by n, indicating the number of repeating.

Synthesis:

Physical mixtures of the APl and polymer were created by wt% and combined together in
a 100 mm 1.D. agate mortar and ground with an agate pestle. A total of six samples with
masses of 80 mg were generated with the following CBD wt% composiitons: 0%, 50%,
55%, 65%, 75%, and 85%. Physical mixing occurred by grinding the mixtures three times

for five minutes with stirring for two minutes between each grinding. The stirring of each

16



mixture was executed in the mortar with the edge of a 3x3 inch VWR weigh paper folded
in half ensuring not to lose any material during both grinding and stirring. After each
sample was physically mixed, the total sample was reweighed to ensure negligible to no
loss occurred prior to melt quenching the sample. Melt quenching each sample involved
the fabrication of borosilicate vacuum sealable glass ampules with the following
dimensions: Total length of 5 inches; flared stem length of 4 inches with an I.D. of 8mm;
sample housing length of linch with an I.D. of 22mm. The sample housing portion of the
ampule was blown with a flat bottom to ensure binary mixtures evenly coated the bottom
of the ampule. A 6x6 inch VWR weigh paper was then rolled up into a straw and then
inserted into the stem of the glass ampule allowing for efficient transfer of sample into the
ampule without residual loss that would occur due to static interactions during transfer.

The below diagram depicts the vacuum sealable glass ampule design:

Sample Housing
Portion:1” Stem Portion: 4”

(1 g( X)
i | 0‘9 mm 1.D.
/i

Figure 9: Schematic displaying the dimensions of fabricated flame sealable glass ampules utilized to melt
quench ASDs under vacuum conditions to avoid undesired oxidation or degradation during the sample
processing.

22mm
I.D.

Once samples were loaded into a glass ampule, they were flame sealed at the ampule stem.
The sealed ampules were placed in a Vulcan 3-550 model furnace set at 150°C and allowed
to sit for 10 minutes to allow for thorough melting of the entire sample. Upon removal of,
the ampules were immediately submerged in an ice bath until complete solidification of

the sample occurred. The hot stick method was applied to open each ampule ensuring no
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contamination would occur from borosilicate glass particles. All samples were stored in a

desiccator filled with drierite under vacuum pressure at all times unless utilized.

Solution State TH-NMR Analysis:

Solution state NMR (*H-NMR) was conducted on each sample to determine that the
targeted weight % of each sample was achieved. Each proton experiment was conducted
on an automated Bruker Ascend 400 magnet utilizing D-chloroform (CDCls), referenced
to 7.24 ppm, as the sample solvent. An *H 30° pulse was used corresponding to an
acquisition time of 4.17 s, a sweep width of 9.6 kHz, 32 scans taken with a 10 us pulse for
each experiment, and a recycle delay of 5 s. Samples were further analyzed if observed
weight % compositions calculated from relative quantitative measurements differed no

more than 3% from the target weight %.

Polarized Light Microscopy:

An Olympus MV X10 Macroview microscope equipped with an MV PLAPO 1X objective
lens and two WHSZ20X-H/12.5 eyepieces was utilized to process polarized light
microscopy images at 50x magnification. An Olympus SZX-PO polarizing filter was used
in conjunction with an Olympus U-AN T2 analyzer slide set 90° to the polarizing filter. An
Olympus SC100 camera was used to capture images and processed with cellSans Standard
1.7.1 software package. Scrapings from all six samples were placed into VWR glass petri
dish and photographed initially with unpolarized light and then under polarized light at 0°,

45°, and 90° rotated in a clockwise direction to determine any presence of birefringence.
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After confirmation of the samples showing no birefringence, they were then further

analyzed using solid state NMR.

Differential Scanning Calorimetry:

Differential scanning calorimetry investigation was conducted utilizing a TA instruments
DSC2500 calorimeter. Thermodynamic transitions for each of the ASD binary mixtures
were analyzed by preparing each sample in clean hermetically sealed Tzero aluminum pans.
The average sample weight ranged from 2-10 mg. Indium was chosen to as a reference for
all calorimetric investigations, prepared in seperate hermetically sealed pan. Each ASD
binary mixture was heated and cooled in the temperature range of -20°C to 200°C at rates
of 10°C/minute during heat ramp, and then cooled at rates of 10°C/minute, 5°C/minute, and
1°C/minute. The resulting thermograms were then plotted as a function of heat flow in
(W/g) against temperature in (°C). TA instruments Trio software was utilized to calculate
the Ty of each sample from the thermograms by measuring the half height at midpoint
temperature. The Tqacquired from each ASD binary samples was then plotted against CBD
wt% composition and compared to theoretical calculations derived from the Fox model or
the Gordon-Taylor model to assess the accuracy of the results. Equations 2, 3, and 4 were

utilized to determine theoretical Tg calculations:

Solid State NMR:

All solid-state NMR spectra were collected using a Varian VNMRS 400 MHz wide-bore
spectrometer with a 1.6 mm Transmission Tuning Tube (T3) HXY magic angle spinning

(MAS) probe. The downfield methylene peak of adamantane at 38.48 ppm was used as an
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external reference.®* Calibration powers consisting of a 1.25 us *H 90° pulse power and a
2.5 us BC 90° pulse power were utilized corresponding to 200.00 kHz and 100.00 kHz
respectively for all experiments. The *H — *3C cross-polarization (CP) MAS NMR
spectrum of each amorphous solid dispersion composed of CBD and/or PVP was collected
at a MAS speed (or) of 35 kHz. The pulse sequence for 'H — 3C CP was set witha 2.5 ps
13C pulse corresponding to 100.00 kHz for Hartmann-Hahn (HH) matching conditions. The
+1 spinning sideband (ssb) in the HH profile was chosen to match the *H — 3C CP
condition which corresponded to 135 kHz. Cross polarization was carried out with a 1.5
ms 2.5 % ramp on the *H power during the contact time pulse. The *H decoupling power
with a RF field strength of 200.00 kHz was used for all acquisitions. *H — *C CP MAS
spectra were collected using 512 complex points and a recycle delay of 3 s, 8192 transients,
and 512 complex points. 'H — 3C CP MAS Tz arrays were collected using 512 complex
points along with a recycle delay of 16 s, and 1024 transients. For *H — 13C CP MAS T1,
array collection, 512 complex points and a recycle delay of 8 s was used when scanning
1024 transients. A 'H spin-lock pulse of 100 kHz RF field strength was applied
immediately following an initial 1.25 us *H pulse for T1,array collection, followed by cross

polarization to carbon for detection.

By measuring 'H T1 and Tz, relaxation through the lens of 3C nuclei, the proton behavior
pertaining each component in the binary mixture could be deciphered. *H T relaxation
constants were obtained using the inversion recovery experiment through *3C observation.
The resulting FT spectra from each binary composition provided distinguishable peaks

pertaining to each component allowing for the peaks of interest to be integrated and then
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plotted against recovery delay times. The integrated values were fitted to equation 5 using

a house made R script:

The 'H T, relaxation constants were obtained from measuring the spin-lock duration time
of 1 ms after an initial 90° pulse to which the resulting FT spectra of each binary
composition provided distinguishable peaks pertaining to each component allowing for
peak integration to be plotted against recovery delay times. The integrated values were

fitted to equation 6 using the same R script:

M = Mo — 2M, e 7/ T 9)

M = Mo e (-#/T1p) (10)

Results and Discussion

Solution State NMR:

The 'H NMR spectra seen in Figure 10 and Figure 11 along with the assignments for each
of the peaks. The concentration of CBD in CDCls was 4.2 mM while the concentration of
PVP in CDClz was 1.3 mM. By running a *H NMR analysis of the two components
individually, identification of peaks from both components unaffected by any signal
overlap could be evaluated for further quantitative NMR measurements. After evaluating
each spectrum, the cis 9 singlet in the CBD spectra found at 4.56 ppm and the broad
multiplet in the PVP spectra found at 3.25 ppm were chosen for further quantitative

analysis.
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Figure 10: *H -NMR spectra for CBD in CDCls. The singlet at 4.5 ppm was utilized to determine quantitative
wt% measurements of CBD and PVP for each ASD binary mixture.
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Figure 11: *H -NMR spectra PVP in CDCI3. The broad multiplet at 3.5 ppm was utilized to determine
quantitative wt% measurements of CBD and PVP for each ASD binary mixture.
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Table 1 and Figure 11 both correspond to the relative quantitative analysis of each
CBD:PVP amorphous solid dispersion binary mixture. Table 1 describes the target wt%,
observed wt%, and wt% difference for each binary mixture based on CBD wt%
composition. Figure 11 illustrates an array of 'H NMR spectra for each ASD binary mixture
dissolved in CDCls as well as both components individually ranging from 2.8 — 6.4 ppm.
As described previously, the singlet at 4.56 ppm respective of the CBD vinyl protons and
the broad multiplet at 3.2 ppm respective of PVP aliphatic protons were utilized to perform
a relative quantitative analysis. The observed wt% of each ASD binary mixture prepared
differed no more than 3% from the target wt%. As such, each sample was further analyzed

via light polarized microscopy and solid-state NMR methods to evaluate sample phase and

miscibility.
CBD M M
85% CBD M M
T | S

65% CBD

55% CBD /\M B L e N

ww M B A N

64 6.2 6.0 58 56 54 52 50 48 46 44 42 40 38 36 34 32 3.0 28
"H Chemical Shift [ppm]
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Figure 12: *H solution-state NMR spectra for a series of CBD:PVP amorphous solid dispersions dissolved in
CDCls. The spectra were collected with a long recycle delay to ensure full relaxation. Careful integration of
peaks associated with CBD and PVP allowed for the quantitative measurement of the CBD:PVP wt% ratios
for each sample.
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Table 1: Targeted and observed ratios for melt-quenched CBD:PVP binary mixtures. Ratios of the
final melt-quenched ASDs were observed by careful integration of quantitative NMR spectra

CBD Target wt%: 50.0% 55.0% 65.0% 75.0% 85.0%
CBD Observed wt%. 48.5% 56.7% 65.9% 74.9% 83.1%
Difference in wt%: 3.0% 3.0% 1.4% 0.1% 2.2%

Polarized Light Microscopy:

200 um

0.1mm 0.1mm

Figure 13: Polarized light microscopy images of CBD:PVP binary amorphous solid dispersion mixtures at
wt% A) CBD 50% B) CBD 55% C) CBD 65% D) CBD 75% and E) CBD 85%. A pure CBD Crystal is
shown as a standard at 12.6X magnification in row F). Birefringence is observed at 0° and 90° rotations.
Numbers associated with lettering indicate 1) unpolarized image, 2) polarized image at 0° rotation, 3)
polarized image at 45 °clockwise rotation, 4) polarized image at 90 °clockwise rotation. A qualitative analysis
of birefringence was conducted indicating that the samples are amorphous.
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Each of the ASD binary mixtures prepared were qualitatively analyzed via light polarized
microscopy to determine the detection of any birefringence. Any birefringence detected in
the sample material would suggest phase separation of the two components and thus
indicate the recrystallization of the API. Samples were analyzed via light polarized
microscopy immediately after confirmation of wt% composition. As seen in Figure 13,
glass shards from each binary mixture were imaged under unpolarized conditions, and then
under polarized conditions at 0°, 45°, and 90° clockwise rotations to determine if any
recrystallization had occurred. The polarized images from each binary mixture provided

no indication of birefringence and thus were concluded to have held a stable glass phase.

Differential Scanning Calorimetry:

The array of thermograms found in Figure 14 display the glass transition temperatures
corresponding to each CBD:PVP ASD binary mixture. A single intermediate Ty was
identified for each mixture and recorded. Thermogram B representing binary mixture CBD
50% (w/w) held a Tg at 94.62°C; Thermogram C representing binary mixture CBD 55%
(w/w) held a Tgat 66.32°C; Thermogram D representing binary mixture CBD 65% (w/w)
held a Tg at 54.54°C; Thermogram E representing binary mixture CBD 75% (w/w) held a
Tg at 38.23°C; and finally Thermogram F representing binary mixture CBD 85% (w/w)
held a Ty at 22.85°C. These values were plotted against wt% composition of CBD to
determine how well they fit the Fox-model, Gordon-Taylor-model, and the Kwei model
seen in Figure 14. A single intermediate T4 can be observed in each thermogram indicating
that each ASD binary mixture is homogenous in domain size of ~ 20 — 30 nm.

Unfortunately, during the initial heating process, it is speculated that PVVP decomposition
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occurred as temperatures approached ~180°C. The minima resulting from the
decomposition peaks were integrated for all samples with no more than ~3.0%
decomposition observed and therefore any resulting deviation in T4 values obtained was
considered negligible. It should also be noted that the presence of water was detected in
these samples as seen in the broad peaks following the Tq points for each sample. As PVP
is characterized as being very hydroscopic, water contamination becomes a prevalent issue

in the generation of the ASDs.

Figure 15 displays the predicted intermediate Tq’s for the five ASD binary mixtures. It was
concluded that the predicted T4 values based on the Fox model and the Gordon-Taylor
model were far lower than that of the experimental intermediate Tg’s. As such the Kwei
model was utilized to accurately portray theoretical binary mixture Tq’s to which when the
parameter q was set to 156, the fitting resembled the observed pattern resulting from the
experimental Tq’s. This is indicative of large excess energy associated with the stabilization
of each mixture and it can be speculated that the hydrogen bonding interactions occurring
between the hydroxyl groups of CBD and the carbonyl groups of the repeating PVP

monomers are responsible for such a large q value.
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Figure 14: An array of thermograms collected for each ASD binary mixture composed of CBD:PVP. Each
sample is represented by wt% composition of CBD. The intermediate T, of each mixture allows for further
wit% content evaluation.
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Figure 15: Experimental Ty temperatures in Kelvin plotted against the wt% composition of the five ASD
binary mixtures. The teal line represents the Gordon-Taylor model, the dark green line represents the Fox
model, and the light green represents the Kwei model. The models were utilized to calculate theoretical T,
temperatures of CBD:PVP ASD binary mixtures in 5% increments based on CBD composition.
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Solid State NMR:

13C SSNMR spectra of CBD:PVP amorphous solid dispersions as well as crystalline CBD
are shown in Figure 11. The broad peaks observed in each binary mixture are characteristic
of amorphous solids. The sharp peaks observed in the crystalline CBD spectra provide a
strong contrast in comparison. A single proton T1 and Ti, relaxation time was determined
for the pure amorphous PVP samples. The 3C SSNMR spectra of CBD:PVP amorphous
solid dispersions provided relaxation times based off peaks unaffected by signal overlap.
And while the spectra of amorphous solid dispersions resulting from CBD:PVP mixtures
limited the peak selection process, peaks around 177 ppm and 42 ppm were selected to
calculate the PVP T1 and Ti, constants as the CBD peak interference was avoidable when
integrating. For the calculation of CBD T1 and T1, constants, peaks at 157 ppm and 143

ppm were chosen as these peaks were unaffected by PVP signal interference.

/ \ melt quenched PVP ‘J\‘/\M\A\

_,,/\__,_,_/\/\/\_/"\__/\/\ 0% 8P

55% CBD

_J\__,.,_,/\/\/\/\__/\/\_ 65% CBD

l l I lM M ”l m crystalline CBD

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
3C Chemical Shift [ppm]

Figure 16: *H — 3C CP-MAS NMR spectra for a series of CBD and PVP amorphous solid dispersions.
Crystalline CBD is shown for comparison. The averaged integration of peaks at 177 ppm and 42 ppm for
PVP as well as the averaged integration of peaks at 157 ppm and 143 ppm for CBD were utilized to
calculate the T, and T, time constants.
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Figure 17: (A) H T: and (B) H Ty, Time difference comparisons of CBD and PVP amorphous solid
dispersions as a function of CBD wt%.

Table 2: *H T, and T1p Relaxation Times for CBD:PVP Melt Quenched Amorphous Solid
Dispersions

*Values in parenthesis indicate standard errors associated with respective fits.

PVP CBD 50% CBD 55% CBD 65% CBD 75%
Average THT1(s)  CBD 3.03(0.38) 3.03 (0.05) 3.09 (0.11) 402 (0.43)
PVP 1.91(0.04) 3.03(0.14) 2.73 (0.14) 3.16 (0.09) 2.98 (0.24)
Average 'HT1p (ms) CBD 49.57 (22.4) 1251 (1.81) 11.92 (1.13) 13.17 (1.69)
PVP  16.35(L18) 4541 (21.1) 15.38 (2.29) 14.64 (1.56) 1359 (0.53)
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Figure 18: Fittings of Ty, relaxation delays from ASD binary mixtures. Plots A) and B) represent the fittings
gathered from the integration of the peak at 177 ppm and 42 ppm respective of PVP. Plots C) and D) represent
the fittings gathered from the integration of peaks at 156 ppm and 143 ppm respective of CBD. The fittings
for the ASD binary mixture composed of 50% (w/w) CBD diverges from the characteristic exponential decay
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Figure 19: Fittings of T, relaxation delays from ASD binary mixtures. Plots A) and B) represent the fittings
gathered from the integration of the peak at 177 ppm and 42 ppm respective of PVP. Plots C) and D) represent
the fittings gathered from the integration of peaks at 156 ppm and 143 ppm respective of CBD.

Table 2 displays the averaged H T1 and T1, constants obtained from their respective fits.
The plottings in Figure 16 and 17 provide the fittings obtained from the T1, and T1 datasets
for the 50% - 75% (w/w) CBD ASD samples. Table 2 depicts the series of T1 and T1,
constants of pure melt quenched PVP through the melt quenched 75% CBD sample. While
the 85% CBD sample was synthesized, and analyzed via solution state NMR and DSC for

quantitative assessment as well as qualitatively assessment via PLM, the sample was
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characteristic of a “super cooled” liquid with a T at approximately room temperature, and
thus SSNMR analysis was avoided in fear of causing probe damage. Regardless, the
relaxation time constants for the preceding samples were calculated. As seen in Table 2,
T1 time constants varied between CBD and PVP no more than 1.04 s for all samples
analyzed, indicating homogeneity in the domain size of 5 — 20 nm. Likewise, the
comparison of Ti, time constants of CBD and PVP showed the largest difference
measuring 4.16 ms thus indicating homogeneity in domain sizes smaller than 2 — 5 nm.
Figures 18(A) and18(B) provide the comparison of Ti and Ti, constant differentials
between CBD and PVP as a function of CBD wt% composition. The findings show no
obvious trend indicating that these compositions can be concluded as good glass forming

ASD binary mixtures up to the limits of 75% (w/w) CBD composition.

In the case of CBD where the Tg of the API is found below room temperature,
polyvinylpyrrolidone with an average molecular weight of ~29,000 g/mol was chosen as
an ideal polymer to synthesize stable amorphous solid dispersions. The upper limits in
terms of wt% composition for each ASD binary mixture created were investigated via
polarized light microscopy, differential scanning calorimetry, solution state nuclear
magnetic resonance spectroscopy and solid state nuclear magnetic resonance spectroscopy.
The above methods of analysis allowed for both qualitative and quantitative analysis and
phase assessment of each ASD binary mixture to which homogeneity of each sample was
investigated at domain sizes ranging from ~2 — 50 nm. It was concluded that ASD binary
mixtures of CBD and PVP in domain ranges of 2 -5 nm were considered homogenous in

the glass phase for compositions containing 75% (w/w) CBD, while compositions beyond
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that were concluded homogenous at the range of 20 — 30 nm in the super cooled liquid

phase.

Conclusion

The pharmacokinetics involved in bioavailability enhancement are critical aspects to
evaluate in drug design, especially when an oral therapeutic is the means of administration.
It is generally accepted that the phase of an API can greatly alter factors in drug absorption,
distribution, and metabolism, as well as excretion. Low energy states associated with
crystalline APIs attributed with a discrete molecular lattice have been documented many
times to show poor rates of absorption compared to that of an AP in the amorphous phase.
However, while an API rendered into an amorphous solid dispersion provides improved
bioavailability, stability and therefore shelf life of the APl becomes a sacrifice in design.
This work demonstrates a classical approach to such an obstacle which calls for the
intimate mixing of an APl and polymer at the molecular level resulting in glass phase
stabilization above room temperature. Additionally, the above research conducted shows
one of the first attempts at applying a legitimate pharmaceutical approach with respect to
drug design utilizing cannabinoids as an APl. However, further investigation into this
binary system based on humidity, pressure, and time laps is warranted. Additionally, the
level of solubility and bioavailability gained from these ASD binary mixtures should be
investigated. Finally, similar investigations should be approached with other closely related
cannabinoids as the research on the hundreds of cannabinoids already isolated from C.
sativa is rapidly progressing every day.
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