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Hydrophobic Drugs

Photopolymerized Micelle-Laden Hydrogels Can
Simultaneously Form and Encapsulate Nanocrystals
to Improve Drug Substance Solubility and Expedite Drug

Product Design

Paul Douglas Godfrin, Hyundo Lee, Ji Hyun Lee, and Patrick S. Doyle*

Formulation technologies are critical for increasing the efficacy of drug
products containing poorly soluble hydrophobic drugs, which compose
roughly 70% of small molecules in commercial pipelines. Nanomedicines,
such as nanocrystal formulations and amorphous solid suspensions, are
effective approaches to increasing solubility. However, existing techniques
require additional processing into a final dosage form, which strongly
influences drug delivery and clinical performance. To enhance hydro-
phobic drug product efficacy and clinical throughput, a hydrogel material

is developed as a sacrificial template to simultaneously form and encapsu-
late nanocrystals. These hydrogels contain micelles chemically bound to
the hydrogel matrix, where the surfactant structure dictates the crystal size
and drug loading. Therefore, nanocrystals can be produced in high yield
(up to 90% drug loading, by weight) with precisely controlled sizes as small
as 4 nm independently of hydrogel composition. Nanocrystals and surfactant

converting an API to a salt, but many
APIs are not compatible with this type of
chemical transformation.'¥l Therefore,
formulation nanotechnologies are a more
general and powerful approach to improve
the solubility and absorption, distribu-
tion, metabolism, and excretion properties
of hydrophobic APIs toward improving
clinical performance. In contrast, current
nanomedicines have primarily focused
on targeted delivery (e.g., cellular uptake)
of oncology drugs,** albeit with slow and
expensive development.!’]

Solubility enhancement requires a sen-
sitive balance of API solid state stability
and the solubility in aqueous solution.
Approaches such as lipid-based systems
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are then released together to increase the solubility up to 70 times above
bulk crystalline material. By integrating nanocrystals into a final dosage form,
micelle-laden hydrogels simplify hydrophobic drug product design.

1. Introduction

Nanotechnology can be used in combination with drug
substances to design nanomedicines,'-3! which provide several
benefits for drug product performance, including improved bio-
availability, biodistribution, and efficacy via targeted delivery.l*7]
A growing impetus for nanomedicines is that 70%-90% of
new chemical entities identified by high throughput screening
(HTS) technologies for drug discovery are hydrophobic in
nature.®' Hydrophobic active pharmaceutical ingredients
(APIs) have low solubility that can cause erratic in vitro phar-
macokinetic (PK) assay results during early screening.!']
Medicinal chemistry can be used to improve solubility by
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(such as self-emulsifying drug delivery
systems),'®17] cyclodextrin complexation, '8!
and nanovehicles (micelles, liposomes, or
dendrimers)*! improve solubility by intro-
ducing a more hydrophobic interface onto
which the API partitions in equilibrium
with the aqueous solution. However, these co-solutes can hinder
API-target binding if partitioning is too effective and also yield
low API loading and toxicity concerns due to significant excipient
content.”%) Methods such as nanocrystal formation,*2-23 amor-
phous polymer nanoparticles,* and porous nanoparticles®?!
improve the solubility and dissolution rate by stabilizing the API
in a state with high surface energy (that depends on API particle
size, crystallinity, and polymorph).2627]

Of the available formulation nanotechnologies, nanocrystal
formation has been the most successful for hydrophobic
APIs and is used in several food and drug administration-
approved products.f222] By retaining the crystalline structure,
nanocrystals are more stable than amorphous API and are rela-
tively stable to polymorph transformations.?8! Nanocrystals can
be synthesized with sizes as small as 100 nm with minimal stabi-
lizer material to limit toxicity and increase drug loading.[*2229-31]
The large curvature and surface area of nanocrystals provide a
driving force for higher solubility (Ostwald-Freundlich equa-
tion) and correspondingly faster dissolution (Noyes—Whitney
equation) relative to particles on the micrometer scale or
larger.3?! In the case of orally delivered nanocrystals, absorption
and thus bioavailability are directly correlated with solubility and
dissolution rate.! An improved dissolution rate also contributes
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to producing similar absorption and bioavailability in fed and
fasted conditions (known as “food effects” due to differences in
pH and chemical composition of gastric fluid), which facilitates
increased efficacy?®3233 and patient compliance.3*3]

A remaining challenge for drug development is the need to
reformulate drug products when transitioning from early to late
stage clinical studies. Oral solid dosages (OSDs) are the pre-
ferred commercial dosage form due to their excellent patient
compliance, API stability and release, reproducibility, and
scalability.*3¢! However, current formulation technologies
force a compromise between the speed to pivotal first in man
studies and the time and cost required to develop a commercial
formulation.?”3® This commonly results in reformulation after
phase 1 studies, which is time consuming and resource inten-
sive and could possibly result in failed bioequivalence due to
detrimental effects of the OSD formulation and manufacturing
process on PK properties.?>*) In the case of transforming
nanocrystal suspensions into OSDs, the added excipients and
processing can induce agglomeration, hinder dissolution, or
enhance clearance, which can alter the drug release profile and
may significantly influence the bioavailability compared to the
initial nanocrystal suspension.l*!! For nanomedicines to improve
clinical performance they require technologies with a more
holistic design that can simultaneously comply with the high
rate of hydrophobic APIs generated by HTS methods and the
requirements of commercially viable final dosage forms.[*>#3

Here, we propose that hydrogels infused with surfactant
micelles are a promising technology to improve clinical trans-
lation and performance of hydrophobic APIs. Hydrogels
are widely used in pharmaceutical formulations due to
their biocompatibility and chemical stability, versatility, and
responsiveness.**8 They begin as solutions (for easy con-
trol of dosage form size and shape) that are polymerized into
3D networks of cross-linked hydrophilic polymers with sig-
nificant pore space.*>* The pores can induce and control
API crystallization by tuning the geometry and chemistry of
the cross-linked matrix.’%! This thermodynamically driven
process simultaneously encapsulates and stabilizes API, dras-
tically simplifying crystallization and OSD production com-
pared to conventional techniques. By comparison, commonly
used top-down techniques for nanocrystal production, such
as media milling, jet milling, and high-pressure homogeniza-
tion, require careful monitoring of the processing conditions to
control crystal size and polymorph due to the intense energy
input to reduce the size of bulk crystals.*?22°31 Using current
techniques, the minimum achievable crystal size is acutely sen-
sitive to the type of stabilizer to prevent polymorph transitions
and/or agglomeration.?>>3 The immobilization of nanocrystals
within hydrogel pores inherently prevents agglomeration that
can occur when nanocrystals are mobile in solution.

Due to the hydrophilicity of hydrogel matrices, loading
them with hydrophobic API requires modification to inte-
grate hydrophobic domains within the 3D matrix.’ The
core of surfactant micelles has been used previously to
create hydrophobic nanodomains.>>% Several studies have
modified poloxamer surfactants with acrylate groups to cross-
link micelles into hydrogels,”>8 which can encapsulate
and release hydrophobic APIs.-%2 However, these initial
designs of micelle-laden hydrogels never incorporated crystal-
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line API and suffered from restrictively low drug loading and
slow release kinetics that limit their utility as OSDs. Release
of encapsulated API is controlled by hydrogel network chem-
istry, which mediates disintegration or swelling to control the
mass transport.>*] Recent studies have embedded hydrogels
with nanocrystals by using nanoemulsions as templates to
control crystal size.[®*=%6] However, limits of emulsion stability
prevent completely independent control of drug loading and
crystal size.[%3] Further, the loss of surfactant during hydrogel
cross-linking and API crystallization limits the solubility during
drug release.

In this study, micelle-laden hydrogels are used for the
first time to template the formation of hydrophobic API
nanocrystals to minimize crystal size and maximize API
loading, solubility, and release. These hydrogels address
many of the obstacles facing the effective development and
delivery of hydrophobic APIs. Increasing hydrophobic API
solubility is achieved by forming nanocrystals within the
micelles and releasing surfactants simultaneously upon
delivery. Their capacity for high drug loading, versatile dosage
form design, and scalability (from preclinical to commercial
scale volumes) can facilitate more successful and efficient
clinical translation.

2. Results and Discussion

2.1. Micelle-Laden Hydrogel Synthesis

We have designed a scalable hydrogel-based OSD to facilitate
the simultaneous formation and encapsulation of nanocrystal-
line hydrophobic APIs. Micelles are chemically bound into the
hydrogel network, which mechanically stabilizes hydrophobic
domains formed by the micelle cores and allows for subsequent
chemical and physical manipulation of the composite mate-
rial without diminishing its ability to encapsulate hydrophobic
drugs. As a result, the synthesis, loading, and delivery of this
robust system are independent processes, facilitating inde-
pendent control of hydrogel chemistry and drug crystal loading
and size. Figure 1 demonstrates the sequential steps used to
produce micelle-laden hydrogels, including hydrogel dosage
form synthesis, loading and crystallization of the hydrophobic
API, and drug release.

Micelle-laden hydrogels begin as an aqueous precursor solu-
tion consisting of a cross-linking agent (poly(ethylene glycol)
diacrylate (PEGDA), M, = 700 g mol™!), porogen (poly(ethylene
glycol) (PEG), M, = 200 g mol™!), acrylated surfactant, and
photoinitiator (PI) (2-hydroxy-2-methylpropiophenone). The
spontaneous formation of micelles by surfactants above the
critical micelle concentration (CMC) creates hydrophobic
nanodomains in which hydrophobic drugs can solidify into
nanocrystals. In the absence of co-solvents and co-surfactants,
many surfactants can retain the form of a micelle solution up
to large concentrations. This provides a framework to integrate
a significant quantity of nanodomains with a well-defined,
monodisperse size into a given hydrogel. This solution can
be handled using a number of solution processing techniques
across a wide range of length scales, from microfluidics to
yield micrometer-scale particles to casting techniques capable
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Figure 1. A schematic of the three phases of the micelle-laden hydrogel lifecycle: synthesis, loading, and delivery. During synthesis, a liquid precursor is
cast into a preferred form (here either a tablet or a microparticle) and then cross-linked via photoinitiated polymerization and washed to remove unre-
acted monomers. During loading, the hydrogel is swollen in an organic solvent containing the API, which is then evaporated to induce crystal formation.
Finally, delivery of the encapsulated drug occurs when the hydrogel is hydrated, which induces swelling and degradation to release surfactant-stabilized

nanocrystals.

of producing tablets or films (schematics of these techniques
are provided in Figure 1). Importantly, the number density and
size of nanodomains as well as hydrogel chemistry are inde-
pendent of the dosage form size and shape. In this study, we
use a 14 mm (diameter) x 7 mm (height) tablet cast and a
microfluidic cross-junction to produce 500 * 75 um particles.
The hydrogels are then cleaned by soaking them in ethanol
to remove PEG, photoinitiator, and unreacted PEGDA and
surfactant monomers prior to drug loading.

The purified hydrogel is subsequently loaded with
hydrophobic API by soaking it in a suspension of the API in
an organic solvent with sufficient time for swelling and homog-
enous infusion. An ideal solvent has a high saturation concen-
tration of the hydrophobic API, will readily infuse the hydrogel
matrix, and is volatile to facilitate low-temperature evaporation.
The swollen hydrogel is then removed from the medium before
drying to remove solvent, which induces crystallization by
supersaturation. Residual solvent content is a concern for OSDs
and is quantified using thermal gravimetric analysis (TGA)
to reach levels of 1%-2% of the final hydrogel mass. During
drying, the temperature is held above the bulk melting temper-
ature of the API, creating a liquid of pure API infused in the
mesh. By maintaining the API in its liquid form, it served as
a medium to support the hydrogel mesh upon solvent removal
and drive heterogeneous nucleation of crystals within the mesh
rather than on the surface. Upon cooling, crystallization occurs
within the hydrophobic cores of the micelles or the pores of
the hydrogel mesh. Thus, the distribution of crystal sizes will
depend on the exact hydrogel composition. The nanocrystals
formed in either environment of micelle-laden hydrogels are
stabilized from coalescence and degradation due to physical
separation from each other and the environment. While this
protocol leaves behind some API, future iterations will opti-
mize this process to achieve 100% encapsulation efficiency by
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using containers designed to localize API solution within the
hydrogels during the drying process.

In this work, fenofibrate (FEN) is used as a canonical
hydrophobic API based on its availability and extensive use in
prior studies. In particular, recent work has quantified the rela-
tionship between crystalline FEN melting point and crystal size
by using porous glass beads with varying pore sizes,*’! which
will be utilized as a calibration curve to quantify crystal size
distributions within micelle-laden hydrogels using dynamic
scanning calorimetry (DSC). To demonstrate the general appli-
cability of micelle-laden hydrogels to poorly soluble APIs, we
also provide preliminary evidence of nanocrystal formulation
using ibuprofen in the Supporting Information. However, a
more comprehensive demonstration of micelle-laden hydrogel
performance is the focus of ongoing research.

When the hydrogel is rehydrated in aqueous solution, it
swells and is hydrolyzed, releasing the API. In the latter case,
the matrix simultaneously releases surfactant that increases
the solubility of the hydrophobic drug, enhances the kinetics of
dissolution, and prevents supersaturation and recrystallization.
Due to the chemical modifications that occur during hydrogel
synthesis (radical polymerization) and degradation (hydrolysis),
the material released during drug delivery is distinct from the
initial reactants. For the PEGDA-based gels used here, the
hydrolysis products include PEG and partially cross-linked
polyacrylates (e.g., Eudragit and Carbopol), which are both
widely used excipients. The degradation can also be leveraged
to convert an OSD vehicle to a liquid formulation for preclinical
studies.l%”]

In order to explore the effect of surfactant properties on
nanocrystal formation, a range of alkyl ethoxy and poloxamer
surfactants are integrated into hydrogel matrices. Table 1 out-
lines the surfactants studied, which vary in the length of the
hydrophobic and hydrophilic units. The alpha numeric names
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Table 1. Summary of chemical properties of the surfactants used in this study, including molecular weight (M,), HLB value, critical micelle
concentration (CMC), and chemical composition of the original surfactants and hydrodynamic diameter before (D)) and after (aD,) the acrylation

reaction and corresponding standard deviations.

Surfactant M, HLB CMC [% w/v] # C/PPG # PEG Dy, [nm] aDy, [nm]
L10 627 13.6 9% 1073 12 10 8.4+ 05 10.5+ 0.3
C10 683 12.9 1x107 16 10 235+ 1.5 126+ 0.8
123 1268 16.9 8x 1072 12 23 8.6+ 0.2 8.7+ 0.1
20 1124 15.7 8x 107 16 20 10.1+ 0.1 102+ 0.1
S20 1152 15.3 7x107* 18 20 11.2+ 0.4 16.0+ 0.4
B25 1496 17.3 - 22 25 - 128+ 0.1
S100 4738 18.8 1x1072 18 100 249+ 13 26.1+ 0.8
F68 8400 >24 4x107" 30 80 7.1+ 0.2 125+ 0.4
F127 12 700 22 4x1072 70 106 8.9+ 0.9 9.4+ 0.4

refer first to the alkyl chain (L = lauryl, C = cetyl, S = stearyl,
and B = behenyl) and second to the PEG length in the number
of monomeric units. The two poloxamer triblock surfactants
studied are F68 and F127, which contain a polypropylene glycol
(PPG) hydrophobic region rather than an alkyl chain. The sur-
factants are organized into three sub-sections distinguished by
the size of the PEG region, which correspond to roughly 10, 20,
and 100 PEG units. Thus, the influence of the size of the PEG
segment and hydrophobic core of the micelle can be indepen-
dently studied.

Integrating micelle templated hydrophobic domains into
hydrogel matrices requires that the surfactants are capable of
being chemically bonded to the matrix. A variety of functional
groups can be used, but here we add an acrylate group to the
hydrophilic end of the surfactant, as done previously,?”¢! for
its compatibility with PEGDA-based hydrogels. One exception
is surfactant B25, which was purchased in the acrylated form.
Dynamic light scattering (DLS) confirms that the surfactants
remain water soluble and form micelles of similar diameter (see
Table 1) after acquiring an acrylate group. Fourier-transform
infrared (FTIR) spectra (shown in the Supporting Information)
replicate prior workl®! and demonstrate the loss of the IR band
(3500 cm™) from hydroxyl groups initially present and the evo-
lution of bands (1640 and 1720 cm™) corresponding to acrylate
functional groups after the reaction with acryloyl chloride.

2.2. Characterization of Crystal Size Distributions within
Hydrogels

As with prior work utilizing hydrogels to encapsulate API crys-
tals,P%>! the significant void space of the matrix scaffold creates
domains within which crystallization can take place. Therefore,
the PEGDA matrices that will later serve as the scaffold for
acrylated micelles will themselves template crystals. Although
the presence of surfactant, even not in micellar form, will
alter crystallization in the mesh, quantifying the relationship
between the matrix composition and crystal size will set the
foundation for identifying the effect of micellar domains.

A range of PEGDA and PEG porogen volume fractions
are studied to correlate the network structure and composi-
tion with the corresponding crystal size distributions and
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drug loading. Prior work has demonstrated that the equilib-
rium swelling (and thus, the mesh size) of PEGDA hydrogels
decreases as PEGDA content increases, due to shorter spacing
between cross-links, and increases with PEG content, due to
its excluded volume.! These features will play a role in the
resulting crystal size distribution formed by the encapsulated
API, but will not correlate directly. Following our API loading
protocol, the hydrogels are not in an equilibrium swollen state
prior to crystallization due solvent removal, which precludes
the use of equilibrium swelling models to quantify the mesh size
in which crystals form. Further, the mesh size (when infused
liquid API) is likely to be subsequently distorted during crystal-
lization. Network segments will be more coiled in a less swollen
state and thus have more flexibility to self-associate due to the
contrast in hydrophobicity of the API and the hydrogel matrix.
Further, PEG and polyacrylate segments are also expected to be
expelled from the crystallization front of the hydrophobic API.
Thus, the final crystal size distribution and API loading will be
sensitive to the initial mesh size as well as the thermodynamic
driving forces for self-association of the hydrogel network seg-
ments during crystallization, which require direct measurement
under each condition.

The extent of crystallization within hydrogels was
determined by DSC, which can quantify the content and
size of crystals according to the known shift in melting point
and enthalpy of melting as a function of crystal size.[%¥ For
example, bulk fenofibrate displays a prominent peak near the
melting temperature of 81 °C, while drug-loaded hydrogels
have a peak that is shifted to lower temperatures. All peaks are
confirmed to correspond to crystalline fenofibrate by the forma-
tion of peaks in X-ray powder diffraction data (provided in
the Supporting Information) and the lack of any exothermic
(positive specific heat flow) signal in the DSC curves, which
would indicate crystallization of amorphous fenofibrate during
the experiment. The theory and fitting protocol are described
in detail in the Supporting Information. By fitting DSC ther-
mograms, the cumulative crystal size distribution, C(D), is
extracted, which indicates the mass fraction of crystals that
are equal to or smaller than a particular size. Raw DSC results
for all hydrogel compositions studied here are provided in the
Supporting Information, as all results moving forward will be
presented in the form of C(D).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

il

www.advancedsciencenews.com

(a) 109 105% pecDA
0.9+ 10% PEG
0.84—20%PeG
= ——30% PEG
& 071 —aow%peG
& 064
= 0.54
5 04
T 03]
024
014
0.0 .
1 10
(c) 19730% PecDA
0.91 10% PEG
0.84——20%PEG
= o7]—3%PEC /
g ' 1—40%PEG
= 064
£ o5
= 05
5 04
S 0.3
024
014
00 . . .
1 10 100 1000

D (nm)

www.small-journal.com

(b) 1.09 205 pEGDA

0.9 10% PEG
0.8]—20% PEG
= g7]—30%PEG f
g '1—40%PEG
= 08
B 0.5
é‘ 0.44
S 0.3
0.2
0.4
0.0 " y
1 10 100 1000
D (nm)
(d) 01
"2 08
=
5
£ 081
e
@ 044 u 10%PEG ¢
£ 20% PEG
z o,] a 30%PEG
g 029 § Lo%pEC
—Load limit e
0.0 . - g y
0.0 0.1 0.2 0.3 0.4

beecDa

Figure 2. Cumulative crystal size distributions are provided for hydrogel compositions with a) 10%, b) 20%, and c) 30% PEGDA and a range of PEG
volume fractions. d) Fenofibrate mass fractions in hydrogels without surfactant are plotted as a function of PEGDA volume fraction for several PEG
volume fractions. The theoretical drug loading limit is plotted for the fenofibrate solution used to load hydrogels (450 mg mL™", black solid line).

Figure 2 shows the full set of C(D) functions extracted from
the DSC thermograms of “plain” PEGDA-based hydrogels
(without surfactant) loaded with fenofibrate and the corre-
sponding weight fraction of API loaded in the hydrogels. The
C(D) plots are restricted to crystal sizes below 1000 nm given
that crystals of this size and larger are representative of bulk
fenofibrate (see the Supporting Information) and therefore not
all C(D) functions reach a value of one within this size range.
At the smallest PEGDA content (10% by volume), 20%-30% of
crystals are 200 nm or larger in size. The remaining crystals fall
within a broad distribution of sizes ranging from 20 to 200 nm.
For comparison, current commercial methods for nanocrystal
formation can only reach a minimum crystal size on the order
of 100 nm.B%3] As the PEGDA content is increased to 20%
by volume, the crystal size distribution becomes more mono-
disperse around sizes ranging from 30 to 50 nm for all PEG
concentrations with no bulk crystals detected. At this cross-
linker concentration, PEG content has a minimal effect on
C(D). At 30% PEGDA, PEG content has a strong impact on the
distribution of crystal sizes. The hydrogels with 10% and 20%
PEG only show signs of bulk and roughly 200 nm (and larger)
crystal formation. When the PEG content is increased to 30%
and 40% by volume, crystal sizes shift to a range of 10-40 nm.

The C(D) quantified in each hydrogel can be understood
in terms of the crystallization process relative to the hydrogel
microstructure. Figure 2 demonstrates that the C(D) for hydro-
gels with 10% PEGDA are significantly more polydisperse than
those with 20% PEGDA and generally form larger crystals. The
smaller crystal sizes formed in hydrogels with 20% PEGDA
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relative to 10% PEGDA correlate with a smaller average pore
size known to result from the higher cross-linking density.*!
More cross-links also limit configurational rearrangement
during crystallization and create a much less polydisperse C(D)
for 20% PEGDA hydrogels. The larger variability in the effect
of PEG content on C(D) in 10% PEGDA hydrogels is hypoth-
esized to result from the higher chemical flexibility in the more
open matrix structure with lower cross-linking density. Thus,
the crystal size distribution becomes more polydisperse due to
the larger free volume for structural rearrangement (drive by
matrix self-association in a highly hydrophobic environment) in
10% PEGDA hydrogels.

At 30% PEGDA, where the cross-linking density is even
higher, the mesh size sets a physical limit for nanocrystal for-
mation and encapsulation. Although not shown by C(D), the
peaks in DSC thermograms of hydrogels with 30% PEGDA
and 10% or 20% PEG are very weak (see the Supporting Infor-
mation). Figure 2d shows that these hydrogels have very low
drug loading, generated by integrating DSC thermograms as a
function of hydrogel composition. As a side note, drug loading
measured by DSC integration is quantitatively consistent with
direct measurement by TGA (shown in the Supporting Infor-
mation). By comparing drug loading in hydrogels to an estimate
assuming the hydrogel volume remains constant (black line in
Figure 2d), the extent of swelling can be indirectly quantified.
That a majority of hydrogel compositions closely follow the
loading estimate indicates that the hydrogels roughly remain
swollen to the initial volume after introducing API in organic
solvent. However, the reduced loading in hydrogels at 30%
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PEGDA with 10% and 20% PEG results from the high cross-
linking density. Thus, a minimum amount of PEG porogen is
necessary to create pores large enough to facilitate API loading.
Specifically, PEG segments are in close enough proximity
for widespread self-association during crystallization (where
organic solvent is removed and only pure liquid and highly
hydrophobic FEN remains) such that the hydrogel deswells and
reduces the volume of pores within which API can crystallize.
However, the remaining pores are large enough to facilitate
nucleation and growth of FEN crystals as seen in the C(D).

These results indicate that PEGDA hydrogels can facilitate
the formation of a range of hydrophobic API nanocrystal sizes
as low as 10 nm. However, similar to amorphous solid disper-
sions, these nanocrystals would quickly reach supersaturation
when released into aqueous solution in the absence of a solu-
bility enhancer. We use prior work with micellar solutions as
a precedent to improve solubility, but now integrate micelles
into these hydrogels with biodegradable functional groups
to further reduce the crystal sizes and improve the solubility
upon release. In the following sections, we explore the effects
of incorporating surfactants into PEGDA hydrogels that may
influence micelle self-assembly and stability. Further, the matrix
may indirectly influence the micelle size and structure if there
is a size mismatch with the mesh that may either constrict or
stretch the internal hydrophobic domain. Therefore, it is neces-
sary to investigate a range of hydrogel compositions to quantify
the ability of micelle-laden hydrogels to template nanocrystal
formation.
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2.3. Effect of Surfactant Concentration on Nanocrystal
Formation

An optimal micelle laden hydrogel formulation would yield
high loading of API nanocrystals with minimal surfactant con-
tent. The critical micelle concentration of the surfactants used
here is all on the order of 10 x 107 m (see Table 1), providing a
small barrier to the formation of micelles. However, given that
pores within the hydrogel mesh serve as nucleation centers, a
critical density of micelle domains will be necessary to drive
crystallization to preferentially occur within these hydrophobic
domains. In the other extreme, at high surfactant concentra-
tions, surfactants may self-assemble into larger length scale
structures, such as sheets or ordered cubic phases.®”] As a
result, we study a range of concentrations for a subset of sur-
factants in one matrix composition to identify these possible
outcomes.

The effects of surfactant concentration and hydrophobic
segment size are tested by comparing three surfactants
(L23, S20, and B25) with similar PEG lengths and three con-
centrations (4.2, 8.4, and 12.6% w/v) in a hydrogel matrix
composed of 20% PEGDA with 20% PEG. The corresponding
cumulative crystal size distributions are provided in Figure 3.
Under nearly all conditions with surfactant, the C(D) functions
are shifted to include smaller crystals than the “plain” hydro-
gels. Surfactants S20 and B25 produce crystals below 10 nm,
which do not appear in “plain” hydrogels and are similar in
size to micelles (see Table 1) and are therefore labeled as

b
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Figure 3. Cumulative crystal size distributions for hydrogels with 20% PEGDA and 20% PEG and surfactants a) L23, b) B25, and c) S20 at three
concentrations. d) The fenofibrate loading (by weight), determined by integrating DSC thermogram curves, is plotted for each hydrogel composition.
Also shown are the theoretical limits when loading the hydrogels from a 450 mg mL™" solution (black line).
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micelle-templated nanocrystals (MTNs). For both surfactants,
the relative content of MTNs scales directly with surfactant con-
centration and thus the density of micelles (all concentrations
are well above the CMC). In the case of S20, the surfactant also
creates a larger content of 200-400 nm crystals relative to the
“plain” hydrogel. Surfactant L23 is unable to produce MTNs
and, at the highest surfactant concentration, these hydrogels
contain significantly larger crystals than the corresponding
“plain” hydrogel. The lack of MTNs formed by L23 suggests
that this (12 carbon) alkyl chain length forms too small of
a hydrophobic domain to nucleate crystals, in contrast to the
larger hydrophobic components of S20 (18 carbons) and B25
(22 carbons) that readily template crystals below 10 nm in size.

Surfactant concentration also influences drug loading, as
demonstrated in Figure 3d. Interestingly, API loading in hydro-
gels with 4.2% w/v of all surfactants is lower than the “plain”
hydrogel. At this concentration, loading is also lower than
expected assuming the hydrogel volume remains constant
(solid line in Figure 3d). However, API loading in micelle-laden
hydrogels generally increases with surfactant concentration
(L23 hydrogels are an exception). Given the finite volume of the
PEGDA and surfactant, the observed increase in API mass
fraction with increasing surfactant concentration indicates
that the addition of surfactant increases the hydrophobicity of
the matrix and enhances the swelling of the hydrogels during
drug loading. Thus, additional API can infuse the extra volume
from enhanced swelling and increases the final drug loading at
higher surfactant concentration.

These crystal size and drug loading trends result from the
equilibrium of surfactant monomers and micelles in solution
and their subsequent self-association. Similar to the “plain”
30% PEGDA hydrogels with 10% PEG, L23 hydrogels that form
an excess of 200 nm crystals correspond with low drug loading.
This behavior and the lack of MTNs formed by 123 suggest
that its 12 carbon alkyl chain preferentially self-associates
rather than interacting with fenofibrate. This effect increases
with surfactant concentration until, at 12.3% w/v 123,
widespread surfactant self-association causes the hydrogel to
contract (reducing the API loading) and creates large pores
by distorting the hydrogel mesh (creating larger crystals). In
contrast, S20 and B25 readily associate with fenofibrate to
facilitate nucleation and stabilization of MTNs within their
hydrophobic micelle cores. The formation of 200 nm crystals
in the C(D) of S20, which the “plain” hydrogel does not form,
indicates that S20 monomers cause an increase in the size of
matrix pores, within which API crystallizes. The increase in
API loading due to swelling of S20 hydrogels suggests that
the stearyl (18 carbon) chains preferentially self-associate and
distort the matrix pores. Thus, surfactants with longer hydro-
phobic segments favor interactions with API to form MTNs
rather than self-associations that manipulate the matrix.
However, the local minimum in API loading at 4.2% w/v
surfactant suggests that a minimum surfactant concentration
is necessary to retain a significant content of micelle structures
within the matrix (as opposed to larger hydrophobic domains).
Moving forward, a surfactant concentration of 8.4% w/v will be
used to maximize MTN formation and API loading, but limit
the surfactant concentration and the content of crystals larger
than 100 nm.
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2.4. Effect of Surfactant Chemistry on Nanocrystal Formation

To further generalize the limits of MTN formation in micelle-
laden hydrogels, the surfactant PEG segment size and hydrogel
PEGDA content are also varied. Each of the surfactants listed
in Table 1 is formulated (at 8.4% w/v) with 10%, 20%, and 30%
PEGDA with 20% PEG as a porogen. The variation in matrix
composition provides a range of mesh sizes to observe the
influence of the hydrogel scaffold on micelle templating. The
C(D) functions as well as drug loading extracted from DSC
thermograms are shown in Figure 4 for all hydrogel composi-
tions tested.

In almost all hydrogel compositions, the presence of
micelles reduces the population of bulk and matrix-size crys-
tals. Depending on the composition, micelle-laden hydrogels
can incorporate between 15% and 50% of the encapsulated
API in the form of MTNs. Only surfactants L10, L23, and C20
were unable to form MTNs under all matrix conditions. Hydro-
gels with L10 and L23 had similar C(D) functions to the corre-
sponding “plain” hydrogel while those with C20 created much
larger crystals, which is thought to arise from significant self-
association. These results again demonstrate that surfactants
with a lauryl (12 carbon) alkyl chain have too small of a hydro-
phobic segment to form MTNs. Given that the C10 surfactant
forms MTNs, it is determined that a cetyl (16 carbon) segment
is a lower limit of alkyl chain length for MTN formation within
micelle-laden hydrogels.

All crystals other than MTNs are similar in size to those
found in the corresponding “plain” hydrogel, but with a smaller
population. Only in 20% PEGDA hydrogels did the “small”
surfactants (C10 and S20) produce crystals that were larger in
size than those formed without surfactant present. This can be
attributed to a balance of close proximity for surfactant mon-
omers to self-associate (pores in 10% PEGDA are too large)
and sufficient space for that association to constrict the matrix
(pores in 30% PEGDA are already very small). At 20% and 30%
PEGDA, the “large” surfactants (B25, S100, F68, and F127) sig-
nificantly shift the C(D) to crystal sizes below those formed by
the corresponding “plain” hydrogels. This is exemplified best in
the hydrogels with 30% PEGDA (see Figure 4c).

The size of MTNs formed in micelle-laden hydrogels is
a direct function of micelle size. Figure 5a shows the MTN
size normalized by the hydrodynamic diameter of the micelle
for all surfactants that yield MTNs. Under all conditions, the
hydrodynamic diameter of the micelles sets an upper limit for
nanocrystal size. That the final crystal size is always smaller
than the templating micelle reflects the fact that the internal
hydrophobic corona is only a fraction of the total volume of the
micelle. The value of D1/ Dmicelle Varies in proportion to the
micelle diameter and hydrophobic segment length (see Table 1)
and the density of the hydrophobic segment (PPG is more
dense than alkanes, providing more volume for crystal growth).
This is explicitly demonstrated in Figure 5b, where the MTN
size in each micelle-laden hydrogel composition is found to
correlate linearly with the surfactant hydrophilic-lipophilic bal-
ance (HLB). Thus, more hydrophobic surfactants (lower HLB)
can facilitate smaller MTNs of hydrophobic API, with a lower
limit near 13 corresponding to the transition from oil in water
to water in oil stabilizing surfactants.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

1.0+

—
Q
—

10% PEGDA
0.99 20% PEG
o8l ST
3 0.7 ——F127
£ 55l —— 5100
= ——F68
= 0.54 —B25
= ] — 320
o) 4 L23
O 0.34 — 110
024 20
—cC10
0.1+ - - = .matrix
0.0 " . ]
1 10 100 1000
D (nm)
(c) '9730%PEGDA
0.91 20% PEG
_ 0.8
"% 07 ——F127
£ ] '/ ——s100
= 06
£ | —Fes
B 051 /| —B25
= ] — 520
a A L23
O 0.31 —L10
0.2 c20
—cC10
0.14 -~ = matrix
0.0 . 4 "
1 10 100 1000

D (nm)

T

www.small-journal.com

120% PEGDA
0.94 20% PEG
_ 0.8
3 0.7 —F127
E o5 ——5100
et ——F68
= 0.5 —B25
= ] — 520
o 8 L23
O 034 —L10
0.2 c20
——10
0.14 - = = matrix
0.0 ¢ v .
1 10 100 1000
D (nm)
o F127 L23
) 109 ¢ S100 4 L10
s FB8 c20
- A B25 e C10
iz 0.8+ * 520
= — Load limit
S 06
©
& 0.44
o
£
& 02
T
0.0 . . g .
0.0 0.1 0.2 0.3 0.4

PrecDA

Figure4. Cumulative crystal size distributions of FEN-loaded micelle-laden hydrogels with surfactants in Table 1 ata concentration of 8.4% w/v embedded
in a) 10%, b) 20%, and c) 30% PEGDA with 20% PEG porogen. d) Drug loading (as weight fraction) is quantified by integrating DSC thermograms
and plotted as a function of PEGDA concentration relative to the maximum assuming no hydrogel swelling (solid line).

Importantly, the hydrogel matrix composition does not
appear to influence the size of crystals formed within micelles
(no change in Deyystal/ Dmicelle across PEGDA concentrations).
The implications of this behavior are profound for the capa-
bility of this platform material to orthogonally tune the gel
and API properties. This result is particularly interesting
given that hydrogels composed of 30% PEGDA and 20% PEG
without surfactant were unable to facilitate any appreciable
fenofibrate loading (see Figure 2d). The consistency of crystal
to micelle size ratios is believed to arise from the capability
of the PEG segments to rearrange during the solvent removal
process of crystallization. The PEG acts as a buffer, allowing
the hydrophobic core to template crystallization regardless of
the micelle’s surroundings. As a result, the organic solvent and
drug concentration are expected to influence the crystal size
formed within micelles.

The extent of drug loading is shown in Figure 4d. The drug
loading depends on the PEGDA and surfactant concentrations,
but those with MTNs always improve loading. Thus, the pres-
ence of surfactants is not sufficient to improve loading, but that
they subsequently induce MTN formation. Surfactants that do
not form MTNs do so as a result of self-association that also
restricts hydrogel swelling. When the matrix is immersed in the
hydrophobic organic solvent with API during drug loading,
the surfactants that preferentially associate with FEN cause
the hydrogel to swell and increase these favorable interactions.
This increased uptake of solvent increases the hydrogel volume
above its original state and leads to drug loading values that
exceed estimates assuming a constant volume (black line in
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Figure 4d). In the case of 10% PEGDA hydrogels with S20, API
loading exceeds 90% by weight, which is a significant enhance-
ment relative to techniques currently used in industry.[*3%

The influence of forming MTNs on drug loading is high-
lighted in Figure 5c, which demonstrates that total drug loading
in hydrogels with a set PEGDA concentration correlates linearly
with the content of MTNs. Deviations in MTN content (despite
the constant surfactant concentration) arise from the matrix
flexibility and cross-linking density, which influence the prox-
imity of individual surfactant molecules to self-associate and
maintain the hydrophobic nanodomain structure. For example,
10% PEGDA hydrogels contain less MTNs due to a more open
network structure while an equivalent content of MTNs in
hydrogels with 30% PEGDA is unable to improve loading rela-
tive to those with 20% PEGDA due to a restrictively high cross-
linking density that limits swelling. Thus, the relative fraction
of MTNs results from a combination of the PEGDA content
and surfactant HLB. However, the hydrogels with the highest
API loading are not necessarily those with the most MTNs.
Thus, achieving high loading of minimal crystal size is a matter
of optimizing the concentrations of surfactant and PEGDA.

2.5. Characterization of Solubility Enhancement
by Micelle-Laden Hydrogels

The efficacy of hydrophobic APIs loaded in micelle-laden hydro-

gels as an OSD depends on the solubility enhancement and dis-
solution kinetics after release. Figure 6a provides a schematic
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Figure 5. a) The ratio of the MTN crystal size to the micelle hydrodynamic diameter is plotted as a function of hydrogel PEGDA content (all with 20%
PEG porogen). Surfactants that did not form nanocrystals under all conditions were not included. b) The MTN crystal diameter is plotted as a function
of HLB to demonstrate the linear correlation of the two. c) The total FEN mass fraction in hydrogels (Xiey) is plotted for each PEGDA concentration
as a function of the mass fraction of FEN in the form of MTNs (Xyty), which also show linear correlations (the lines are linear fits).

of the two mass transport mechanisms that contribute to drug
delivery. When hydrated, both the swelling and hydrolysis of
the matrix will influence the API release,*’ and the occurrence
of each mechanism will depend on the physiological conditions.
Thus, we control the solution conditions of in vitro dissolution
by varying the pH of the dissolution media to restrict API
release to one mechanism at a time (either swelling/diffusion
or decomposition). API release by hydrogel decomposition will
demonstrate the maximum achievable drug release in satu-
rated conditions and quantify the solubility enhancement by
MTNs in micelle-laden hydrogels. API release by diffusion will
demonstrate the increase in dissolution rate provided by the
formation of MTNs. We note that our aim is to demonstrate
the improvement in dissolution from micelle-laden hydrogels
due to MTN formation rather than complete control of release
kinetics, which depends on matrix composition and dosage
form size/shape. While the PEGDA cross-linker used here does
not decompose in physiologically relevant solutions, the design
of rapidly hydrolyzing cross-linkers that do is the focus of
ongoing research.

The release of fenofibrate by decomposition of micelle-laden
hydrogels in saturated conditions is conducted by dispersing
tablets in an alkaline sodium hydroxide solution (1.0 M) without
additional surfactant. These solution conditions are required
to hydrolyze the ester groups of the PEGDA and surfactant,
which allows the encapsulated crystals, surfactant, and PEG
to be released. Here, the surfactant content of the hydrogels is
only sufficient to solvate up to 2 ug mL™ based on an equiva-
lent solubility enhancement of the surfactants used here to
that measured for sodium dodecyl sulfate (SDS).7%7! Further,
nanoscale crystals are only estimated to increase solubility by
about 65% at best, according to the Ostwald-Freundlich equa-
tion (shown in the Supporting Information). However, UV-vis
measurements of decomposed hydrogel samples demonstrate
that the micelle-laden hydrogels achieve concentrations of
roughly 40 pg mL, as shown in Figure 6b. Thus, the release of
drug nanocrystals and surfactant yields an aqueous suspension
with a concentration up to 70 times that of bulk fenofibrate in
an equivalent surfactant solution.

The drastically higher solubility after release from the micelle-
laden hydrogels is facilitated by the presence of nanocrystals
and the stabilization of crystal surfaces by the surfactant. Sol-
ubility enhancement by micelles results from the association
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of individual drug molecules in the micelle core and/or at the
hydrophobic/hydrophilic interface. While nanoscale micelles
have a large surface area, most of the volume is consumed by
the surfactant itself, leaving minimal space to solubilize the
APIL. In contrast, micelle-laden hydrogels form nanocrystals
and explicitly stabilize the nanocrystal surface. The final con-
centrations only correspond to between 7% and 10% of the
encapsulated API while at least 15% is in the form of MTNs.
This indicates that MTNs do not directly translate into solu-
bilized nanoparticles but rather serve as a starting point to
improve solubility. To demonstrate the change in size after
hydrolysis, the crystal size in solution is quantified by DLS. It is
worth noting that the solution is centrifuged to remove residual
cross-linked polymer and bulk crystals.

Crystals suspended in solution after hydrogel decomposi-
tion are always larger than the initial crystal sizes formed by
the micellar domains of the hydrogels, as shown in Figure 6c.
In all cases where MTNs were formed, two crystal sizes were
observed in solution, ranging in size from 30 to 400 nm. In
the case of surfactant S100, the smaller particle size in suspen-
sion is close to but still larger than the micelle hydrodynamic
diameter. While this could represent the presence of “empty”
micelles, the lack of any signal near the micelle size of any
other surfactants and the large content of fenofibrate present
in solution suggests that this contribution to the DLS signal is
from surfactant stabilized FEN nanocrystals.

The apparent crystal growth upon hydration (from <10
to 225 nm) likely results from a combination of micelle
swelling and Ostwald ripening. This is supported by the
apparent linear correlation between the increase in API solu-
bility with respect to the average hydrodynamic diameter of
nanocrystals stabilized by surfactant, summarized in Figure 6d.
Given that the majority of surfactant surrounds the MTNs, the
larger crystals templated by the hydrogel mesh will predomi-
nantly coalesce and settle out of solution due to the lack of
surfactant stabilization. In contrast, the smallest nanocrystals
will dissolve the fastest and will quickly saturate the aqueous
solution, as per the Noyes—Whitney and Ostwald—Freundlich
equations, respectively. As shown in Figure 5, the MTNs are
all smaller than the equilibrium micelle size of the surfactants.
Thus, upon hydration the micelles will swell and destabilize
the surface of the smallest crystals, further driving dissolution
of the MTNs. Any crystals that remain stabilized in solution
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Figure 6. a) Schematic of drug release under alkaline decomposition conditions (left) yielding a saturated solution and acidic sink conditions (right).
b) Concentrations of FEN in aqueous solution as a function of surfactant concentration obtained from UV-vis spectra of decomposed hydrogels
loaded in FEN and various surfactants (colored symbols) compared with the FEN saturation concentration dependence on SDS concentration (line).
c) The C(D) functions (lines) of the decomposed FEN-loaded hydrogels compared with the hydrodynamic diameters, Dy, of solubilized nanocrystals
measured by DLS (bars). d) The solubility enhancement of nanocrystalline FEN released from micelle-laden hydrogels relative to bulk FEN as a function
of the effective hydrodynamic diameter of solubilized FEN crystals. ) The C(D) functions of FEN-loaded hydrogels used in dissolution experiments.
f) The dissolution profiles of micelle-laden hydrogel microparticles (500 um in diameter) under sink conditions (pH 1.2, 25 x 107 m SDS). g) Scaling
of early and late time mass transport from micelle-laden hydrogels to extract effective diffusion coefficients.

will then grow due to Ostwald ripening and absorb free sur-
factant to their surface. This proposed mechanism of growth
will proceed until the reduced surface energy of nanocrystals
can be stabilized by the surfactant and/or the total surface area
of nanocrystals suspended in solution can be effectively coated
by the corresponding content of surfactant released from the
hydrogels. Importantly, the end result is that micelle-laden
hydrogels can effectively enhance the solubility of fenofibrate
from a final dosage form with minimal manufacturing steps
and excipient content.

2.6. Characterization of Micelle-Templated Nanocrystal
Dissolution Kinetics

Dissolution studies were carried out with simulated gastric
fluid (SGF) to quantify the improvement in dissolution rate by
MTNSs. To ensure sink conditions are maintained, 25 x 1073 m
of SDS is added to the SGF to significantly increase the satura-
tion concentration of fenofibrate in aqueous solution, following
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previously established protocol.l*®* The acidic environment
(pH = 1.2) hinders hydrolysis of PEGDA cross-linker ester
groups composing the matrix. Thus, the hydrogel particles,
which are 500 um % 75 um in diameter, remain intact and drug
release depends upon dissolution and diffusion of fenofibrate
through the matrix into the bulk solution.

The C(D) of two matrix PEGDA compositions, both with
and without B25 surfactant, used in dissolution studies are
provided in Figure 6e and the corresponding dissolution
profiles are shown in Figure 6f. In the absence of surfactant,
the CSDs of 10% and 20% PEGDA hydrogels are dominated
by crystals ranging between 20-50 nm and 20-200 nm crystals,
respectively. The corresponding release profiles indicate quick
release of the first 15% of loaded fenofibrate, followed by dras-
tically slower release to a cumulative total of 25%-30% after
24 h. In contrast, the addition of B25 surfactant yields a signifi-
cant amount of MTNs at both PEGDA concentrations. These
smaller crystals facilitate significantly faster initial dissolution
and cumulative release close to 85% over 24 h. These release
rates are significantly faster than prior dissolution experiments
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Table 2. The effective diffusion coefficients of fenofibrate from hydrogels
of 10% and 20% PEGDA, initially formed with 20% PEG, with either
0% or 8.4% B25 at early times (<2 h), D,y and late times (=20 h),
Diye- The diffusivity of fenofibrate in SDS micelles is reported’® as
8.5x107 cm? 57\,

%PEGDA %B25 Derty [cm? s7'] Dyt [cm? s71]
10 0 3.93x107° 1.27x1071°
10 8.4 2.38x107° 6.05x 10710
20 0 2.95x 10710 1.44x 10710
20 8.4 5.82x 10710 1.26x107°

of hydrophobic drug from nondegrading hydrogels, which are
reported to take several days to a week for 50% release,l*Yl but
still slower than fast-degrading, ionically cross-linked hydrogels
with sub-micrometer crystals.[®>64%61 However, while the 20%
PEGDA matrix with B25 has a higher quantity of MTNs, the
10% PEGDA matrix with B25 releases more fenofibrate within
the first 24 h. These results highlight the fact that drug release
is a balance of crystal size (i.e., dissolution rate) and mesh size
(i-e., diffusion rate). As a side note, swelling is not a major
factor influencing the release kinetics. The matrix swells rap-
idly within 5 min and reaches its fully swollen state within an
hour, as quantified by swelling experiments (shown in the Sup-
porting Information).

The solute diffusion coefficient through the matrix is a
strong function of the mesh size,*’! which is smaller in the
20% PEGDA matrix. Models of mass transport from hydrogels
can be used to extract the effective diffusion coefficient of API
at early (first 2 h) and late (last 10 h) times according to a previ-
ously described power law of order 0.5 and an exponential func-
tion, respectively.”?) The corresponding fits to each hydrogel are
summarized in Table 2. The effective diffusion coefficients are
significantly slower than the free fenofibrate in solution, indica-
tive of the influence of the hydrogel mesh. However, the dif-
fusivity of API from hydrogels is significantly improved in the
presence of B25 and correspondingly MTNs. At early times, the
fast dissolution of MTNs improves effective mass transport by
a factor of 6 and 2 in 10% and 20% PEGDA hydrogels, respec-
tively. The smaller improvement in 20% PEGDA hydrogels is
representative of the smaller mesh size that hinders diffusion
directly and indirectly by more rapidly reaching the saturation
concentration in the more confined environment. At longer
times, the B25 yields a factor of 4.8 and 8.7 improvement in
effective diffusivity in 10% and 20% PEGDA hydrogels, respec-
tively. Thus, the overall smaller distribution of crystal sizes in
hydrogels with 20% PEGDA and B25 surfactant sustains, and
appears to improve, the release of API over time. Thus, while
the diffusivity is hindered by a smaller mesh size, MTNs pro-
vide a significant improvement in the effective rate of API
release from micelle-laden hydrogels.

As a final note, micelle-laden hydrogels include additional
beneficial features for effective delivery of hydrophobic APIs.
For example, the products of PEGDA hydrolysis such as
cross-linked polyacrylate are similar to commercially available
excipients, such as Eudragit and Carbopol. These materials
have been found to have gastroretentive and mucoadhe-
sive properties,’>7°l which can broaden the therapeutic
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benefit of these hydrogels. The formation of surfactant stabi-
lized nanocrystals on the order of 30 nm after release from
the hydrogel may improve API performance by preventing
premature metabolism and clearance by the kidneys that occurs
with smaller nanomaterials (€10 nm crystals). Therefore, these
hydrogels may also prevent fast clearance of hydrophobic drugs
while enhancing solubility. Other studies have also identi-
fied higher permeability of nanoparticles through the cell wall
of the gastrointestinal (GI) tract, especially those “masked” by
PEG grafting on the surface.’® Cross-linked polyacrylate is
a by-product during degradation and may also provide some
bioadhesion to increase the residence time in the GI tract and
offer a route to design controlled release OSD forms.””! While
future studies on micelle-laden hydrogels are necessary to con-
firm this hypothesis, it is reasonable to believe that these mate-
rials also have the ability to increase permeability and there-
fore, significantly enhance the bioavailability of orally delivered
hydrophobic drugs. Lastly, to facilitate the use of micelle-laden
hydrogels as OSDs, additional work is ongoing to design cross-
linking functionalities that rapidly degrade in physiologically
relevant solutions.

3. Conclusions

We have demonstrated the ability to integrate surfactant
micelles into PEGDA-based hydrogel scaffolds to serve as
domains for the formation of hydrophobic API nanocrystals.
The model hydrophobic drug, fenofibrate, was used for its
available calibration curve comparing crystal size to melting
temperature in order to identify the distribution of crystal
sizes formed in micelle-laden hydrogels. Nanocrystals ranging
from 10 to 400 nm were found to form in “plain” hydrogels
without surfactant present. The addition of surfactant in the
form of micelles provided hydrophobic domains that success-
fully templated the formation of nanocrystals as small as 4 nm
in size. A 16 carbon (cetyl) chain was found to be the minimum
size of the hydrophobic segment of the surfactant to reliably
induce crystallization of the hydrophobic API studied. Impor-
tantly, the crystal size formed in micelles is independent of
hydrogel chemistry and mesh size. As a result, micelle-laden
hydrogels drastically simplify the production of nanocrystalline
OSDs and provide versatility in customizing the release profile.
The loading of API in these micelle-laden hydrogels can reach
up to 90% by mass and can improve solubility by up to a factor
of 70. Under all conditions, the presence of surfactant also sta-
bilized nanocrystals between 30 and 400 nm after decomposi-
tion of the hydrogel. Therefore, micelle-laden hydrogels are
a promising platform technology as an OSD to increase the
solubility and dissolution of hydrophobic APIs, although fur-
ther work is necessary to facilitate disintegration and release in
physiologically relevant media.

4. Experimental Section

Materials: All chemicals were purchased from Sigma-Aldrich and used
as received. The chemical constituents used in the synthesis, washing,
and loading of micelle-laden hydrogels include ethanol, ethyl acetate,
FEN, 2-hydroxy-2-methylpropiophenone [Pl], PEG (M, = 200 g mol™),
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PEGDA (M, = 700 g mol™), and poly(ethylene glycol) behenyl ether
methacrylate [B25] solution (M, = 1500 g mol™'). Additional surfactants
include Brij C10 [C10], Brij 58 [C20], decaethylene glycol monododecyl
ether [L10], Brij L23 [L23], Brij S20 [S20], Brij S100 [S100], Pluronic
F-68 [F68], and Pluronic F-127 [F127]. The reactants used to synthesize
acrylated surfactants include dichloromethane (DCM), acryloyl chloride,
and sodium bicarbonate.

Synthesis of Acrylated Surfactants: All acrylated surfactants other
than B25 were synthesized by acylation of commercially available alkyl
ethoxy and poloxamer surfactants. The reaction procedure of prior
studies was used,”® which were carried out at room temperature using
an Erlenmeyer flask on a stir plate. Surfactant (20 mmol) was first
solubilized in DCM (120 mL) under gentle stirring before adding a 20%
molar excess of sodium bicarbonate. An identical molar excess quantity
of acryloyl chloride was added to DCM (20 mL), which was then added
dropwise to the surfactant mixture under gentle stirring. The reaction
was carried out overnight (18-24 h). The mixture was filtered through
a Buchner funnel to remove solids then the solvent was removed under
vacuum at 30 °C. The resulting structures of modified alkyl ethoxy and
poloxamer surfactants were monoacrylate and diacrylate molecules,
respectively. The surfactants and reaction products were characterized
by FTIR spectroscopy with a Smiths IdentifyIR spectrometer.

Hydrogel Synthesis and Loading: Hydrogels were formed by first
mixing all precursor components (water, PEG, PEGDA, PI, and acrylated
surfactant) into a homogeneous solution. Tablets were formed by filling
a 14 mm diameter by 7 mm height cylindrical polypropylene mold
with precursor solution (1 mL) and then exposing it to a UV lamp
(365 nm, 1.3 W) for 5 min to fully cross-link the material. Microparticles
were generated with an Upchurch Scientific PEEK MicroCross
microfluidic cross-junction with 1/16 in. outer diameter tubing. The
precursor solution was flowed through the central inlet as the dispersed
phase and mineral oil was flowed through the two tangential inlets
as the continuous phase to create 500 = 75 um diameter droplets
of precursor solution. While flowing through the outlet tubing, the
droplets were exposed to the same UV lamp for 5 min to cross-link
before being separated from the oil. After cross-linking, unreacted
PEGDA and surfactant and Pl and PEG were removed by soaking
tablet and microparticle hydrogels in fresh ethanol three times for
8-24 h followed by soaking in fresh ethyl acetate three times for 8-24 h
before being loaded with fenofibrate. Drug loading was carried out by
transferring the washed hydrogels from ethyl acetate into a solution of
fenofibrate in ethyl acetate (450 mg mL™"). Hydrogels were soaked in
FEN solution for 8-24 h to ensure complete homogeneous loading of
FEN. Crystallization was induced by transferring FEN-soaked hydrogels
to a vacuum oven at 80 °C and roughly 0.1 MPa pressure and allowing
the ethyl acetate solvent to evaporate overnight (18-24 h) to ensure
complete drying of the hydrogel.

Experimental Characterization of Nanocrystals: The crystalline FEN
within hydrogels was characterized by X-ray diffraction (XRD) and
DSC to confirm the polymorph of the crystal and the crystal size,
respectively. XRD experiments were carried out on a PANalytical
XPert Pro with a 4° aperture and 0.5° slit using a continuous scanning
detector ranging from a 26 angle of 4°~40° with a scan rate of 1° min~'.
DSC experiments were conducted on a TA Instruments Q2000 with
aluminum Tzero pans using a protocol that first equilibrated at —20 °C
before ramping the temperature at a rate of 10 °C min~' to a maximum
of 180 °C. Previously published datal®! relating the melting point to
crystal size were used as a calibration curve to quantify a crystal size
distribution in each hydrogel. The calibration curves are provided in
the Supporting Information. The drug loading of hydrogels with FEN
was quantified by integration of DSC curves and confirmed in certain
samples by measurement with TGA. TGA experiments were run on a
TA instruments Q5000. Samples were first equilibrated at 40 °C then
heated at 10 °C min~' to 500 °C.

Modeling of Crystal Size Distribution: Each DSC thermogram was a
result of a unique distribution of crystal sizes formed within a hydrogel.
The relative mass of each crystal size could be obtained by reproducing
the experimental thermogram as a summation of peaks representing a
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given size. A correlation curve was used to quantify crystal size from the
FEN melting point according to the Gibbs—Thompson equation

C
Tm,p: m,b (1_4Vm FT) (1)
where T, is the particle melting point, T, is the bulk melting point,
V., is the molar volume, D is the particle diameter, and Cr is the Turnbull
coefficient, defined here as

Cr=Y%s./AH,, = constant (2)

where 7 is the solid-liquid surface energy and AH,, is the enthalpy
of melting. The Turnbull coefficient is shown to be constant for a
given substance,[®® which is what yields a linear relationship between
Tmp and 1/D and also suggests a direct connection between AH,, and
Ys.. Theoretical work represents AH,,, as a polynomial expansion in
terms of ys.. Herein, the dependence of AH,, on 1/D is represented
as an exponential function given the similarity of the exponential
Taylor series summation to the proposed polynomial expansion
and the unphysical negative value for AH,, at small particle sizes
when using a linear function.” The best fit functions to the data
set from ref. [25] are T,,, = 81.628 — 344.83/D in units of °C and
AH,, (D) = 90.632 exp(—8.594/D) in units of | g”' where crystal size is
in units of nanometer (with R? values of 0.987 and 0.983, respectively).

A fitting algorithm was written in MATLAB to reproduce the
experimental DSC thermogram as a summation of Gaussian peaks.
Before conducting a nonlinear least squared minimization fit,
the background component of each signal was removed. To remove
noise in the data, the raw signal was fit to a spline function. The
background was identified by the slope of the spline curve according to
(dH/dT) < 0.0035 W/K as well as creating linear interpolations between
troughs of adjacent peaks. A representative result of this background
subtraction is presented in the Supporting Information.

Individual crystal peaks were represented by a Gaussian function
where the magnitude was used as a fitting variable and the width was
held constant. A physically representative peak width was determined by
fitting a (background subtracted) DSC thermogram of a bulk fenofibrate
sample. The initial input was a single peak at the temperature of the
maximum in the data set.

The mass of each crystal size, m(D), was determined by first integrating
an individual peak area and dividing by the heating rate, T, and enthalpy
of melting, AH(D), for the crystal size corresponding to the peak

[~ 1o,77)dr
Dy=—m 3
m( ) TAH(D) @)
The total mass of all crystals, m,, within the hydrogel was
determined by the sum of all peaks

oo

= m(D) (#

Dividing My, by the total sample mass produced an estimate of
the loaded weight fraction of fenofibrate. Dividing the mass of a given
crystal size by the total mass of fenofibrate yielded the mass fraction
of each crystal size, Xp. The cumulative crystal size distribution, which
quantifies the mass fraction of crystals below or equal to a given size,
was determined by

Miotal =

¢ (D)=ZZH:OM(D")/mm| )

The sequence of steps used to extract a cumulative crystal size
distribution from DSC data is illustrated in the Supporting Information.
Characterization of Drug Release Kinetics: Properties of FEN
nanocrystals during and after release from micelle-laden hydrogels
into suspension in aqueous media were characterized by two different
methods. First, microparticles (500 um diameter) of fenofibrate loaded
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hydrogels were suspended in simulated gastric fluid (50 X 1073 m sodium
phosphate, 1.0 M HCl, 25 x 1073 m SDS, 600 mL) in a Varian VK7025 USP
Type Il dissolution apparatus at 37 °C with a paddle stirring at 75 RPM.
Automated concentration measurements were taken using a Varian Cary
50Bio UV-Vis spectrophotometer at 290 nm with a 10 mm path length
probe. The effective diffusion coefficients of API at early, De,yy, and late,
Dyater times were extracted using previously developed mass transport
models from hydrogels.’? The scaling for diffusion at early times is as
follows

Dearyt =(7/16) (X3)° (6)

and that for diffusion at late times is as follows

Digeet = In[ (1-X) 72/8](8/7) )

where X is the fraction of drug dissolved and 6 = 250 um, which is the
characteristic lengthscale of diffusion defined as the radius of the hydrogel
microparticles. Second, nanocrystals were released by decomposing the
hydrogel matrix (20 mg) in a sodium hydroxide solution (1.0 m, 20 mL)
overnight at room temperature with gentle stirring. The solution was
then left for an additional day without stirring to allow matrix residue to
settle, leaving behind a clear suspension of nanocrystals. The crystal size
distributions were quantified with a Brookhaven Instruments NanoBrook
90Plus DLS instrument by fitting the measured correlation functions with
a double exponential function to quantify hydrodynamic diameters. The
concentration of fenofibrate after release was quantified using UV-vis
absorbance at a wavelength of 290 nm. A calibration curve of UV-vis
intensity to FEN concentration was produced in aqueous solutions of
SDS (25 x 107* m) with a range of concentrations (1-100 ug mL™") well
below the saturation concentration (193 ug mL™).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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