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Orthogonal Gelations to Synthesize Core–Shell Hydrogels
Loaded with Nanoemulsion-Templated Drug Nanoparticles
for Versatile Oral Drug Delivery

Lucas Attia, Liang-Hsun Chen, and Patrick S. Doyle*

Hydrophobic active pharmaceutical ingredients (APIs) are ubiquitous in the
drug development pipeline, but their poor bioavailability often prevents their
translation into drug products. Industrial processes to formulate hydrophobic
APIs are expensive, difficult to optimize, and not flexible enough to
incorporate customizable drug release profiles into drug products. Here, a
novel, dual-responsive gelation process that exploits orthogonal
thermo-responsive and ion-responsive gelations is introduced. This one-step
“dual gelation” synthesizes core–shell (methylcellulose-alginate) hydrogel
particles and encapsulates drug-laden nanoemulsions in the hydrogel
matrices. In situ crystallization templates drug nanocrystals inside the
polymeric core, while a kinetically stable amorphous solid dispersion is
templated in the shell. Drug release is explored as a function of particle
geometry, and programmable release is demonstrated for various therapeutic
applications including delayed pulsatile release and sequential release of a
model fixed-dose combination drug product of ibuprofen and fenofibrate.
Independent control over drug loading between the shell and the core is
demonstrated. This formulation approach is shown to be a flexible process to
develop drug products with biocompatible materials, facile synthesis, and
precise drug release performance. This work suggests and applies a novel
method to leverage orthogonal gel chemistries to generate functional
core–shell hydrogel particles.

1. Introduction

Aqueous solubility has emerged as a crucial parameter to de-
termine the bioavailability-limited efficacy of small molecule
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therapeutics. Hydrophobic active phar-
maceutical ingredients (APIs) comprise
an estimated 90% of candidate small
molecules in the pharmaceutical devel-
opment pipeline and nearly 40% of drug
molecules marketed in orally-delivered
drug products.[1] However, the poor
bioavailability of hydrophobic APIs of-
ten prevents their translation into clinical
drug products and is one of the primary
causes of the failure of orally-delivered
drug candidates in clinical trials.[2–5] This
poor bioavailability is attributed to the slow
dissolution kinetics of hydrophobic APIs
in the aqueous environment of the gas-
trointestinal (GI) tract. Given the clinical
attractiveness and higher patient compli-
ance associated with oral delivery, enabling
the oral bioavailability of hydrophobic API
products has emerged as an area of active
interest in the pharmaceutical industry.[6,7]

Academic researchers and the pharmaceu-
tical industry have responded by developing
several solubility-enhancing formulation
technologies, including milling/nanosizing
and amorphous solid dispersions (ASDs),
to address the limitations of poor oral
bioavailability.[5,8–12] Milling or nanosizing

refers to the solid handling processes that produce drug products
by media-milling large API crystals to reduce crystal size.[10,13,14]

This approach relies on the substantial improvement in sol-
ubility and dissolution kinetics exhibited by API crystals pre-
pared on the nanoscale (<1000 nm). While this “top-down” ap-
proach has been employed effectively industrially to reduce crys-
tal size, milling is energy-intensive and has been shown to intro-
duce potentially dangerous contaminants into drug products.[2,15]

ASDs, solid dispersions where the active ingredient is dis-
persed throughout an excipient matrix, have emerged as an al-
ternative formulation technology.[6,16] However, ASDs can be
difficult to design, because they experience physical instabil-
ities including amorphous–amorphous phase separation and
recrystallization.[7,16] Engineering long-term stability in ASDs
has long been a product goal in the pharmaceutical sciences but
has not been yet fully realized in practice.[17]

Biocompatible hydrogels have been widely utilized in drug
product formulation to encapsulate APIs in a polymeric ma-
trix, deliver therapeutics orally, and control drug release.[18,19]

However, since hydrogels are hydrophilic in nature, they are

Adv. Healthcare Mater. 2023, 2301667 2301667 (1 of 14) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadhm.202301667&domain=pdf&date_stamp=2023-08-10


www.advancedsciencenews.com www.advhealthmat.de

incompatible to directly formulating hydrophobic APIs.[20] Nu-
merous technologies have been developed to overcome this in-
compatibility and enable hydrogel formulation of hydrophobic
APIs. Most notably, the incorporation of API-loaded hydropho-
bic nanodomains (including micelles, nanoemulsions, and lipid
nanoparticles) into the hydrogel matrix has allowed for the devel-
opment of high drug-loaded hydrogel formulations of hydropho-
bic APIs.[21–31] These hydrophobic nanodomains impart control
over the formation of API nanoparticles in the polymeric matrix.
This approach exploits the benefits of crystal size reduction from
the bottom-up, avoiding the limitations of milling and ASDs. Ad-
ditionally, using “smart,” or stimuli-responsive hydrogels as the
polymeric scaffold allows for the incorporation of additional func-
tionality into the formulation, which can be exploited to access
desired drug product profiles like controlled release, delayed re-
lease, targeted delivery, or immunomodulation. Clever hydrogel
design can incorporate responsiveness to temperature, pH, ions,
magnetic or electric fields, and biological species, among other
external stimuli.[32,33]

Combination products, drug products that contain multi-
ple APIs, have been shown to be therapeutically beneficial
for clinical applications including hypertension,[34,35] diabetes,
tuberculosis,[36,37] and HIV.[38,39] Specifically, fixed dosage combi-
nations (FDCs), which contain multiple APIs in the same physi-
cal tablet or capsule, are clinically valuable to reduce patient pill
burden and improve patient compliance.[40] FDCs can also un-
lock previously inaccessible drug product profiles, with differ-
ent drug release profiles enabling therapeutic synergies. How-
ever, difficulties manufacturing FDCs have limited their clinical
translation,[41–43] particularly for APIs that are compatible with
different excipients.[43,44] Researchers have recently used core–
shell structures as a drug product geometry that can structure
drugs in distinct polymeric layers, control the release of multi-
ple payloads, and engineer stimuli-responsive functionality.[45–50]

Core–shell functionality is vital for delayed-release applications,
which are important delivery routes to target enteric and col-
orectal diseases.[51–53] Yet, manufacturing core–shell polymeric
structures typically relies on 3D printing, emulsification with
an oil or lipid phase, or multi-step gelations, which have vari-
ous limitations for the formulation of therapeutics for oral drug
delivery.[54,55]

Here, we introduce the design of a novel dual-responsive gela-
tion process based on biocompatible polymeric materials and
nanoemulsions that is capable of simultaneous and orthogonal
“dual gelations.” These dual gelations rely on the orthogonal
chemistries of thermoresponsive and ionotropic gelations and
enable the synthesis of core–shell hydrogel particles with distinct
and non-interpenetrating polymeric layers. We selected biocom-
patible and naturally-derived model polymers to demonstrate this
approach: methylcellulose (MC) as the thermogelling polymer
and alginate as the inotropic model gelator. MC has long been
used as an excipient in pharmaceutical and food formulations be-
cause of its reversible thermal sol–gel behavior,[56–59] controllable
erosion,[26,27,60,61] and tensioactive capabilities.[62–64] Alginate is
also an ideal excipient for controlled delivery,[30,65–67] where its
anionic property can protect therapeutics from being released in
the gastric environment,[68–71] making alginate an optimal enteric
coating.[67,72–74] Our approach overcomes the challenges of tra-
ditional solubility-enhancement approaches and exploits the ad-

vantages of “soft” templates, namely hydrogels and nanoemul-
sions, in the formulation and delivery of small molecule thera-
peutics. The resulting core–shell particles have tunable geometry
that enables programmable drug release. This method requires
few unit operations compared to the current state-of-the-art com-
bination product manufacturing methods, while also structuring
distinct hydrogel layers. To our knowledge, it is the first dual
stimuli-responsive gelation that structures multiple hydropho-
bic APIs in distinct polymeric layers. The modular nature of this
platform suggests that minimal adaptation can generalize this
approach for the formulation of small molecule therapeutics for
diverse applications in oral delivery, or for use in generating all-
aqueous core–shell hydrogel particles for other applications.

2. Results and Discussion

2.1. Ions Control Thermal Gelation of Dual-Responsive
Nanoemulsions

We first developed dual-responsive drug-loaded nanoemul-
sions by incorporating thermogelling capability from MC
and ionotropic capability from CaCl2 into a drug loaded-
nanoemulsion. We performed a suite of rheological character-
izations and analyses on the nanoemulsions to reveal the in-
terplay between CaCl2 and thermal gelation and build toward
core–shell particle synthesis. We use a model hydrophobic API,
fenofibrate (FEN), since it is practically water-insoluble (0.3 μg
mL−1 at 37 °C),[75] and can benefit from nanoformulation.[76] We
selected anisole as the dispersed oil phase solvent since FEN
has a high saturation in anisole (0.45 g FEN/g anisole).[28] The
continuous aqueous phase contains 4 wt% MC. Using ultra-
sonication, we synthesize a thermogelling nanoemulsion with
FEN-loaded anisole nanodroplets dispersed in the continuous
MC solution, as previously described.[27] We then produce dual-
responsive nanoemulsions by dissolving CaCl2 in the nanoemul-
sion at varying concentrations up to 0.09 wt% (g CaCl2/g na-
noemulsion, wCaCl2

) (Table S1, Supporting Information). The re-
versible stimuli-responsiveness of the “canonical” nanoemulsion
(0.06 wCaCl2

) is demonstrated by the inversion test (Figure 1a). The
first and second images show the reversible thermal sol–gel tran-
sition upon heating to 50 °C, while the second and third images
show the reversible ionotropic gelation in the presence of alginate
solution. We find that the presence of CaCl2 in the continuous
phase does not modulate the monodisperse and kinetically stable
oil nanodroplet size distributions, which have a particle diameter
of ≈200 nm and polydispersity index of <0.2 (Figure 1b,c).

Dual-responsive MC nanoemulsions possess interesting tun-
able gelation temperatures by Cl− ions. Although Cl− ions have
been shown to promote gelation of MC at lower temperatures
due to salting-out effects,[77,78] it is not obvious how this gel point
depression is affected by the presence of nonionic surfactant
and oil nanodroplets, which are present in the dual-responsive
MC nanoemulsions. Through temperature ramp experiments,
we characterized the gel temperature of MC solutions and the
dual-responsive nanoemulsions (Tgel), defined as the crossover
point between the loss (G′′) and storage (G′) moduli, as a func-
tion of wCaCl2

(Figure 1d). These temperature ramp experiments
clearly demonstrate that increasing wCaCl2

promotes gelation at
lower temperatures and results in a stronger gel for both MC
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Figure 1. Ions control the thermal gelation of dual-responsive nanoemulsions. a) Inversion test of the nanoemulsion at temperatures of 20 and 50 °C,
before and after the addition of CaCl2, highlighting the thermogelation of MC nanoemulsion and the ionotropic gelation of alginate. b) The effect of wCaCl2
on mean droplet size (left y-axis) and PDI (right y-axis). Y-axis error bars indicate standard deviation on mean droplet size and PDI measurements, n = 3.
c) Representative droplet size distribution results from DLS for the canonical MC nanoemulsion. This distribution has a mean droplet size of 203.93 nm
and a PDI of 0.194. d) Temperature sweep (20–70 °C) for the canonical MC nanoemulsion formulation, highlighting the gel temperature (Tgel) as the
crossover between the loss (G′′, open symbol) and storage (G′, filled symbol). Temperature sweep (20–70 °C) of the effect of wCaCl2

on the storage moduli
G′ (Pa) of 4 wt% e) MC solutions and f) MC nanoemulsions. The associated loss moduli are plotted in Figure S2, Supporting Information. g) Scaling
relationships between wCaCl2 and final gel strength G′ (Pa). Axes are log-log, and the scaling relationship is shown as a linear regression with scaling
power n. MC solution power law: G′ = 5.23w1.13

CaCl2
, R2 = 0.99. MC nanoemulsion power law: G′ = 4.84w0.67

CaCl2
, R2 = 0.99. h) Gel temperature (Tgel,°C)

as a function of wCaCl2 for MC solutions and nanoemulsions. Exponential decay is fit to each dataset. MC solution decay fit: Tgel = 44.14e−8.67wCaCl2 ,

R2 = 0.98. MC nanoemulsion decay fit: Tgel = 46.31e−6.03wCaCl2 , R2 = 0.98. i) Schematic highlighting the interplay between the salting-out effect of Cl−

and surface adsorption of MC fibrils onto oil nanodroplet surfaces. The background color change indicates a decrease in solubilized MC, as MC salts
out after the addition of Cl− ions.

solutions and nanoemulsions (Figure 1e,f). However, we observe
different scaling of final gel strength at 70 °C (Figure 1g) and Tgel
(Figure 1h) with wCaCl2

between the MC solutions and nanoemul-
sions. In both cases, the MC solution exhibits a steeper scaling
(increase in final gel strength, decrease in Tgel) with wCaCl2

. Since
wCaCl2

was fixed for both systems, the ratio of Cl−:MC is actu-
ally higher in the MC nanoemulsions than the MC solutions.
However, since MC is known to be tensioactive, some MC poly-
mers localize on the oil nanodroplet surface.[63,79,80] The seques-
tering of MC onto the oil nanodroplet surface suggests that the
salting-out phenomena will have a dampened effect compared to
an MC solution, which we observe experimentally. We schemat-

ically show the hypothesized competition between the salting-
out phenomena and the surface adsorption of MC polymers in
Figure 1i. In the inter-droplet regions, the addition of Cl− induces
the salting-out effect.In contrast, the surface-adsorbed MC expe-
riences a smaller change in network density and MC hydropho-
bic association. This competition between salting-out and MC
surface adsorption produces different rheological scaling. At the
highest wCaCl2

(0.09 wt%), Tgel l is driven down to 21.82 and 27.63
°C from 45.28 and 47.60 °C when no salt is added, for MC solu-
tions and nanoemulsions, respectively. This substantial decrease
in Tgel suggests that this formulation approach could be utilized
even for thermally labile APIs.
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Figure 2. Orthogonal gelations synthesize core–shell hydrogel particles with tunable geometry. a) Schematic describing the simultaneous dual gelation
dripping method. The dual gelation-capable nanoemulsion (NE) is dripped through a syringe needle into a heated alginate bath. The MC drop thermally
gels upon contact with the heated bath, while Ca2+ ions diffuse from the gel core and crosslink alginate polymers in the bath, forming the gel shell. b)
Digital microscopy image of “canonical” particle, c) which is halved with a surgical blade to visualize the clean interface between gel layers. Scale bar is
2 mm. Digital microscopy images of d) hydrated and e) dried particles from the “canonical” formulation. Scale bar is 5 mm for (d) and 1 mm for (e).
Images of other particles are shown in Figure S3, Supporting Information. f) Power law scaling of dshell with wCaCl2

. Hydrated shell power law (blue):
dshell = 6.92w0.527

CaCl2
, R2 = 0.97. Dried shell power law (red): dshell = 0.79w0.490

CaCl2
, R2 = 0.99. Y-axis error bars represent the standard deviation of dshell

measurement, n = 10. g) Power law scaling of rcore with dT according to Tate’s law for designing particle size. Hydrated shell Tate’s law (blue): rcore =
1.58d1∕3

T , R2 = 0.98. Dried shell power law (red): rcore = 0.75d1∕3
T , R2 = 0.96. Y-axis error bars represent the standard deviation of rcore measurement,

n = 10.

2.2. Orthogonal Gelations Synthesize Core–Shell Hydrogel
Particles with Tunable Geometry

After preparing and characterizing the dual-responsive MC na-
noemulsions, core–shell particles were synthesized using the

dual gelation process, sketched schematically in Figure 2a. This
schematic highlights how the simultaneous gelations occur-
ring through orthogonal gelation mechanisms result in a core–
shell hydrogel particle. The dual-responsive MC nanoemulsion
is dripped from a syringe needle into a heated alginate bath.
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While the comparatively fast thermogelation immobilizes oil
nanodroplets in the MC network and produces a composite MC
hydrogel core layer, Ca2+ diffuses from the core to crosslink free
alginate polymers in the bath, producing the alginate hydrogel
shell layer. The sharp interface between the core and shell gel lay-
ers can be observed in Figure 2b,c, which shows a single canoni-
cal core–shell particle, which is then cut in half in order to visual-
ize the interface between the MC and alginate gels. The opaque
MC core and translucent alginate shell gel layers are successfully
distinct and non-interpenetrating. We hypothesize that the sharp
interface results from the relative timescales of each gelation
mechanism. In a scaling analysis, we show that the MC droplet
surface gels faster (≈10 ms) than the diffusion timescale of al-
ginate polymers, suggesting that these relative timescales give
rise to the sharp interface between gel layers (Section S3, Sup-
porting Information). After synthesis, we collect the core–shell
hydrogel particles (Figure 2d) and perform a drying step at 70 °C
to evaporate the anisole and water, generating FEN nanocrystals
embedded in composite core–shell particles. The dried compos-
ite core–shell particles (Figure 2e) are then harvested for solid-
state characterization.

We characterized the dual gelation process in terms of two for-
mulation parameters: the outer diameter of the dispensing tip
(dT) and wCaCl2

in the thermogelling nanoemulsion. We hypothe-
sized that we could achieve independent control over the geome-
try of the core and shell layers by modulating these two formula-
tion parameters. The design space for dT was varied between 23
and 18 G needles, while wCaCl2

was varied between 0.015 and 0.09
wCaCl2

, based on previous studies of alginate gelation kinetics.[81]

When varying wCaCl2
, the tip size was fixed at 18 G. When varying

the tip size, wCaCl2
was fixed at 0.006 wCaCl2

. These two parame-
ter values describe the canonical formulation condition. The syn-
thesized core–shell particles were characterized in terms of the
radius of the MC core (rcore) and the thickness of the alginate
shell (dshell), for both hydrated particles and dried particles. We
observed that dshell scales with wCaCl2

(Figure 2f), since Ca2+ corre-
sponds to a stronger driving force for ionotropic gelation. We also
found that rcore scales with d1∕3

T (Figure 2g), following Tate’s de-
sign law for droplet size,[82] shown in Equation (S5), Supporting
Information. Section S4, Supporting Information, summarizes
additional particle size analyses that support the use of wCaCl2
and dT as design parameters that can independently tune dshell
and rcore, respectively.

These results suggest that a wide range of particle geome-
tries are synthesizable from this manufacturing method, ex-
panding the types of applications for which these core–shell
particles could be utilized. For example, since particle geome-
try influences the drug release behavior and performance, in-
dependent control over dshell and rcore enables tunable release
profiles, as explored in Section 2.4. This all-aqueous dual gela-
tion confers advantages over other core–shell particle synthe-
sis approaches. Particularly, many techniques rely on microflu-
idic emulsification, which requires an oil or lipid sheathing sol-
vent such as in refs.[83,84]. For subsequent formulation or deliv-
ery of these particles, removing particles from the oil solvent
can require expensive extraction operations. In contrast, this dual
gelation approach uses a biocompatible hydrogel shell formed
from an aqueous bath, enabling a simple extraction step prior to
drying.

2.3. In Situ Crystallization Templates Drug Nanocrystals in the
Methylcellulose Matrix

After performing in situ crystallization, vaporizing water, and
anisole (Figure 3a), we characterized the composite MC-FEN
particle core using a suite of solid-state techniques. Previous
work has demonstrated that an encapsulated FEN nanoemulsion
successfully templated drug nanocrystals embedded in the MC
matrix.[27] Here, we find that drug nanocrystals are successfully
templated through solvent extraction, and we report the discov-
ery of polymer-drug coating which results in faceted composite
granules, discussed in greater detail in Section 2.4.

Comparing the X-ray diffraction (XRD) pattern of the com-
posite FEN against bulk FEN (as received), we observe the char-
acteristic peaks of FEN’s stable crystalline form 1 polymorph
at diffraction angles (2-𝜃) of 12°, 14.5°, 16.2°, 16.8°, and 22.4°

(Figure 1b).[85] The Raman spectra also exhibit characteristic FEN
form 1 polymorph peaks, as marked in Figure 1c. DSC thermo-
grams demonstrate melting point depression between the bulk
FEN (81.63 °C) and composite MC-FEN samples (76.54 °C), with
ΔT = 5.09 °C (Figure 1d). This melting point depression paired
with the confirmation that the FEN is crystalline supports the
successful formation of FEN nanocrystals within the MC ma-
trix. Using a previously determined correlation between fusion
enthalpy and melting temperature,[86] we estimate a degree of
crystallinity of ≈100% for the composite MC-FEN, suggesting
nearly all of the FEN is successfully crystallized (Section S5, Sup-
porting Information). Comparing estimates for nanocrystal size,
we find that a mass balance on the oil droplet yields dcrystal =
150.1nm, while TEM imaging of individual nanocrystals yields
dcrystal = 175.9 ± 53.5nm, showing strong agreement (Section S6,
Supporting Information). The drug loading (w FEN/w core) was
predicted using the approach described in Section S7, Support-
ing Information, and the analytical drug loading of the core was
measured at 49.8% (Figure 3e). Nearly all of the drug should be
encapsulated in the particle since the significant solubility dif-
ference of FEN in water versus anisole suggests that the drug
will not partition out of the anisole droplets, as demonstrated an-
alytically in ref. [27]. The distinct core and shell layers and the
sharp interface between the polymeric layers are clearly visible in
the high-resolution scanning electron microscopy (SEM) micro-
graph shown in Figure 3f. Since the alginate shell is unloaded, the
surface is uniform and undisturbed (Figure 3g). Faceted struc-
tures with a characteristic length scale of ≈1 μm uniformly dom-
inate the topology of the composite core (Figure 3h). While these
structures are faceted, the measured drug loading (49.8%) sug-
gests that these structures are polymer-coated FEN granules with
tightly surface-adsorbed MC, since by mass balance they can-
not be purely drug crystals. The microstructure and morphology
of the composite MC-FEN granules are further explored in Sec-
tion 2.4 and Section S11, Supporting Information.

Here, we present a facile method to manufacture nanocrys-
tals from nanoemulsion templates and stabilize the nanocrys-
tals within an MC matrix. This bottom-up method can provide
direct control over nanocrystal size through the size of the oil
nanodroplet templates. In contrast to top-down manufacturing
approaches that require milling, this approach is comparatively
gentle and simpler to optimize. This method also provides di-
rect control over the drug loading in the particle by tuning 𝜙oil
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Figure 3. In situ crystallization templates drug nanocrystals in the MC matrix. a) Schematic describing the solvent extraction from hydrated particles to
dried particles. Volatile anisole and water are evaporated, templating FEN nanocrystals in the MC matrix surrounded by an alginate polymeric layer. b)
XRD pattern and c) Raman spectra for bulk FEN and composite MC-FEN particle (core). Characteristic peaks for the crystalline form I FEN are indicated
using the overlaid dashed lines. d) DSC thermograms for bulk FEN and composite MC-FEN particles. Endothermic heat flow is shown in the positive
y-axis direction. Temperature (°C) is shown on the x-axis. e) Drug loading content of the particle core (𝜒FEN) as a function of oil volume fraction (𝜙oil)
in the nanoemulsion. The red dashed curve corresponds to Equation (S12), Supporting Information, with 𝜁TW80 = 0 (complete Tween 80 removal). The
gray dashed curve corresponds to Equation (S12), Supporting Information, with 𝜁TW80 = 1 (complete Tween 80 retention). For both curves, 𝜁CaCl2 = 0
(complete CaCl2 removal). The black point corresponds to measured drug loading content. Y-error bars correspond to standard deviation, with n = 3.
SEM micrographs of the canonical particle f) halved with a surgical knife to view the interior microstructure of the core and the shell, g) the alginate
shell layer, and h) dominant surface topology of the MC-FEN composite core. Scale bars for (f), (g), and (h) are 200 μm, 20 μm, 5 μm (left), and 1 μm
(right), respectively.

in the nanoemulsion. Crystallizing API inside an excipient ma-
trix (so-called “co-processing”), can enable excipient-stabilized
nanocrystals.[7,87] In sum, this approach can be a scalable method
to manufacture drug nanocrystals.

2.4. Delayed Pulsatile Drug Release Can Be Programmed from
Formulation Parameters

We demonstrate programmable delayed pulsatile drug release
from the core–shell particles in a biorelevant release media for
the range of particle formulations. First, we observe that the
nanocrystalline formulation of FEN exhibits a substantial im-
provement in the release rate of FEN compared to the bulk FEN
crystals (gray curve in Figure 4a). The bulk FEN takes 8.6 h to

reach 80% release and 19.6 h to reach complete release, while the
nanocrystalline FEN takes 0.5 h to reach 80% and 0.8 h to reach
complete release after the programmed release point. We also es-
tablish facile control over the release profile using the key formu-
lation parameters wCaCl2

and dT (Figure 4a,b). We observe that the
programmed release point (tlag, defined in Figure 4c) increases
substantially with increasing wCaCl2

(Figure 4a). This is intuitive
as increasing wCaCl2

corresponds to a thicker alginate shell which
takes longer to degrade and allow release from the core. Simi-
larly, we observe that tlag slightly increases as dT increases, since
increasing dT corresponds to larger particles which take longer
to degrade. For both experiments, the release “suppression” is
effective, with minimal drug release from the particles until tlag.
To develop a predictive model for programmed release, we hy-
pothesized that tlag could account for the variability in the release
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Figure 4. Delayed pulsatile drug release can be programmed from formulation parameters. Drug release profiles for a) varied wCaCl2
experiment and

b) varied dT experiment. Curves from left to right indicate increasing wCaCl2 . Dissolution curves show every third point plotted for ease of visualization.
Y-axis error bars indicate the standard deviation of experimentally calculated dissolution proportion, n = 3. Legend is provided for reference, with the
canonical formulation circled with red dotted lines. c) Drug release profile for the canonical formulation. Characteristic time scales (tlag, t50, tend) of the
dissolution profile are labeled. Additionally, the labeled release regime indicates when the drug is actively solubilized from the particles. d) tlag plotted as

a function of wCaCl2
. Power law fit tlag = 1.43e3w0.72

CaCl2
, R2 = 0.99. e) plotted as a function of dT. Power law fit tlag = 257.14d1∕3

T − 78.56, R2 = 0.98. f) tlag

plotted against the linearized process variables using the power law scaling from (d) and (e). Linear fit: t̂lag = 1.32e3w0.72
CaCl2

d1∕3
T . g) Dimensionless release

profiles rescaled using the model for t̂lag. This rescaling collapses all release profiles to a master design curve. h) Dissolution profile for the canonical
formulation. The Weibull (R2 = 0.99) and Peppas or power law (R2 = 0.99) models are fit to the dissolution data. The best-fit model parameters are
summarized in Tables S4 and S5, Supporting Information.

profiles, since tlag exhibits a dependence on both process param-
eters. We thus quantified the scaling of tlag with wCaCl2

and dT,
where tlag scales with wCaCl2

according to the cross-linking density
and with dT according to a modified Tate’s law, as shown below
in Equation (1)

𝜏 ∝ kd
1
3
T (1)

where 𝜏 describes the characteristic timescale and k is a fit con-
stant (Figure 4d,e, other characteristic timescales are shown in
Figure S9, Supporting Information). Using these scaling rela-
tionships, we developed a linearized model for predicted tlag (̂tlag),
shown in Figure 4f. The release profiles for both experiments are

then rescaled by t̂lag, which collapses all release profiles onto a
master curve that describes the release as a function of dimen-
sionless time (t∕̂tlag) for a given process condition (Figure 4g).

The Peppas (power law) model[88] and the Weibull model[89]

were then fit into the drug release data to gain insight into the
mechanism of drug release. Figure 4h highlights the fits for these
models on the dissolution data for the canonical formulation.
The Peppas model fit yields a diffusional coefficient between
1.18 and 1.92 for all formulations (Table S4, Supporting Infor-
mation), suggesting a drug release mechanism of Super Case II
transport, which is consistent with other studies of release from
cellulose-based matrices.[27,88] This is corroborated by the fitted
exponent for the Weibull model, which ranges between 1.01 and
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Figure 5. MC-coated FEN nanocrystals erode from the surface of the composite core. a) Schematic of the proposed drug release mechanism. b) Cross-
polarized micrographs of composite MC-FEN core dissolution. Surface erosion of the core releases “microgranules” containing FEN nanocrystals,
which then dissolve. Scale bar is 500 μm. c) Representative TEM micrographs of redispersed composite MC-FEN core. FEN nanocrystals (dcrystal =
175.9 ± 53.5nm, n = 10) can be seen embedded in a dispersed MC fibril network. Scale bar is 200 nm.

1.74 (Table S5, Supporting Information), suggesting that the re-
lease mechanism is not controlled by diffusion, but by matrix
erosion.[89] Since the release mechanism is erosion-controlled,
we hypothesized that for increasing dT, the peak release rate of
FEN would decrease since this corresponds to an increase in rcore.
However, as shown in Figure S10, Supporting Information, the
peak release rate did not increase monotonically with decreasing
rcore, but stays relatively constant. This result is explained by the
release mechanism, as discussed in Section S10, Supporting In-
formation, and below in Figure 5.

Compared to other core–shell particle synthesis approaches,
this dual gelation has easily tunable release kinetics through the
control of particle geometry, which is important for applications
in controlled release. For example, a recent approach used elec-
trospraying to synthesize polyvinylpyrrolidone K10 (PVP)-shellac
core–shell particles and demonstrated a release suppression of
2 h in pH-2 media.[90] However, it was not determined what con-
trols the shellac degradation timescale, or whether this timescale
can be independently tuned during the electrospraying process.
Another technology that utilized co-axial prilling to synthesize an
alginate shell was unable to prevent drug release through the al-
ginate shell, and could only reduce the release rate rather than
delay release.[91] In contrast, this dual gelation approach provides
a route for facile control over the delayed release timescale, with
strong release suppression and minimal drug leakage.

The strong release suppression reported in these results sug-
gests that these core–shell particles could be widely applicable in
oral delayed and sustained release applications. The programma-
bility of the release based on simple scaling with process param-

eters highlights how this platform can access a diverse range of
drug product profiles. We demonstrate release suppression be-
tween 1 and 4 h, which correlates well to in vivo residence time
of drug products in the stomach (5 min–1 h)[92,93] and the small
intestine (3–4 h).[51,94] The tunability of this release suppression
timescale suggests that this approach could be suitable to tar-
get delayed pulsatile enteric or colonic release, ensuring a thera-
peutic is protected from the gastric environment. Oral drug de-
livery systems with this delayed pulsatile release behavior could
also be useful in treating disease processes that exhibit circadian
rhythms in their pathology, so-called “chronotherapy.”[95–97] Sim-
ple mixtures of particles with different suppression timescales
in a multi-particulate formulation could enable sustained-release
functionality to reduce pill burden, an important clinical chal-
lenge in chronic disease.[98]

After performing dissolution testing and analysis, we in-
vestigated the release mechanism. The schematic depicted in
Figure 5a demonstrates the proposed two-step drug release
mechanism. The core–shell particles are first rehydrated in solu-
tion, where the alginate shell undergoes bulk rehydration, while
MC experiences surface rehydration, as described in ref.[99].
The alginate shell undergoes bulk erosion via ion displacement,
where Na+ competes with Ca2+ in the matrix and weakens the
gel structure,[100] until it ruptures and releases the MC core.
Next, the composite granules erode from the MC surface and
the nanocrystalline FEN solubilizes. We reproduce this release
mechanism in a kinetic study of particle rehydration and dis-
solution, and we find that the time at which the alginate shell
ruptures is close to tlag (Figure S11, Supporting Information). A
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Figure 6. Combination particles encapsulate two drug-loaded nanoemulsions. a) Schematic showing FEN and IBU loading in core and shell for combi-
nation particle synthesis using dual gelation. Digital microscopy images of a representative hydrated IBU-FEN combination particle with b) Nile red dye
loaded into the oil phase of the MC-FEN nanoemulsion. Scale bar is 1 mm. Digital microscopy image of IBU-FEN combination particles (alg-IBU shell,
MC-FEN core) at the middle loading level,𝜙oil = 0.09 , with c) hydrated and d) dried particles. Scale bar is 5 and 1 mm for (c) and (d), respectively. e)
Representative droplet size distribution results from DLS for the IBU-loaded alginate nanoemulsion (alg-IBU). This distribution has a mean droplet size
of 178.57 nm and a PDI of 0.24. f) Predicted and measured drug loading (by mass) for IBU in the alginate shell. The green curve represents Equation
(S16), Supporting Information, with 𝜁TW80 = 0 (complete Tween 80 removal). The black curve represents Equation (S16), Supporting Information, with
𝜁TW80 = 1 (complete Tween 80 retention). UV–vis calibration is reported in Figure S14, Supporting Information. The black points show measured drug
loading for each 𝜙oil level. Error bars represent standard deviation in drug loading, n = 3. g) Hydrated and dried dshell plotted against 𝜙oil for unloaded
shells and the three shell loading levels. Error bars represent the standard deviation in dshell, n = 10. Linear best fits are shown for the hydrated and dried
shells. Fit for hydrated shells dshell = 0.25𝜙oil + 1.58, R2 = 0.22. Fit for dried shells dshell = 2.99𝜙oil + 0.20, R2 = 1.00.

simulated surface erosion experiment, in which we dripped re-
lease media onto an extracted core to erode the surface, confirms
that crystalline-containing granules erode from the MC surface
and indicates that nanocrystalline FEN is released before it is sol-
ubilized (Figure 5b). These granules have a median granule size
of 2.25 ± 0.84 μm (n = 84), as determined from brightfield mi-
croscopy (Figure S12, Supporting Information). To confirm that
these granules were polymer-drug composites, we directly im-
aged FEN nanocrystals using TEM. The micrograph in Figure 5c
depicts spheroidal FEN nanocrystals embedded in a semi-eroded
MC matrix. The nanocrystal size distribution measured by TEM
closely matches predictions based on the oil nanodroplet size dis-
tribution, as discussed in Section S6, Supporting Information.

The discovery of tightly surface-adsorbed MC-FEN granules
suggests interesting molecular interactions during crystalliza-
tion. Previous work has supported this observation, since the un-
substituted hydroxyl groups of MC are capable of hydrogen bond-
ing, and FEN has four hydrogen bond acceptors.[101,102] Molecular
simulations have shown that MC and HPMC have a strongly fa-
vorable energetic interaction with surfaces of hydrophobic APIs,

including FEN, through hydrogen bonding.[103–106] Controlling
intermolecular interactions during crystallization within hydro-
gel scaffolds could present an opportunity for polymorphic con-
trol, a long-desired goal of drug substance manufacturing.[107]

2.5. Combination Particles Encapsulate Two Drug-Loaded
Nanoemulsions

We extended this core–shell synthesis platform to demonstrate
manufacturing combination products with different drugs struc-
tured in the core and shell. To accomplish this, a second drug-
loaded nanoemulsion was loaded into the alginate bath, such
that the oil nanodroplets would be encapsulated in the shell dur-
ing the alginate crosslinking (Figure 6). Ibuprofen (IBU) was se-
lected as a second model hydrophobic therapeutic, but this ap-
proach can generalize to other hydrophobic APIs loaded into a
nanoemulsion. We synthesized IBU nanoemulsion at three dif-
ferent oil volume fractions (𝜙oil ∈ {0.01, 0.09, 0.21}) to demon-
strate variable drug loading of the shell as independent from the

Adv. Healthcare Mater. 2023, 2301667 2301667 (9 of 14) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 7. Combination particles enable tunable sequential release. a) Raman spectra for bulk IBU and composite alg-IBU particle shell. Characteristic
peaks for amorphous IBU are indicated with dashed lines. b) DSC thermograms for bulk IBU and composite alg-IBU shell. Endothermic heat flow is
shown in the positive y-axis direction. Temperature (°C) is shown on the x-axis. c) SEM micrograph of the dried alginate matrix loaded with amorphous
IBU at the high loading level. Amorphous IBU particles can be observed embedded in the alginate matrix. Scale bar is 1 μm. Drug release from the
combination particles with both IBU release from the shell (green) and FEN release from the core (blue) for (d) low IBU loading (𝜙oil = 0.01), (e) middle
IBU loading (𝜙oil = 0.09), and (f) high IBU loading (𝜙oil = 0.21). Dissolution curves show every third point plotted for ease of visualization. Y-axis error
bars indicate the standard deviation of experimentally calculated drug release, n = 3.

drug loading in the core. More details on the design of this na-
noemulsion are included in Section S12, Supporting Informa-
tion, and the full formulation parameters are summarized in
Table S5, Supporting Information. We used the canonical formu-
lation for the MC-FEN nanoemulsion in the core.

Unlike the clear alginate shells displayed in Figure 2b–d, the
shells of these combination particles are opaque, since the encap-
sulated nanoemulsion scatters visible light (Figure 6b–d). Some
particles were synthesized with a red dye (Nile red) loaded into
the oil phase of the MC nanoemulsion as a contrast agent, and
the gel interface between the core and the shell is easily visi-
ble (Figure 6b). We designed the IBU nanoemulsion to have a
similar droplet size distribution as the dual-responsive MC-FEN
nanoemulsion, and we indeed report that the IBU nanoemul-
sion had a mean droplet size of 178.4 ± 9.0 nm, with a PDI of
0.27 ± 0.02, which is similar to the size of the FEN nanoemul-
sion (Figure 1b). A representative droplet size distribution for the
IBU alginate nanoemulsion is shown in Figure 6e. The IBU drug
loading in the shell of the dried particles was measured using a
similar approach as described for the core. However, we did not
precisely know the mass of the shell, so we used a volumetric
approach to estimate the drug loading (Section S13, Supporting
Information). We measured IBU shell drug loadings of 3.2%,
18.3%, and 26.3% by mass for each 𝜙oil loading level, demon-
strating variable drug loading independent from the drug load-
ing of the core (Figure 6f). We find for increasing 𝜙oil in the shell,
dshell does not noticeably change for hydrated particles: the linear
best-fit has R2 = 0.22 with p = 0.77, suggesting that the slope is
not statistically different from 0. However, after the particles are

dried, dshell increases significantly, due to the increased presence
of IBU particles in the alginate matrix (Figure 6g).

2.6. Combination Particles Enable Tunable Sequential Drug
Release

The solid-state of the IBU formulated in the alginate shell was
characterized using the suite of solid-state characterization tech-
niques used to characterize the core. Comparing the Raman
spectra for bulk IBU and the composite shells at each loading
level, we observe the characteristic peaks of IBU at 600, 780,
1168, 1258, 1615, 2900, and 3200 cm−1, indicated with dashed-
dotted lines in Figure 7a.[108] As shown by the DSC thermograms
for the composite shells which do not exhibit a melting point,
IBU is amorphous in the alginate matrix for all drug loading
levels (Figure 7b). XRD patterns also support this conclusion
(Figure S15a, Supporting Information). We can observe many
amorphous IBU nanoparticles embedded in the alginate matrix
through SEM (Figure 7c). We demonstrate that these IBU ASDs
are kinetically stable and exhibit stable release performance over
at least 10 months when stored in closed vials on the shelf at
room temperature (Figure S16, Supporting Information). This is
a promising timescale for ASD stability, indicating the potential
scalability of this processing route to formulate ASDs.

We then tested the in vitro drug release performance of the
dual-drug loaded core–shell particles. We find that varying the
drug loading gives control for tuning the overlap between the re-
lease regimes of IBU (green curves) and FEN (blue curves), with

Adv. Healthcare Mater. 2023, 2301667 2301667 (10 of 14) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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a varying degree of overlap between the release regimes of each
drug (Figure 7d–f). For the low drug loading level (𝜙oil = 0.01),
the release regimes of the core and shell are completely sep-
arated, and all IBU is solubilized before FEN begins dissolv-
ing (Figure 7d). However, as the drug loading increases, the de-
creased density of the alginate matrix leads to faster matrix hy-
dration and degradation, decreasing the separation between the
release of IBU and FEN (Figure 7e). At the highest loading level
(𝜙oil = 0.21), the release windows of IBU and FEN are almost
overlapping (Figure 7f). We observe this tunability of the overlap
in the release windows since increasing the loading of IBU in
the shell decreases the density of the alginate network, therefore
accelerating the bulk hydration and erosion.

The demonstrated flexible sequential drug release and tun-
able loading in each layer suggest this technology could be
scaled to manufacture FDC products, particularly when thera-
peutic molecules have competitive clearance mechanisms, are
not compatible with the same excipient set, or are themselves
chemically or physically incompatible. For example, repaglin-
ide (anti-diabetic) and atorvastatin (anti-hyperlipidemia) treat co-
morbidities but exhibit competitive inhibition of the CYP3a4
clearance enzyme, and concomitant use could increase the risk
of hypoglycemia.[109] Thus, formulating this combination in
this core–shell platform with sequential release would decrease
pill burden while minimizing adverse interactions. Structuring
telmisartan and simvastatin, a synergistic combination proposed
for coronary heart disease,[110] in separate layers could overcome
the incompatibility of simvastatin with some excipients used
in telmisartan formulations.[111] Other candidates could include
a combination of antiretrovirals like zidovudine and efavirenz,
which are commonly prescribed for the treatment of acquired im-
mune deficiency syndrome (AIDS). Solid state incompatibilities
have been reported between zidovudine and efavirenz,[112] sug-
gesting that structuring each antiretroviral in distinct polymeric
layers using this technology could be a promising formulation
approach.

3. Conclusion

Here, we present the design of a novel, dual stimuli-responsive
gelation process that exploits orthogonal thermoresponsive and
ionotropic gel mechanisms to synthesize core–shell hydrogel par-
ticles with distinct hydrogel networks. We highlight the synergis-
tic role Ca2+ plays in promoting the MC thermal gelation and the
alginate ionotropic gelation, and the interplay between the salt-
out effect and MC surface adsorption onto oil nanodroplet sur-
faces. We suggest that exploiting the salt-out effect could enable
the development of thermal gelling processes at much lower tem-
peratures than previously demonstrated, expanding the applica-
bility of this approach to many APIs.

Core–shell particles are synthesized and used to encapsulate
a FEN-loaded oil-in-water nanoemulsion. We confirm the pres-
ence of FEN nanocrystals and observe surface-adsorption of MC
onto FEN nanocrystal surfaces. Particle geometry is character-
ized under varying process conditions, and we reveal the effect of
particle geometry on resulting in vitro dissolution performance.
The dissolution performance demonstrates strong release sup-
pression and enables customizable, programmed dissolution of
hydrophobic API. The dual gelation process is then adapted to

synthesize a combination product with IBU structured in the
shell and FEN structured in the core. We demonstrate variable
IBU loading in the shell and show sequential release of IBU
and FEN from these particles. Finally, we show a 10-month sta-
ble alginate-IBU ASD in the particle shell. This dual gelation
platform offers a potentially scalable approach to formulate hy-
drophobic APIs, target enteric or colonic disease orally, and man-
ufacture FDC drug products with payloads structured in distinct
polymeric layers. This approach can be generalized to other com-
binations of drugs, oil phases in the nanoemulsions, or thermo-
and ionotropic-gelling polymers to make functional core–shell
hydrogel particles.

4. Experimental Section
Materials: MC (viscosity: 15 cP, molecular weight ≈14 000 g mol−1),

sodium alginate (≈39% in guluronic acid blocks, Mw ≈ 100 kDa), FEN,
anisole, Tween 80 (polysorbate 80), calcium chloride (CaCl2), ethanol,
sodium dodecyl sulfate, anhydrous disodium hydrogen phosphate
(Na2HPO4), anhydrous monosodium hydrogen phosphate (NaH2PO4),
mineral oil (𝜌 = 0.838 g mL−1), and Nile red were purchased from Sigma-
Aldrich and used without additional purification steps. IBU (99%, ACROS
Organics) was purchased from Fisher Scientific and used without addi-
tional purification steps.

Drug-Loaded Dual-Responsive MC Nanoemulsions: The continuous
and dispersed phases were first prepared separately before synthesizing
the MC nanoemulsion. The continuous phase consisted of a 4 wt% MC
aqueous solution. The dispersed phase consisted of saturated FEN-in-
anisole solution, which was prepared by adding FEN into anisole until
crystals crashed out of the solution. Next, the nanoemulsion was prepared
by adding surfactant (Tween 80), the continuous phase, and the dispersed
phase to a 50 mL Falcon conical centrifuge tube. The tube was sealed us-
ing Paraffin wax and the preemulsion was vortexed for 30 s. A 24 mm
horn, 20 kHz ultrasonicator (from Cole Parmer) was used to prepare the
nanoemulsion, using 20% amplitude for 30 min in a 30 s:10 s cycle at 10
°C. The temperature was controlled using a water circulator bath (from
VWR). Following ultrasonication, CaCl2 was dissolved in the nanoemul-
sion and mixed using a magnetic stir bar at 300 rpm until all of the CaCl2
was dissolved. The formulation conditions for nanoemulsion synthesis are
summarized in Table S1, Supporting Information.

Drug-Loaded Alginate Nanoemulsions: The continuous and dispersed
phases were first prepared separately before synthesizing the alginate na-
noemulsion. The continuous phase consisted of a 1 wt% alginate aqueous
solution. The dispersed phase consisted of saturated IBU-in-anisole solu-
tion, which was prepared by adding IBU into anisole until crystals crashed
out of the solution. Next, the nanoemulsion was prepared by adding Tween
80, the continuous phase, and the dispersed phase to a 50 mL Falcon
conical centrifuge tube. The same ultrasonication procedure used to syn-
thesize the MC nanoemulsions was used to synthesize the alginate na-
noemulsions. The formulation conditions for nanoemulsion synthesis are
summarized in Table S5, Supporting Information.

Dynamic Light Scattering: Dynamic light scattering (DLS) was per-
formed using a Brookhaven NanoBrook 90Plus PALS at a fixed scattering
angle of 90° and temperature of 25 °C. The sample was prepared by di-
luting 5 μL of nanoemulsion in 3 mL of DI water in a cuvette. Five sets of
1-min measurements were performed for each sample to characterize the
droplet size distribution.

Rheological Characterization: The rheological properties of MC solu-
tions and MC nanoemulsions were characterized using a stress-controlled
rheometer (DHR-3, TA instrument). An upper-cone geometry (diameter =
60 mm, cone angle = 1.004°, and truncated gap = 29 μm) module. The
sample was added into the sample holder on the lower Peltier steel plate,
then the geometry was lowered to the truncated gap height. To minimize
surface effects between MC and the geometry, the exposed edge of the
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cone was coated with mineral oil.[113,114] Water drops were added to the
top of the cone geometry and a solvent trap was utilized to minimize sol-
vent evaporation. A conditioning procedure was performed at 20 °C prior
to each rheological measurement including a 60 s preshear at a constant
frequency of 10 rad s−1 and a 60 s equilibration. The strain sweep exper-
iment (Figure S1, Supporting Information) was performed at 25 °C, with
a constant angular frequency (10 rad s−1) at varying strain amplitude to
determine an appropriate strain amplitude to use. The temperature ramp
experiments were performed from 20 to 70 °C, at a strain amplitude of 5%
and a frequency of 10 rad s−1.

Dual Gelation Dripping Process: The dual gelation process was per-
formed by dripping the dual gelation-capable nanoemulsion into a heated
alginate bath. The bath consisted of 200 mL of 1 wt% alginate and
0.1% wt/v Tween 80 heated to 60 °C and stirred at 300 RPM. Tween 80
was added to decrease the surface tension of the bath and improve parti-
cle sphericity.[115] The nanoemulsion was loaded into a 3 mL syringe and
dripped into the bath at a dripping height of 5 cm. The size of the dis-
pensing tip used to extrude the nanoemulsion from the syringe was var-
ied between 18 and 23 G to control particle size. The dual gelation process
conditions for each formulation are summarized in Table S2, Supporting
Information. The particles were left in the bath for 1 h for the alginate cross-
linking to complete. Core–shell hydrogel particles were then harvested and
the alginate cross-linking was quenched by diluting excess alginate in 1 L
of DI water heated to 60 °C. The core–shell particles were subsequently
placed on a non-stick baking pan, then placed in a 70 °C oven for solvent
extraction and drug crystallization for 1 day. The resulting dried particles
were stored at room temperature before performing further characteriza-
tion.

X-Ray Diffraction: The crystalline structures of the drugs encapsu-
lated in the composite particles were characterized with XRD using an
in-reflection mode (Phillips PANalytical X’Pert Pro MPD). To prepare the
sample, dried particles were harvested, and the core and shell were sep-
arated. The composite cores were crushed into a fine powder suitable for
XRD analysis using a mortar and pestle and placed on a silicon crystal
zero diffraction plate. The composite shells were similarly prepared. The
diffraction angle 2-𝜃 was swept from 4° to 40° by 0.0167° at a scanning
rate of 2° min−1. The equipment was operated at a constant voltage of
40 kV and a constant current of 40 mA.

Raman Spectroscopy: Raman spectroscopy was performed using a
Horiba Jobin Yvon LabRAM HR800 system, using a 633 nm excitation
laser, 100× objective lens, and 1800 lines per mm grating. Prior to mea-
suring the Raman spectra, the core and shell of the composite particles
were separated for measurement. Next, the system was calibrated using
the standard 521 cm−1 band of Si. LabSpec 5 software was used to correct
the spectra baseline using a line with a degree of two and identify peaks.

Differential Scanning Calorimetry: Thermal analysis of the as-received
bulk drug and the composite drug-polymer matrices were analyzed using
a differential scanning calorimeter (TA Instruments DSC 2500). The envi-
ronment of the sample chamber was maintained as inert using a nitrogen
gas flow at 50 mL min−1. The sample was loaded into Tzero pans and lid
with ≈10 mg of ground sample. First, the pan was equilibrated at −10 °C,
then the pan was ramped to 150 °C at a heating rate of 10 °C min−1. Finally,
an isothermal step at 150 °C was held for 5 min.

Scanning Electron Microscopy: The solid-state morphology in the dried
core–shell particles was observed using a high-resolution scanning elec-
tron microscope (Zeiss HRSEM) at 1 kV accelerating voltage and at a mag-
nification of 30 000×. Samples were prepared on SEM specimen stubs with
carbon tape. To improve contrast, SEM samples were coated with one layer
of 10 nm gold nanoparticles.

Transmission Electron Microscopy: FEN nanocrystals and the surround-
ing MC matrix were observed using an FEI Tecnai G2 Spirit TWIN TEM
equipped with a LaB6 filament, operating at an accelerating voltage of
120 kV. To prepare a suspension of FEN nanocrystals, ≈5 mg of composite
MC-FEN core was crushed into a powder and dispersed in 200 μL of wa-
ter. This suspension was then drop-cast onto carbon film-supported cop-
per grids (size 200 mesh), and bright-field microscopy images were taken
using a Gatan CCD camera. The resulting images were analyzed using Im-
ageJ.

Drug Loading Characterization: The drug loading content of the com-
posite core and shell were analytically characterized using UV–vis spec-
troscopy (ThermoFisher Scientific NanoDrop One/OneC Spectropho-
tometer). First, ≈10 mg of composite core or shell was crushed into a
powder, then suspended in 3 mL of EtOH in a 10 mL Falcon centrifuge
tube. The tube was vortexed, then allowed to settle. Next, 100 μL of the
sample was diluted 10× into fresh ethanol to ensure that the concentra-
tion is in the linear spectrophonic regime. The sample’s UV absorbance
was measured at the appropriate 𝜆max (287 nm for FEN and 234 nm for
IBU), the concentration was determined via a linear interpolation into the
respective calibration curve, and the drug loading by mass was calculated
from the concentration.

Cross-Polarized Microscopy: Cross-polarized microscopy (Zeiss Ax-
iovert 5) was used to visualize the surface erosion of composite granules
containing crystalline material from the composite MC-FEN core. A cross-
polarized lens allowed for the visualization of birefringent domains in com-
posite materials.[116] To facilitate surface erosion, 200 μL of 25 mm SDS
was dripped onto the core.

Drug Release Experiments: The in vitro drug release of the dried core–
shell particles was measured using a USP Dissolution Apparatus II (Ag-
ilent Technologies Varian VK 7025). A Cary 50 UV–vis spectrometer and
an in situ probe set were integrated into the dissolution test in order to
automatically record the absorbance at the 𝜆max for each drug (287 nm
for FEN and 234 nm for IBU) each minute. The release media used was
900 mL of 25 mm SDS aqueous solution, according to the FDA guidance
for dissolution methods for FEN from ref.[117]. For the IBU release tests,
equivalency between 25 mm SDS and the FDA guideline of 50 mm PBS
was established, and is shown in Figure S17, Supporting Information, in
order to use the same release media for both drug tests. The vessel was
operated at 37 °C and 75 rpm, and the drug concentration was set to 10 μg
mL−1. The release experiment for each particle formulation was performed
in triplicate.

Statistics: The measurement uncertainty of mass measurements
(0.01 mg) was propagated into the reported analytical drug loading cal-
culations. The open-source model fitting package SciPy[119] was used to
generate model fits when referenced. Linear least squares were used to op-
timize linear models, while non-linear least squares were used to optimize
non-linear model fits.

Image Analysis: ImageJ[118] was used to analyze particle images to
generate statistics on particle geometry. At least ten particles were imaged,
and the mean and standard deviation are reported when referenced. Un-
certainty was propagated from the standard deviation in these measure-
ments in any calculations using particle geometry.

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