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Sustained release of drug-loaded nanoparticles from
injectable hydrogels enables long-term control of
macrophage phenotype

Innovative screens identified potent immunoregulatory
drugs, loaded into cyclodextrin nanoparticles (CDNPs,
green) by guest-host association. These same interactions
allow CDNP crosslinking by modified hyaluronic acid
(purple), forming an injectable hydrogel that releases drug-
loaded nanoparticles for weeks to control macrophage
phenotype. The hydrogels are a promising tool for local cell-
targeted therapy.
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Sustained release of drug-loaded nanoparticles
from injectable hydrogels enables long-term
control of macrophage phenotypet

Shreya S. Soni, &) Arielle M. D’Elia, & Abdulrahman Alsasa, Sylvia Cho, Tina Tylek,
Erin M. O'Brien, Ricardo Whitaker, Kara L. Spiller 2 and Christopher B. Rodell = *

Injectable hydrogels may be pre-formed through dynamic crosslinks, allowing for injection and sub-
sequent retention in the tissue by shear-thinning and self-healing processes, respectively. These pro-
perties enable the site-specific delivery of encapsulated therapeutics; yet, the sustained release of small-
molecule drugs and their cell-targeted delivery remains challenging due to their rapid diffusive release
and non-specific cellular biodistribution. Herein, we develop an injectable hydrogel system composed of
a macrophage-targeted nanoparticle (cyclodextrin nanoparticles, CDNPs) crosslinked by adamantane-
modified hyaluronic acid (Ad-HA). The polymer-nanoparticle hydrogel uniquely leverages cyclodextrin’s
interaction with small molecule drugs to create a spatially discrete drug reservoir and with adamantane to
yield dynamic, injectable hydrogels. Through an innovative two-step drug screening approach and exam-
ination of 45 immunomodulatory drugs with subsequent in-depth transcriptional profiling of both murine
and human macrophages, we identify celastrol as a potent inhibitor of pro-inflammatory (M1-like) behav-
jor that furthermore promotes a reparatory (M2-like) phenotype. Celastrol encapsulation within the
polymer-nanoparticle hydrogels permitted shear-thinning injection and sustained release of drug-laden
nanoparticles that targeted macrophages to modulate cell behavior for greater than two weeks in vitro.
The modular hydrogel system is a promising approach to locally modulate cell-specific phenotype in a
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Introduction

Systemic drug administration is often hampered by biodistri-
bution challenges, including rapid renal clearance, an inability
to target specific tissue, and poor aqueous solubility of many
small molecule drugs.' Local delivery strategies mitigate these
issues by minimizing drug exposure in off-target tissues and
extending the window of therapeutically active drug concen-
trations at the site of action. Hydrogels therefore continue to
evolve as tailorable platforms for therapeutic delivery that can
support tissue regeneration, alter cell or tissue responses, or
present appropriate therapeutic cargo. Such cargo may include
pharmacologic drugs, exosomes, or cells intended to support
processes of immune modulation and tissue repair.” In par-
ticular, small molecule drugs are attractive payloads due
to their ease of synthesis and suitability for optimization;
however, their local delivery from hydrogels is often challen-
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range of applications for immunoregenerative medicine.

ging due to their rapid diffusive release and non-specific cellu-
lar biodistribution.

Many hydrogels are conventionally formed ex vivo via
covalent crosslinking, necessitating invasive implantation of
the resulting solid material. In contrast, injectable hydrogels
may be formed through varying methods to enable minimally
invasive delivery, including for the local presentation of encap-
sulated therapeutic cargo.> One such approach is in situ
hydrogel formation after the injection of liquid precursors,
accomplished by mechanisms such as radical polymerization,
addition crosslinking, or environmental stimuli.>® However,
the kinetics of hydrogel formation often complicate the deliv-
ery process. Rapid gelation risks clogging the delivery device,
whereas slow gelation results in material dispersion through-
out the tissue after injection.®” As an alternative to in situ
hydrogel formation, some approaches capitalize on the
use of dynamic crosslinks, such as dynamic covalent chem-
istries, engineered biomolecular interactions, or guest-host
chemistries.>® Dynamic crosslinking allows hydrogels to be
formed ex vivo and then extruded during injection by shear-
thinning processes, as the dynamic bonds temporarily break
in response to shear stress and rapidly bind again.'’ These
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dynamic material behaviors ultimately allow for injectable
delivery that mitigates the risks for invasive implantation,
while also increasing material retention at the target site -
including precious therapeutic cargo."”>

As an extension of these self-assembling hydrogel systems,
hydrogels may also be formed from discrete micro- or nano-
structural units instead of polymeric building blocks alone.
Such non-homogenous structures uniquely allow for the struc-
tural subunits to take on discrete functions and the unique be-
havior of the bulk hydrogel formed. For example, granular
hydrogels have emerged as a unique class of injectable
materials, assembled through inter-particle crosslinking reac-
tions or particle jamming.'®*® Discrete microgel components
within these systems may have tunable behavior to control
drug delivery."”' Other systems have leveraged polymer-nano-
particle interactions to aid in the self-assembly of injectable
hydrogels. The inclusion of discrete nanoparticles within these
structures has been leveraged to endow polymer-nanoparticle
hydrogels with distinct therapeutic, diagnostic, and physical
properties.’>**?! While such polymer-nanoparticle hydrogels
open new avenues for local therapeutic delivery, their use as a
means to provide controlled release of nanoparticles to natu-
rally target highly phagocytic innate immune cells remains
unexplored.

Such local and cell-specific delivery is particularly impor-
tant for immune modulation. Specifically, the systemic admin-
istration of immunosuppressive drugs places patients at an
increased risk of infection, which has hampered their clinical
acceptance.>*® Despite these challenges, there remains a
growing interest in the use of immunomodulatory drugs to
combat inflammatory disease and promote tissue healing.>*
Macrophages (MF) are crucial regulators of the tissue-immune
microenvironment, and unsolicited MF-derived inflammation
commonly underlies failed tissue healing processes and an
array of chronic diseases,*>?® making them an attractive thera-
peutic target.”” While these cells exist across an array of pheno-
types, they are often broadly characterized as pro-inflammatory
(‘M1-like’) or pro-healing (‘M2-like’), particularly in the context
of tissue repair.”® MF phenotypes are highly plastic, subject to
modulation by external stimuli such as pharmaceuticals that
arrest inflammatory behavior and promote a reparative M2-like
phenotype for injury resolution. While immunosuppressants
are widely available and used in clinical practice, few M2-polar-
izing drugs have been reported and necessitate high dosing.?
Immunoregenerative medicine therefore remains limited by a
lack of knowledge regarding which drugs or drug classes can
potently promote reparatory MF phenotypes.

Small molecule drugs may be of use towards the goal of
modulating MF phenotype and are amenable to delivery by
guest-host interactions. Guest-host interactions are a subset
of supramolecular associations, characterized by the transient
complexation of a macrocyclic host with a small molecule
guest. In the case of many macrocycles, and p-cyclodextrin
(CD) in particular, complexation is driven by hydrophobic
interactions that enable the inclusion of a wide variety of guest
molecules.**?" 1t is therefore a versatile and common excipient
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in pharmaceutical formulations on market,** used to enhance
drug solubility and bioavailability.>** CD is also widely used
in biomaterial applications, including in molecular imaging
probes, surface coatings, and polymeric drug carriers for
affinity-based delivery.>**° We have previously reported on the
development of cyclodextrin nanoparticles (CDNPs) that
possess a high drug loading capacity and inherent capacity for
MF-targeted therapy.”' The CDNPs are formed only from CD
crosslinked by r-lysine, creating a dense network of the host
macrocycle that perpetuates a high drug loading capacity. Due
to the saccharide-based structure of CD, it is readily interna-
lized by MF, likely via recognition by cell surface receptors that
include scavenger receptor Al (SR-A1) and mannose receptor
(MRC1).*>** The drug loading capacity and MF avidity have
been leveraged for systemically administered MF-targeted
cancer immunotherapy,*’ and similar MF-targeting strategies
are highly effective in a range of applications.**™*® However,
the delivery of these and other therapeutic nanocarriers is typi-
cally accomplished via systemic administration; their local and
sustained delivery has not previously been reported.

Herein, we developed an injectable hydrogel platform for
the local administration of small molecule drugs that uniquely
leverages guest-host interactions for injectable hydrogel
assembly and cell-targeted nanoparticle therapy to directly
address the need for location-specific modulation of MF be-
havior. Through supramolecular assembly by guest-host inter-
actions, CDNPs were crosslinked with adamantane-modified
hyaluronic acid (Ad-HA) to yield an injectable hydrogel. The
same guest-host interactions also serve as a mechanism to
retain immunomodulatory therapeutics. The drug of choice
was selected by scrutiny of a targeted library of 45 small mole-
cules drugs that spanned a variety of drug classes with
reported immunomodulatory capacity. Through a two-step
drug screening process and subsequent in-depth transcrip-
tional analysis of both human and murine MF, we identified
celastrol as a potent modulator of MF phenotype that sup-
presses M1-like and promotes M2-like behavior. Celastrol was
included within the nanoparticle core by guest-host inter-
action prior to hydrogel formation. The resulting therapeutic
hydrogels degraded by surface erosion over the course of
greater than one month, continually releasing drug-loaded
nanoparticles that were uptaken by MF and arrested their pro-
inflammatory response. The approach represents a promising
strategy to achieve functional re-orientation of the local
immune microenvironment by the continual release of drug-
loaded nanoparticles from the hierarchical hydrogels formed.

Experimental
Materials

Unless otherwise indicated, solvents and general reagents were
purchased from Sigma-Aldrich or TCI America and used
without additional purification. Pharmaceutical drugs were
obtained from Selleckchem, MedChemExpress, or Cayman
Chemical Company and prepared at stock concentrations of
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100 mM in dimethyl sulfoxide (DMSO). Cell culture reagents
were purchased from VWR, unless otherwise stated.

Nanoparticle synthesis and characterization

Cyclodextrin nanoparticles (CDNPs) were prepared by methods
as previously described.”* Briefly, succinyl-B-cyclodextrin
(1.0-3%y,y, 1.0 eq. succinylate groups), 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC, 5-12.5 eq. to succinylate), and
N-hydroxysuccinimide (NHS, 0.5 eq. to EDC) were dissolved in
MES buffer (50 mM, pH 6.0). The reaction was stirred (30 min,
RT) prior to the dropwise addition of i-lysine (0.5-4 eq. to succi-
nylate) and overnight crosslinking. The product was recovered
by addition of 100 puL brine and precipitation from a tenfold
excess of anhydrous ethanol on ice. Following immediate re-dis-
solution in water, the product was purified by size-exclusion
chromatography (SEC; PD-10, Fisher). Saccharide positive frac-
tions were identified by spotting on a silica gel TLC plate, devel-
oping with 5% H,SO, in ethanol, and then heating the plate.
Positive fractions were concentrated by centrifugal filtration
(10 kDa MWCO, Amicon), washed repeatedly with water, and
lyophilized until dry. The final CDNP products were re-dissolved
at 20%,,, in MilliQ water and stored at —20 °C until later use.
Particle size was determined by dynamic light scattering (DLS;
Zetasizer, Malvern) in triplicate at a concentration of 5 mg mL ™
in phosphate buffered saline (PBS). For scanning electron
microscopy (SEM), samples were prepared at 200 pg mL™" in DI
water, lyophilized in a thin layer on conductive scaffolding,
attached to SEM stubs using double sided carbon tape, and
sputter coated prior to imaging (Zeiss, Supra 50VP).

Polymer synthesis and characterization

Hyaluronic acid (HA; MW = 82 kDa or 337 kDa; Lifecore
Biomedical) was modified by pendant addition of 1-adaman-
tane acetic acid (Ad), similar to previous reports.*” HA (5 g)
was dissolved in DI water at 2%,,, exchanged against Dowex
50 W resin (15 g), neutralized by tetrabutylammonium hydrox-
ide (TBA) to a final pH of 7.02-7.05, and lyophilized to yield
HA-TBA (Fig. S1f). Coupling of 1-adamantane acetic acid to
HA-TBA proceeded via esterification. A round bottom flask was
charged with a stir bar, HA-TBA (1.5 g, 1 mol equiv. HA repeat
units), 4-dimethylaminopyridine (DMAP, 0.38 g, 1.5 mol
equiv.), Ad (1.2 g, 3 mol equiv.), and blanketed under dry nitro-
gen. Anhydrous dimethyl sulfoxide (5 mL per 0.1 g of HA-TBA)
was added via cannulation and reactants dissolved. Di-tert-
butyl decarbonate (BOC,0) was added via syringe (0.23 mL
for 82 kDa Ad-HA (Low), 0.20 mL for 337 kDa Ad-HA (Low),
and 0.56 mL for 82 kDa Ad-HA (High)) and the reaction
allowed to proceed for 20 h at 45 °C. The product was dialyzed
(8-10 kba MWCO) against DI water, which was changed twice
daily for 14 days. After lyophilization, the degree of substi-
tution of the HA backbone by Ad was determined by "H-NMR

(Fig. S21).
Hydrogel formation

Hydrogels were prepared from stock solutions of CDNP
(20%4,) and the denoted Ad-HA polymer (82 kDa Ad-HA
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(Low), 337 kDa Ad-HA (Low), and 82 kDa Ad-HA (High)) pre-
pared in PBS. Hydrogels were formed by pipette mixing of the
two separate solutions, followed by vortexing, manual stirring,
and sonication to ensure homogenization with brief centrifu-
gation to remove entrapped air bubbles. Hydrogel formulations
were varied by adjusting the initial Ad-HA polymer concen-
tration (2.5-10%y,,), the volumetric ratio of Ad-HA to CDNP
(8:1-1:4), and anneal time (0-14 days) following mixing.

Rheological characterization

Characterization was performed on a TA Instruments
Discovery HR20 rheometer fitted with a cone and plate geome-
try (20 mm diameter, 1° cone angle, 27 um gap). Temperature
was maintained at 25 °C through use of a Peltier plate stage.
Properties of hydrogel samples were examined by oscillatory
time sweeps at varying frequencies (0.1, 1, and 10 Hz; 1%
strain), oscillatory frequency sweeps (0.01 Hz to 100 Hz; 1%
strain), oscillatory strain sweeps (1% to 500% strain; 10 Hz),
and continuous flow experiments with the shear rate linearly
ramped from 0.005 to 50 s™'. Recovery experiments were per-
formed using oscillatory time sweeps at 500% strain with
recovery at 1% strain.

Cell culture

Cells were maintained under standard culture conditions
(37 °C, 5% CO,) in the indicated medium which was replen-
ished every two days. The murine MF cell lines, RAW 264.7
(ATCC) and RAW-Blue™ (InvivoGen), were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with heat-inactivated fetal bovine serum (FBS), and 1% penicil-
lin-streptomycin (Pen-Strep). RAW-Blue™ media was addition-
ally supplemented by 100 ug ml™ Normocin with the addition
of 100 pg ml™" of Zeocin every other passage to maintain selec-
tion pressure, as recommended by the manufacturer. Cells
were passaged at 70% confluency. Primary MF were derived
from murine and human tissues. Bone marrow derived macro-
phages (BMDMs) were isolated and derived according to stan-
dard protocols.”® All animal procedures were performed in
compliance with Drexel University’s guidelines for the care
and use of laboratory animals, with procedures approved by
the University’s Institutional Animal Care and Use Committee.
Marrow was extracted from the surgically resected femur and
tibia of male C57BL/6 mice, dissociated, and filtered using a
40 um strainer. Red blood cells were lysed with ammonium
chloride, and recovered cells were plated at 2 x 10° cells per
well in 24 well plates and maintained in Iscove’s Modification
of DMEM (IMDM) supplemented with 10% heat-inactivated
FBS, 1% Pen-Strep, and 10 ng mL™' recombinant mouse
macrophage colony-stimulating factor (M-CSF; PeproTech).
Primary human monocytes were isolated from peripheral
blood (New York Blood Center) from a single healthy human
donor via density centrifugation as previously described.***°
Harvested monocytes were cultured for 5 days on non-tissue
culture-treated well plates in RPMI-1640 media supplemented
with 10% heat-inactivated human serum, 1% Pen-Strep, and
20 ng mL™" recombinant human M-CSF (PeproTech).

Biomater. Sci, 2022,10, 6951-6967 | 6953
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Reporter assays and transcriptional analysis

Our process of drug selection leveraged a unique two-step drug
screen that first identified potent M1-inhibitors using a high-
throughput reporter cell assay followed by secondary identifi-
cation of M2-promoting drugs in cell lines. Furthermore, a rig-
orous approach for validating drug activity was pursued,
including in depth transcriptional analysis of primary murine
and human cells to ensure cross-species drug activity. For
initial drug screens, RAW-Blue™ cells were plated at 1 x 10°
cells per well in 384 well plates. To induce polarization
towards an M1-like phenotype, media was replaced after 24 h
including zymosan (100 pg mL ). Drug dosing was performed
concurrently, spanning concentrations from 100 pM to
0.03 pM in half-log dilutions; n = 4 per group. At 24 h after
drug treatment, secreted embryonic alkaline phosphatase
(SEAP) reporter activity was quantified using QUANTI-Blue™
Solution following the manufacturer’s protocol. Absorbance
was read at 620 nm (BioTek Instruments, Synergy H1) and is
presented following normalization to zymosan-treated controls.

For secondary identification of M2-promoting drugs, tran-
scriptional analysis using qPCR was performed. RAW264.7
cells were plated at 1 x 10° cells per well in 24 well plates. After
24 h, media was replaced, and IL-4 (10 ng mL™", PeproTech) or
zymosan (100 ug mL ") were included to serve as internal con-
trols for M2-like and Ma1i-like phenotypes, respectively.
Treatment groups were concurrently activated via zymosan and
treated with 1 pM drug concentrations, n = 3 per group. After
24 h, cells were lysed by freezing, RNA was extracted (RNEasy
Mini Kit; Qiagen), and cDNA synthesis was performed (High-
Capacity ¢cDNA Reverse Transcription Kit; Fisher). Samples
were subject to qPCR using Tagman Fast Advanced Master Mix
and probes (Fisher) for analysis of Aprt (Mm01545399_m1),
nos2 (Mm00440502_m1), il12h (Mm01288989_m1), il6
(Mmo00446190_m1),  mrcl (Mmo00485148_m1),  il10
(Mmo01288386_m1), and arg? (Mmo00475988_m1). Data is
expressed as a fold change in gene expression using the AACt
method, relative to the Aprt and zymosan-treated controls.

For in depth transcriptional profiling of best drug candi-
dates (piclamilast and celastrol), primary murine and human
cells were subject to nanoString analysis. BMDMs were differ-
entiated in 24 well plates as described. Zymosan (100 pg mL ™)
and IL-4 (10 ng mL™") treatments were again included as
internal references for M1-like and M2-like MF phenotypes,
respectively. Cells were treated with 1 pM of the prescribed
compounds for 24 h, n = 3 per group. Following RNA extrac-
tion, nanoString multiplex gene expression analysis was per-
formed using 100 ng of extracted RNA and a custom-designed
panel of 91 genes (Table S17), which relate primarily to murine
MF phenotypes, as angiogenesis and fibrosis.
Transcriptional analysis was similarly performed for human
MF. Following differentiation from peripheral blood mono-
cytes as described, cells were stimulated with lipopolysacchar-
ide (LPS, 100 ng mL™"). After 24 h, celastrol was added
(1-10 pM, 24 h). RNA was isolated (RNAqueous-Micro Total
RNA Isolation Kit, Fisher) and nanoString was performed with

as well
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a custom-designed panel of 70 genes related primarily to MF
phenotypes, angiogenesis, and fibrosis (Table S2}). For both
murine and human datasets, data was normalized to internal
positive and negative controls using the nSolver 4.0 software
and subsequently normalized to housekeeping genes (geo-
metric mean of hprt and thp for mouse, gapdh and thp for
human), as recommended by the manufacturer. Data is pre-
sented for all genes expressed above background as raw gene
counts or as the Z-score of log-transformed data relative to M1-
like controls or row means as indicated.

Cell viability

To examine potential cytotoxicity of drug and hydrogel com-
ponents, RAW-Blue™ cells were plated at 5 x 10* cells per well
in 96 well plates. Media was replaced at 24 h containing either
drug (100 pM to 0.03 pM in half-log dilutions) or polymeric
components (Ad-HA or CDNP, 5 to 0.04%., in five-fold
dilutions) of interest. After 24 h, metabolic activity was
assessed by PrestoBlue™ (Fisher) following the manufacturer’s
protocol, n = 3 per treatment group. Absorbance was recorded
at 570 nm, background subtracted from cell-free control wells,
and normalized to untreated controls.

Surface plasmon resonance of drug binding to CD

Surface plasmon resonance (Nicoya, OpenSPR) was used to
quantify binding affinity between CD and celastrol. The instru-
ment was primed with running buffer (0.5%,, DMSO in PBS),
a high sensitivity carboxyl sensor was installed, and both chan-
nels were cleaned with 10 mM HCI at 150 pL min~". The
surface of the sensor was activated via injection of 200 pL of
0.1 M EDC/NHS in DI water in both channels at 20 pL min™".
The ligand, aminated p-cyclodextrin, prepared as previously
described," was dissolved in sodium acetate buffer (10 mM,
pH 6, 1.2 mg mL™") and immobilized on the surface in
channel 2 at 20 pL min~". Residual succinyl esters were de-
activated by ethanolamine. The analyte, celastrol, was dis-
solved in running buffer and injected at concentrations of
62.5 pM, 125 pM, and 250 pM. Between tests, the injection
port was rinsed with 1 mL of running buffer. Curves were ana-
lyzed in GraphPad Prism 8 via the association kinetics model.

Hydrogel erosion and drug release

To determine the rate at which hydrogels were eroded, estab-
lished methods of one-dimensional hydrogel degradation were
used. Assays were performed in custom made acrylic erosion
wells, having a hydrogel chamber (4.3 mm diameter, 7 mm
depth) overlaid with a supernatant chamber (1.6 cm diameter,
10 mm depth).'* Hydrogels (n = 4 per group, 30 puL each) were
deposited in the hydrogel chamber, wells were centrifuged to
provide an even hydrogel surface, and the hydrogel was
covered with 1 mL of PBS. Samples were incubated at 37 °C,
and the supernatant was collected at regular intervals with re-
placement by fresh buffer. At the endpoint, hydrogels were
degraded in 2 mg mL™" hyaluronidase (Sigma) for complete
sample recovery. Quantification of polymeric content in
release buffer was performed via uronic acid assay. For each

This journal is © The Royal Society of Chemistry 2022
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supernatant sample, 50 pL of the sample was combined with
ice-cold sulfuric acid containing sodium tetraborate decahy-
drate (1 mL, 19 mg mL ™). Samples were incubated at 100 °C
for 10 min and cooled on ice prior to addition of carbazole
(30 pL, 1.25 mg mL™" in ethanol). Samples were briefly vor-
texed, incubated at 100 °C (15 min), and cooled on ice prior to
recording absorbance at 525 nm (Thermo, Spectronic BioMate
3). Data is presented as the cumulative erosion over time, nor-
malized to total sample recovery after enzymatic degradation.

For release studies, hydrogels were prepared including
celastrol (5 mM). Celastrol was loaded into CDNPs by overnight
mixing in PBS prior to the addition of Ad-HA. Hydrogels (n = 3
per group) were prepared and loaded into erosion wells as pre-
viously described, with 1 mL of RAW-Blue™ cell media used as
the supernatant which was subsequently collected with re-
placement at set time points over 14 days. Samples were stored
at —20 °C until analysis of bioactivity in RAW-Blue™ cells,
which were plated at 25 x 10> cells per well in 96 well plates.
After 24 h, media was replaced with unconditioned media
(control) or conditioned media from the release studies, sup-
plemented with zymosan (100 pg mL™") as an inflammatory
stimulus. Inflammatory activity was detected at 24 h after treat-
ment using QUANTI-Blue™ Solution, following the manufac-
turer’s protocol as described above.

In vitro nanoparticle uptake

For in vitro imaging of nanoparticle uptake, CDNPs were dis-
solved at 50 mg mL~" in carbonate buffer (0.1 M, pH 8.5) and
fluorescently labelled with Alexa Flour 555 NHS (10 pug mL™,
Fisher). The reaction proceeded for 2 h at RT in the dark prior
to product recovery by centrifugal filtration (10 kDa MWCO,
Amicon). The product was repeatedly washed with water to
remove unbound dye and lyophilized.

To determine if CDNPs released from hydrogels were
uptaken by MF, hydrogels were prepared from the fluorescently
labeled nanoparticle (CDNP-AF555) with or without celastrol
inclusion (5 mM) and loaded into erosion wells as previously
described (n = 3 per group), with 1 mL of RAW-Blue™ cell
media used as the supernatant which was collected after
48 hours. Conditioned media was transferred to RAW-Blue™
cells, seeded 24 hours prior at 15 x 10° cells per well in a 96
well glass bottom plate. After 24 h, cells were washed by PBS,
fixed with 4% paraformaldehyde (15 min, 37 °C), and stained
for cell membrane (5 pg mL™' AlexaFluor 488 wheat germ
agglutinin, Fisher) and nuclei (NucBlue™, Fisher) for 15 min
at room temperature. Plates were washed by PBS prior to
imaging (Leica, DMI 6000B). CDNP-AF555 uptake was assessed
in Image], quantified as the integrated fluorescence density.

Data presentation and statistical analysis

Data presented are mean + standard deviation (SD), unless
otherwise indicated. Statistical analysis was performed using
GraphPad Prism v9.3.1 and determined by analysis of variance
(ANOVA), using repeated measurements where appropriate in
conjunction with post-hoc Tukey’s honest significant difference
test. Normality was assessed by Shapiro-Wilk test. For two-way
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ANOVA, the Geisser-Greenhouse’s epsilon correction was
applied. Significance was determined at p < 0.05.

Results and discussion
Development and characterization of CDNPs

Cyclodextrins are versatile macrocyclic hosts, used in the
pharmaceutical industry as excipients to improve drug solubi-
lity and bioavailability — a use which has been meaningfully
extended through the development of nano and bulk materials
that leverage this host capacity for drug retention, including
for macrophage (MF)-targeted therapies. In biomaterial appli-
cations, the transient guest-host complexes formed between
CD and hydrophobic guest molecules is also a common means
of forming dynamically crosslinked hydrogels. For this
purpose, adamantane (Ad) is frequently used, as its size
readily complements that of CD’s hydrophobic cavity, contri-
buting to formation of a one-to-one inclusion complex with
relatively high affinity (K.q = 10° M).*! Here, we look to leverage
CD’s versatile host capacity to develop a nanotherapeutic drug
delivery vehicle which is dynamically crosslinked by a host-
modified polymer.

To prepare cyclodextrin nanoparticles (CDNPs) of varying
size, particles were formed through EDC/NHS mediated ami-
dation between succinyl-p-cyclodextrin and i-lysine (Fig. 1A),
similar to reported protocols. While nanoparticles previously
formed by these methods were approximately 30 nm in dia-
meter, we rationalized that an increased particle size would
afford both a greater surface area for polymer-NP crosslinking
as well as an improved volume to surface area ratio essential to
forming a discrete drug reservoir. Synthesis conditions were
therefore explored as a means to control CDNP size, where
related variables include the concentration of CD during cross-
linking (Fig. 1B), the ratio of lysine to succinyl groups (ie.,
lysine feed ratio, Fig. 1C), and the catalyst concentration rela-
tive to succinyl groups (ie., EDC feed ratio, Fig. 1D).
Nanoparticle size was positively correlated with the substrate
and catalyst concentrations. Furthermore, a 1: 1 ratio of amine
to succinate at a lysine feed ratio of 0.5:1 resulted in the
largest observed diameter. Further increase in the particle size
was not possible, as increased substrate or catalyst concen-
trations resulted in formation of a solid hydrogel during the
reaction. We therefore pursued the largest available CDNPs for
hydrogel development; nanoparticles formed with 3.3%,,,, CD,
a 0.5:1 lysine feed ratio, and a 12.5:1 EDC feed ratio reliably
produced CDNPs with a diameter of 80 nm, as confirmed by
dynamic light scattering (DLS, Fig. 1E) and scanning electron
microscopy (SEM, Fig. 1F). Notably, nanoparticles on the order
of 50-100 nm are likewise preferential for phagocytic uptake
necessary for subsequent MF-targeted delivery applications.>

Polymer-nanoparticle interactions form a shear-thinning and
self-healing hydrogel

We sought to develop a shear-thinning and self-healing hydro-
gel by leveraging the high affinity supramolecular interaction

Biomater. Sci, 2022,10, 6951-6967 | 6955
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of CD at the nanoparticle surface with Ad. Here, hyaluronic
acid (HA, MW = 82 kDa or 337 kDa) was exchanged against
Dowex-100 resin and neutralized by tetrabutylammonium
hydroxide to yield HA-TBA (Fig. S1t), required for subsequent
anhydrous reaction. HA was pendantly modified by 1-adaman-
tane acetic acid, where the degree of substitution was con-
trolled by altering the molar ratio of BOC,0O catalyst to HA
repeat units. The guest-modified polymers were prepared
having a range of functionalization determined by 'H-NMR
(Fig. S21): 10% (337 kDa Ad-HA (Low)), 18% (82 kDa Ad-HA
(Low)), and 43% (82 kDa Ad-HA (High)). These degrees of sub-
stitution were selected to allow for variation in guest-host
crosslink density between 82 kDa low and high modifications.
Additionally, varying polymer molecular weight affords a
similar number of potential crosslinking sites between high

6956 | Biomater. Sci, 2022, 10, 6951-6967

and low molecular weight polymers, where 337 kDa Ad-HA
(Low) and 82 kDa Ad-HA (High) have an average of 85 and 88
Ad per HA macromer, respectively. The higher molecular
weight polymer, however, may better span inter-particle dis-
tance to facilitate subsequent hydrogel formation. The relative
importance of guest-modification density and polymer mole-
cular weight were subsequently investigated.

The guest-polymers prepared serve as a crosslinker between
host (CDNP) particles to yield polymer-nanoparticle hydrogels
that self-assemble through guest-host crosslink formation
(Fig. 2A). Separate components, Ad-HA and CDNP, were
initially viscous solutions. After their mixing, rapid formation
of a viscoelastic solid was qualitatively observed, as was an
increase in the storage (G') and loss (G”) moduli by several
orders of magnitude (Fig. 2B). Interestingly, we observed that

This journal is © The Royal Society of Chemistry 2022
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hydrogel properties were time dependent, exhibiting increases
in moduli after room temperature incubation over several
days. While individual guest-host complex formation is rapid,
it is likely that polymer relaxation is required for thermo-
dynamic equilibrium to be achieved. To quantitatively investi-
gate this annealing behavior, rheological properties were
assessed over a span of 14 days (Fig. S31). A moderate increase
in moduli was observed up to day 3, with subsequent stabiliz-
ation thereafter. For following studies, hydrogels were there-
fore annealed for 3 days prior to evaluation.

We further investigated the viscoelastic properties of the
hydrogels via oscillatory shear rheology. As the number of host
sites accessible for guest-polymer binding at the nanoparticle
surface is indeterminate, the ratio of guest to host components
was empirically investigated (Fig. 2C). At high ratios of Ad-
HA : CDNP, low moduli were observed - potentially due to poly-
meric coating of the CDNPs as opposed to desirable interparti-
cle crosslinking. Conversely, high ratios of Ad-HA : CDNP like-
wise formed hydrogels with low moduli, presumably due to a
low density of guest-host interactions required for stable gel
formation. Greatest moduli were observed for an intermediate
polymer to nanoparticle ratio, which were dependent on
polymer modification and molecular weight. Across these data-
sets, it is apparent that crosslink density is critical to stable gel
increased polymer modification yielded

formation as

This journal is © The Royal Society of Chemistry 2022

increased hydrogel moduli when molecular weight remained
constant. Consistent with these observations, moduli were
likewise dependent on component concentration (Fig. S47).
Moreover, increasing polymer molecular weight afforded
hydrogels with moderately increased moduli, relative to
82 kDa Ad-HA (Low). However, most robust hydrogel formation
was observed at a relatively high ratio of Ad-HA : CDNP which
is undesirable for later drug-loading applications. Hydrogels
composed of 82 kDa Ad-HA (High) exhibited the most robust
moduli (G’ =2.72 + 0.018 kPa) at a 1: 1.5 ratio of Ad-HA : CDNP
and provide a relatively high CDNP content essential for later
therapeutic delivery. In sum, these studies demonstrate a
method of tuning the mechanical properties of associative
polymer-nanoparticle hydrogels and highlight the dominant
role of dynamic bond density as a critical factor in stable
hydrogel formation. More specifically, these studies revealed
that in our particular hydrogel system, 82 kDa Ad-HA (High)
affords the most robust hydrogel formation and does so at
polymer-nanoparticle ratios that are beneficial for subsequent
drug loading.

Hydrogels formed through dynamic bonds assume varying
structural integrity under strained conditions. As the bonds
are continually broken by the application of sufficient external
force, bond disassembly enables fluid-like flow and shear-thin-
ning hydrogel injection. Continuous flow experiments (Fig. 3A)

Biomater. Sci, 2022, 10, 6951-6967 | 6957
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were used to examine viscosity and stress over an increasing
shear rate. As expected for shear-thinning materials, the hydro-
gels displayed reduced viscosity at high shear-rates and a
resulting plateau in the observed shear stress. To examine the
potential for rapid self-healing as a result of dynamic bond
self-healing, hydrogels were subject to repeated cycles of high
(500%) and low (1%) strain, representing processes of disas-
sembly when injected through a syringe needle (shear-thin-
ning) and subsequent re-assembling (self-healing). Under high
strain conditions, fluid-like behavior (G” > G') was observed,
with recovery of solid properties observed within seconds after
onset of low strain conditions (Fig. 3B). Results are consistent
with oscillatory strain sweeps (0.01-1000% strain; 10 Hz)
wherein a yield stress of approximately 10% was observed,
above which the hydrogels underwent forceful disassembly
and fluid-like behavior (Fig. 3C). In sum, the hydrogels exhibit
fluid-like flow under high strain for ease of injection (shear-
thinning). When the strain is removed, the hydrogels rapidly
recover such as to allow for retention within the tissue.'* As a
result, hydrogels could be pre-formed within a syringe and
easily injected as liquids that rapidly re-solidify (Fig. 3D and
Fig. S57).

Drug screening to identify immunomodulatory small molecule
drugs

We sought to identify small molecule drugs capable of modu-
lating MF phenotype for application in the context of tissue
injury and inflammatory disease. Specifically, we looked to
identify a candidate that could suppress the damaging M1-like

6958 | Biomater. Sci., 2022, 10, 6951-6967

MF phenotype following injury and promote the reparatory
M2-like MF phenotype for injury resolution. Therefore, we
developed a two-step screening process that first identified
pharmacological inhibitors of Mi1-like transcription using
RAW-Blue™ cells, which are a readily available and in-
expensive reporter cell line that incorporates a SEAP reporter
construct downstream of both AP-1 and NF-kB promoter
regions, and thus reports pro-inflammatory activation. The cell
line is frequently used to evaluate both agonists and antagon-
ists of M1-like polarization.’*>> While some approaches have
been successful in identifying compounds for MF re-polariz-
ation such as through morphological analysis,*"*° applications
have focused on redirection towards an M1 and not an M2
state. Currently, few approaches exist to directly assay for M2-
like polarization. In the second step of the screening process,
we therefore used transcriptional analysis via qPCR and multi-
plex analysis (nanoString) to identify compounds that promote
canonical M2-like MF gene expression.

We sought to approach initial drug screens through an
unbiased evaluation that compared dozens of drugs across
multiple drug classes as such direct comparison is currently
lacking from literature. Suppression of M1-like activation was
therefore examined for a targeted library of 45 small molecule
drug candidates that span a diverse set of specific drugs and
drug classes that have established immunosuppressive or
immunomodulatory capacity, including glucocorticoids,
statins, and PPAR inhibitors, among others. For primary evalu-
ation in RAW-Blue™ cells, cells were stimulated by zymosan, a
toll-like receptor 2 (TLR2) agonist that mimics sterile inflam-

This journal is © The Royal Society of Chemistry 2022
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mation,”” and concurrently treated with the drugs of interest.
HDAC inhibitors examined had no effect and were excluded
from the data presented and subsequent studies. Other drug
classes had varying degrees of efficacy (Fig. 4), with select
drugs exhibiting sub-micromolar inhibition of M1-like acti-
vation. Viability of RAW264.7 cells was further examined fol-
lowing drug treatments (Fig. S61). Notable losses of viability
were not observed; initial results are therefore a direct result of
desired pathway inhibition and not an artifact of drug toxicity.
Within each class, drugs were rank-ordered based on the
largest cumulative suppression of Mi-like activation across
doses, and the most potent drug from each class was selected
for further in vitro phenotyping studies.

After initial inhibitory screening, the effects of six selected
drugs (celecoxib, betamethasone, pravastatin, ciglitazone,
piclamilast, and celastrol) on MF phenotype were further scru-
tinized by transcriptional analysis in zymosan-activated
RAW264.7 MF in order to determine if these drug candidates
further promote M2-activation. Canonical markers of both M1-
like (nos2, il6, il12b) and M2-like (mrc1, argl1, il10) phenotypes
were included (Fig. 5A and B). Two drugs, piclamilast and
celastrol, significantly downregulated M1-like genes with con-
current upregulation of M2-like genes. Notably, these drugs
showed the greatest decrease in /125, a pro-inflammatory cyto-
kine critical to adaptive immune activation,’® as well as the
greatest increase in mrc1 and il10. MRC1 (CD206) is an estab-
lished marker of M2-like activation, both in humans and mice
that is correlated with decreases in MF migration and serum
levels of inflammatory proteins,”® whereas IL10 is a potent
anti-inflammatory cytokine critical towards wound healing
and tissue repair.®® The relatively simple two-step screening
approach therefore identified two drug candidates that exhibit
potent anti-inflammatory action via high-throughput reporter
screens, and a subset of the best-in-class drug candidates (picla-
milast and celastrol) biased cells towards an M2-like activation
state even during opposing pressure by TLR agonization.

Further in-depth transcriptional analysis of the two drugs
candidates was performed by multiplexed gene expression ana-
lysis (nanoString) in zymosan-activated bone marrow derived
MF (BMDMs) treated with piclamilast and celastrol. The ana-
lysis measured gene expression across 91-genes that represent
multiple M1-like and M2-like markers, as well as genes associ-
ated with ECM regulation, fibroblast activity, angiogenesis,
and immune signaling pathways (Table S1t). Cluster analysis
and corresponding dendograms (Fig. 5C) most closely associ-
ate celastrol treatment with M2 controls, while piclamilast
treatment was intermediate to M1 and M2 control phenotypes.
Relative to M1 controls, downregulation of M1-associated
genes was typically greater for celastrol than for piclamilast,
with expression levels approaching or in some cases exceeding
that of M2-like (IL-4 treated) controls (Fig. S7A}). A number of
these genes are implicated in chronic inflammation and
impaired tissue healing. For example, CXCL10 (IP-10) is a MF-
derived chemokine critical for the recruitment of inflamma-
tory T-cell subsets.®® Celastrol likewise downregulated pro-
inflammatory cytokines, including tnf, il1b, and il6 that perpe-

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

A Unpolarized M1-like

° T’*

Identify M1 Inhibitors

B |

Low Conct High Conc

100 uM

0.03 uMm

100 M1dike

Asprin Activation

Ketorolac
Lornoxicam

NSAIDs

Celecoxib

Cortisone
Pioglitazone
Prednisolone
Triamcinolone
Methylprednisolone
Desoximetasone

80

Dexamethasone

Glucocorticoids Steroids

Betamethasone
Fluvastatin
Lovastatin

Simvastatin

Statins

Alorvastatin
Rosuvastatin
Pravastatin
Gemfibrozil
Troglitazone
Rolipram
Fenofibrate

Rosiglitazone

PPAR

Ciglitazone
Apremilast
Cilomilast
Crisoborole
Roflumilast
lloprost

PDE4 |

Piclamilast
Colchicine
Quercetin
JSH-23
Tuftsin
Resolvin D1
Sivelestat
Doxycycline
Methotrexate
Vortioxetine

Others

M1-ike
—— 0 Inhibition

Celastrol

Fig. 4 Initial drug screening identifies pharmacological inhibitors of
M1-like MF activation. (A) RAW-Blue™ cells were concurrently treated by
zymosan (100 pg mL™?) and the indicated drug, spanning a dose
response from 100 pM to 31.6 nM in half-log titration to identify M1-like
inhibitors. (B) Heatmap of compound bioactivities in reporter cells.
Results represent the mean of n = 4 independent samples, subsequent
to subtraction of untreated controls and normalization to zymosan-
treated cells such that a lighter blue color indicates desired inhibition of
M1-like response. Within each drug class, compound bioactivity is rank
ordered according to cumulative suppression of M1-supression across
all doses. Compounds selected for subsequent evaluation are indicated
in yellow.

tuate continued tissue injury and are common biomarkers of
organ failure.®>®* Celastrol also preferentially modulated the
expression of M2-associated genes (Fig. S7B).°> For example,
celastrol upregulated irf4 and ccl22 to levels consistent with
M2-like controls; IRF-4 suppresses innate immune signaling
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through inhibition of the TLR/MyD88 pathway.®® Interestingly,
celastrol treatment also drastically downregulated tgfb1, con-
sistent with prior indications of its use as an antifibrotic agent
and further motivating a potential use in tissue injury
applications.®”®® For these reasons, celastrol was chosen as
the final drug of interest for continuing studies.

While results in cell lines and primary murine cells are
promising, there exist nuanced differences between the
murine and human inflammatory programs that may hinder
translation and warrant early investigation. To ensure drug
activity across species, transcriptional analysis was further per-
formed in LPS-activated MF derived from peripheral blood
mononuclear cells (PBMCs) using a panel of human genes
(Table S2t). The choice of LPS instead of zymosan as a pro-
inflammatory stimulus was made to allow comparison to other
studies of human MF, which more commonly use LPS.
Subsequent to LPS activation, cells were treated with varying
concentrations of celastrol (1-10 pM). Both cluster analysis
(Fig. S8t) and expression of specific genes (Fig. 6) indicated
dose response across celastrol concentrations, with desired
upregulation of M2-associated genes and downregulation of

6960 | Biomater. Sci, 2022, 10, 6951-6967

Mi1-associated genes when compared to LPS-treated controls.
These include, for example, decreased expression of the T-cell
costimulatory signal ¢d80 that is critical for Tyl activation.
The expression of inflammatory chemokines (ccl8) and cyto-
kines (il1b, il6), and immunoregulatory enzymes (ido1) were
likewise suppressed in a dose-dependent fashion. In contrast,
the expression of M2-associated genes was typically upregu-
lated, including for cell surface markers (mrc1) as well as
chemokines and their receptors (ccl18, ccl22, cxcr4). Overall,
these findings are consistent with our observations in murine
cell lines and primary cells, indicating the immunomodulatory
capacity of celastrol is not species specific.

Drug encapsulation and release

While celastrol has moderate oral bioavailability which can
be enhanced by formulation,®*”" it displays significant
sex-dependences in systemic bioavailability®®”* and such
administration is associated with hepatotoxicity,”*”®> hemato-
poietic system toxicity,”*”> nephrotoxicity,”® and undesirable
biodistribution.””””® Moreover, local biomaterial-delivery strat-
egies afford an opportunity to reduce clearance rates, prolong

This journal is © The Royal Society of Chemistry 2022
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release, concentrate drug dose at the site of action, and
enhance cell-specific delivery.®>®" For these reasons, we
examine here its potential as a suitable cargo for CDNP encap-
sulation and delivery from the polymer-nanoparticle hydrogels
(Fig. 7A). CD is amenable to guest-host complex formation
with a variety of hydrophobic small molecules, particularly
polycyclic and aromatic structures with suitable size for host
inclusion. In guest-host delivery systems, the diffusive release
of guest drug molecules is prolonged by complex dissociation
and subsequent re-association events that can sustain release
for a period of weeks to months.®*"®> We first sought to estab-
lish that celastrol is a suitable molecular guest for complexa-
tion with CD, necessary for inclusion within the CDNP drug
carrier. The equilibrium binding constant (K.q) was deter-
mined to be 0.474 mM by equilibrium analysis using surface
plasmon resonance (Fig. 7B). These results are consistent with
other polyaromatic guests, including tryptophan and doxo-
rubicin, which are typically reported to have single micromolar
Keq that is sufficient for drug delivery applications.’>®°™®°
Supramolecularly assembled hydrogels typically degrade via
surface erosion, with dependence on network structure and
composition.”>*” We therefore anticipated that nanoparticle
release from the hydrogels would be both a means of hydrogel
degradation and a potential method of cell-targeted delivery,
owing to the rapid uptake of CDNPs by phagocytic immune
cells that occurs both in vitro and in vivo.*"*® Hydrogel erosion
was assessed over a six week period at 37 °C, spanning a range
of hydrogel compositions. Across these formulations, hydro-
gels typically exhibited slow erosion over the course of greater
than one month, with 82 kDa Ad-HA (High) degrading slower
than less effectively crosslinked network architectures
(Fig. 7C). Degradation profiles were relatively independent of
polymer concentration, but more highly dependent on ratio of
guest to host components (Fig. S9t). Notably, reduced relative
CDNP concentrations led to rapid erosion, attributable to
insufficient hydrogel crosslinking. The release of soluble
polymer by either degradation or erosion mechanisms warrants
investigation of polymer cytocompatibility. Cells were therefore
treated with media containing the separate hydrogel com-

This journal is © The Royal Society of Chemistry 2022

ponents, Ad-HA and CDNP (Fig. S10%). Cell viability was
unaffected by soluble CDNP. While relatively high concentrations
of soluble Ad-HA (>1.0%,,,) significantly reduced cell viability,
effects were moderate and observed only at concentrations in
excess of what would result from hydrogel erosion. These results
are in agreement with the literature concerning the use of guest-
host hydrogels composed of Ad-HA for both in vitro and in vivo
studies without detriment to exposed cells or tissues."*

Celastrol-loaded hydrogel formulations were next prepared
by simple mixing of celastrol (Cel) and CDNP under aqueous
conditions and the resulting drug-loaded nanoparticle
(CDNP-Cel) were used directly in hydrogel formation.
Importantly, drug incorporation did not alter the rheological
properties (Fig. S117%), including across all hydrogel formu-
lations examined. Reductions in moduli might otherwise indi-
cate disruption of the guest-host mediated crosslinking
mechanism, such as by competitive binding. The absence of
perturbation in the crosslinking mechanism is attributable to
the disparity in binding affinity between Ad and celastrol.

Next, we assessed the ability of CDNP-Cel to be released
from the hydrogels by erosion and subsequently uptaken by
MF. For this purpose, CDNPs were fluorescently labeled by
Alexa Fluor 555 (CDNP-AF555). Both drug loaded and
unloaded CDNP-AF555 nanoparticles were formulated in
82 kDa Ad-HA (High) hydrogels that were subsequently allowed
to erode in media. RAW264.7 cells were treated with the con-
ditioned media prior to imaging and quantification (Fig. 7D).
Cells exhibited punctate accumulation of CDNP-AF555, con-
sistent with prior observations of rapid CDNP uptake and
endolysosomal accumulation in phagocytic immune cells.*®
While MF polarization has been noted to impact nanoparticle
uptake,”"®> CDNP-AF555 uptake was unhindered by celastrol
loading. The release of CDNP-Cel by hydrogel erosion is there-
fore an efficient route of cell-targeted drug delivery from the
injectable scaffold.

Finally, we investigated the ability of the drug-laden hydro-
gels to provide bioactive concentrations of CDNP-Cel release,
capable of modulating cell phenotype over time in vitro
(Fig. 7E). Media was again conditioned by the degradation of

Biomater. Sci, 2022,10, 6951-6967 | 6961
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Fig. 7 Therapeutic nanoparticle erosion enables long-term modulation of MF phenotype. (A) Schematic of drug loaded CDNP release from shear-
thinning hydrogels and uptake by MF for desired decrease in inflammatory response. (B) Binding sensograms between celastrol and CD, assessed at
increasing concentrations of celastrol. (C) Cumulative erosion for hydrogels formed from 337 kDa Ad-HA (low, brown), 82 kDa Ad-HA (low, blue),
and 82 kDa Ad-HA (high, purple); mean + SD, n = 4. (D) RAW264.7 cell uptake of unloaded (CDNP) and drug-loaded (CDNP-Cel) nanoparticles from
media conditioned by 82 kDa Ad-HA (high) hydrogel erosion. Representative images (left) show punctate accumulation of CDNP-AF555. Scale bars,
10 pm. Quantification of fluorescence per cell (right), normalized to unloaded CDNP. (E) Anti-inflammatory activity of drug release samples, per-
formed in RAW Blue™ cells by concurrent zymosan stimulation (100 pg mL™) and treatment with conditioned media from 82 kDa Ad-HA (high)
hydrogels; p value < 0.0001 for all samples relative to zymosan-treated controls (dashed line, red). Data represent the mean + SD, n = 3.

celastrol-loaded hydrogels over a period of two weeks.
RAW-Blue™ cells were concurrently stimulated with zymosan
and treated with the conditioned media. Inflammatory
pathway transduction was attenuated by >80% for one week
and more moderately out to day 14. Similar results were
observed for drug release from 82 kDa Ad-HA (Low) and
337 kDa Ad-HA (Low) hydrogels (Fig. S127). Both diffusive and
erosion processes likely contribute to celastrol release, as has
been observed in other polymer-nanoparticle composites with
encapsulated protein cargo."® For hydrogel formulations with
a reduced crosslinking density, such as those formed at
reduced polymer or CDNP concentration, inhibitory drug
affects waned earlier with moderate recovery of inflammatory
signaling beginning at days 3-7 (Fig. S13t). This attributed to
exhaustion of CDNP-Cel supply within the hydrogel depot, con-
sistent with the observed rapid erosion of these formulations,
as well as an inability to retain the drug within the hydrogel in

6962 | Biomater. Sci, 2022, 10, 6951-6967

the case of reduced CDNP concentrations. Overall, these find-
ings demonstrate the release of CDNP-Cel from the hydrogels
is a promising strategy for MF-targeted drug delivery that can
bias cell phenotype over the course of weeks. This timespan
coincides well with the established timeline of exuberant
inflammation that frequently underlies failed tissue repair pro-

grams, particularly in organ injury,”®®* and is therefore a
promising immunoregenerative strategy towards such
applications.

Conclusions

Here, we have developed a shear-thinning and self-healing
hydrogel formed through the simple mixing of host nano-
particles (CDNPs) and a guest-modified polymer (Ad-HA) in
aqueous conditions. The supramolecular association of the

This journal is © The Royal Society of Chemistry 2022
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guest and host components drives rapid hydrogel formation,
while retaining host sites in the nanoparticle interior for drug
retention. Physical properties of the hydrogels formed were
dependent on composition, including crosslink density, Ad-
HA molecular weight, polymer concentration, and the ratio of
guest to host components. Across formulations, hydrogels
demonstrated shear-thinning and injectable behavior with
subsequent rapid self-healing. Rheological properties were
independent of drug-loading. After identifying an optimal
hydrogel formulation with robust mechanical properties and
resistance to erosion, we demonstrated the system’s ability to
sustain release of a model immunomodulatory drug, celastrol,
which was identified through a multi-step screening process
and retained via specific inclusion complex formation within
the host nanoparticle. The release of celastrol-loaded nano-
particles from the hydrogel arrested pro-inflammatory signal-
ing in MF reporter assays for two weeks, indicating a great
potential for long-term immune modulation. In sum, the
material platform developed harnesses specific guest-host
interactions for both hydrogel assembly and drug sequestra-
tion within the host nanoparticle. The polymer-nanoparticle
hydrogel presents an injectable controlled release system that
can modulate cell function by the continual release of drug-
laden nanoparticles - a function that can be readily tuned for
use in a number of applications.
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