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Introduction: Currently, there are no non-surgical FDA-approved biological
approaches to accelerate fracture repair. Injectable therapies designed to
stimulate bone healing represent an exciting alternative to surgically implanted
biologics, however, the translation of effective osteoinductive therapies remains
challenging due to the need for safe and effective drug delivery. Hydrogel-based
microparticle platforms may be a clinically relevant solution to create controlled
and localized drug delivery to treat bone fractures. Here, we describe poly
(ethylene glycol) dimethacrylate (PEGDMA)-based microparticles, in the shape
of microrods, loaded with beta nerve growth factor (3-NGF) for the purpose of
promoting fracture repair.

Methods: Herein, PEGDMA microrods were fabricated through photolithography.
PEGDMA microrods were loaded with B-NGF and in vitro release was examined.
Subsequently, bioactivity assays were evaluated in vitro using the TF-1 tyrosine
receptor kinase A (Trk-A) expressing cell line. Finally, in vivo studies using our well-
established murine tibia fracture model were performed and a single injection of
the B-NGF loaded PEGDMA microrods, non-loaded PEGDMA microrods, or
soluble B-NGF was administered to assess the extent of fracture healing using
Micro-computed tomography (UCT) and histomorphometry.

Results: /n vitro release studies showed there is significant retention of protein
within the polymer matrix over 168 hours through physiochemical interactions.
Bioactivity of protein post-loading was confirmed with the TF-1 cell line. In vivo
studies using our murine tibia fracture model show that PEGDMA microrods
injected at the site of fracture remained adjacent to the callus for over 7 days.
Importantly, a single injection of p-NGF loaded PEGDMA microrods resulted in
improved fracture healing as indicated by a significant increase in the percent
bone in the fracture callus, trabecular connective density, and bone mineral
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density relative to soluble B-NGF control indicating improved drug retention within
the tissue. The concomitant decrease in cartilage fraction supports our prior work
showing that -NGF promotes endochondral conversion of cartilage to bone to

accelerate healing.

Discussion: We demonstrate a novel and translational method wherein B-NGF can
be encapsulated within PEGDMA microrods for local delivery and that p-NGF
bioactivity is maintained resulting in improved bone fracture repair.

KEYWORDS

fracture repair, endochondral ossification, beta-nerve growth factor, drug delivery,
sustained release, poly (ethylene) glycol dimethacrylate

Introduction

Bone fractures are one of the most common injuries worldwide,
with an estimated 178 million new fractures a year and 445 million
prevalent fractures (Wu et al., 2021). Although bones possess the
ability to fully regenerate, fractures negatively impact the quality of
life of patients throughout the time course of healing, which can take
3-6 months under normal conditions (Bonafede et al, 2013).
Delayed healing or failure to heal (non-unions) occur in 5%-10%
of cases leading to healing times often exceeding 9 months and/or
requiring multiple surgeries to achieve union (Marsell and Einhorn,
2010; Ekegren et al., 2018). Co-morbidities such as age, smoking,
diabetes, and obesity drastically increase the prevalence of impaired
bone healing to upward of 50% of fracture patients (Dickson et al.,
1995; Penn-Barwell et al., 2013). Currently, surgical application of
autologous bone grafts or adjustments to the orthopaedic hardware
are the standard of care approaches to stimulate healing. Surgical
intervention is associated with significant challenges including
donor site morbidity, longer recovery time, increased costs, and
risk of infection, among others (Khan et al., 2005; Roberts and
Rosenbaum, 2012). There are no pharmacologic reagents approved
to accelerate fracture healing or prevent non-union (Kostenuik and
Mirza, 2017). Given these limitations with surgical methods, there is
an unmet clinical need to develop pharmacological approaches to
improve bone regeneration without surgery.

Bone morphogenetic proteins (BMPs) are perhaps the most
established osteoanabolic growth factors and have been used for
regenerating bone through a direct effect on osteoblastic
differentiation of osteochondral progenitors (Luka¢ et al,
2020). Of the BMPs, BMP-2 is the only one with FDA
approval for application in problematic fractures; specifically,
BMP-2 is indicated for surgical application on a sponge scaffold
in open tibial shaft fractures stabilized with an intramedullary
nail within 14-days of the initial fracture (US Food and Drug
Administration Public Health Notification, 2004; McKay et al.,
2007). Currently, clinical application of BMP-2 in fracture
repair remains limited due to its uncertain efficacy, high
cost, and growing list of adverse outcomes that includes
inflammatory complications, ectopic bone formation, and
osteolysis (US Food and Drug Administration Public Health
2008; James et al, 2016). The
complications are believed to be driven by the
doses

Notification, serious

supraphysiological needed to achieve therapeutic
efficacy and lack of drug delivery approaches to mitigate side

effects. Thus, it is prudent to explore novel osteobiologics to
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accelerate fracture repair and to develop drug delivery systems
designed to localize the effect and mitigate adverse outcomes.

While therapeutic use of BMPs have focused on promoting
direct bone formation [intramembranous ossification (Kostenuik
and Mirza, 2017)], bone fractures heal primarily through
endochondral ossification. Endochondral ossification, or indirect
bone formation, occurs when an avascular, aneural cartilage
intermediate converts into a vascularized and innervated bone.
Endochondral repair is a dynamic process that proceeds through
four overlapping steps: 1) formation of hematoma at the fracture site
and activation of the pro-inflammatory phase, 2) formation of a
fibrocartilaginous callus within the bone gap, 3) hypertrophy,
mineralization, and transformation of the cartilage to form
trabecular bone, and 4) remodeling and compact bone formation
(Bahney et al., 2015; Kostenuik and Mirza, 2017; Wong et al., 2018;
Bahney et al., 2019). The disconnect between current therapies and
the endogenous mechanism of fracture repair represents a potential
explanation for poor or inconsistent outcomes with existing
osteoinductive therapeutics.

Nerve growth factor (NGF) is a potent regenerative factor
established for its role in regulating differentiation, growth,
survival, and plasticity of cholinergic neurons (Levi-Montalcini,
2004; Niewiadomska et al, 2011). Interestingly, recent studies
have also found NGF is critical in long bone development and
repair, suggesting it could be a novel osteoinductive treatment for
bone fractures. NGF signaling via its high-affinity receptor,
tropomyosin receptor kinase A (TrkA), was first shown to
modulate long bone development and skeletal adaptations to
mechanical loads (Tomlinson et al., 2016; Tomlinson et al,
2017). More recently the role of NGF in bone repair has been
fractures, which heal through

NGEF/TrkA triggers
reinnervation, vascularization, and osteoblastic activity during
repair (Li et al, 2019). In parallel, our group has detailed the

explored. Following stress

intramembranous  ossification, signaling

temporal expression of NGF and TrkA during long bone fracture
repair and identified endogenous expression peaks in the
cartilaginous phase of healing and that timing exogenous
injections of recombinant beta NGF (B-NGF) with this peak
resulted in accelerated endochondral fracture repair (Rivera et al.,
2020). Mechanistically we found B-NGF delivery promoted cartilage
to bone transformation by upregulating the Wingless/Integrated
(Wnt) and Indian Hedgehog (Ihh) pathways (Rivera et al., 2020).
However, as our published work demonstrated, drug administration
by local injection required high dosages and repeated administration
to elicit therapeutic effects (Rivera et al, 2020). Such dosing
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regimens will likely reduce patient compliance. In addition, the
inherent limitations of soluble p-NGF delivery including its rapid
inactivation by physiological conditions and lack of control over
local concentrations creates an opportunity to develop controlled
delivery platforms that can achieve sustained drug delivery in the
absence of surgical implantation (Langer, 1998; Alastra et al., 2021;
Hoare and Kohane, 2008).

Localized drug delivery to the fracture site with the use of
injectable microparticles made of polymeric hydrogels is a highly
translatable strategy to overcome the limitations associated with oral
administration or surgical implantation. Poly (ethylene glycol)
(PEG)-based hydrogels are clinically relevant polymer systems
their
biocompatible properties (D’souza and Shegokar, 2016). As such,

based on low-immunogenic, non-cytotoxic, and
PEG has had extensive biomedical uses for years, particularly in drug
delivery. Modifying PEG hydrogels

(PEGDMA) enables these monomers to be easily formed into

with methacrylation

three-dimensional (3D) polymers with defined shapes and size
through initiation of free radical chain photopolymerization of
the methacrylate groups at each end of the PEG chain (Choi
et al, 2019). Proteins can be readily loaded into PEGDMA
microparticles to allow for localized and sustained delivery with
release kinetics tuned by altering the crosslinking density of the
polymer (Li and Mooney, 2016). Previously, our group has
fabricated high  aspect PEGDMA  microrods by
photolithography for targeted drug delivery (Doroudian et al,

ratio

2014; Pefia et al, 2015). High-aspect ratio microarchitectures,
such as microrods, create a high surface area to volume ratio and
have been proven to evade internalization by phagocytic cells such as
macrophages (Champion and Mitragotri, 2006; Champion and
Mitragotri, 2009) thereby decreasing the local inflammatory
response and favoring a regenerative response over a fibrotic
response (Ayala et al., 2010).

In this work, we build on our foundational research showing
recombinant B-NGF promotes endochondral repair in a murine
fracture model (Rivera et al., 2020) by encapsulating the protein in
PEGDMA microrods for delivery to the fracture site. We
hypothesized that localized delivery of B-NGF from microrods
will promote enhanced endochondral fracture repair relative to
soluble B-NGF and untreated controls. Using a high throughput
approach to fabricate PEGDMA, we varied the concentration of
PEGDMA precursor solution (v/v) to evaluate its effects on protein
loading and release. We found that changing the polymer network
density did not affect the initial loading of B-NGF but altered the
release and retention of P-NGF over 7days through distinct
physiochemical interactions. To confirm B-NGF encapsulated
within these microrods maintains bioactivity, we utilized in vitro
studies with erythroleukemia cells, a TrkA expressing cell line, to
demonstrate retained cellular growth relative to other treatment
groups. Subsequently, we established that PEGDMA microrods can
be delivered and retained adjacent to the fracture callus for at least
7 days post-injection. Efficacy studies using our established murine
model demonstrate that the mice receiving p-NGF loaded PEGDMA
microrods exhibited improved fracture repair relative to soluble -
NGF or negative control. Herein, we describe an injectable system
for localized B-NGF delivery for accelerating endochondral fracture
repair.
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Methods
PEGDMA microrod fabrication

Microrods were fabricated as previously described (Ayala et al,
2010). Briefly, 2, 2-dimethoxy-2-phenylacetophenone (DMPA) was
dissolved in 1-vinyl-2-pyrrolidone at a concentration of 100 mg/mL
and added at a 1:10 v/v ratio to poly (ethylene glycol) dimethacrylate
(PEGDMA, molecular weight 750 kDa) dissolved in phosphate-
buffered saline (PBS). 75% and 90% PEGDMA microrods were
created by varying the % v/v PEGDMA to PBS. Photolithography
was used to create microrods designed to have the dimensions of 100 x
15 x 15 um. Silicon wafers were pre-cleaned with oxygen plasma and
coated with a 15 um thick layer of PEGDMA solution. These wafers
were subsequently exposed to a 365 nm light source using a Karl Suss
MJB3 or OAI 200 mask aligner. Microrods on the wafer were rinsed and
removed with 70% ethanol while gently scraping with a cell scraper. The
collected microrods were centrifuged and rinsed in 70% ethanol then
washed three times in 0.05% Tween-20 and PBS before being
resuspended in sterile deionized water (diH,O) with 10% sucrose
and 0.05% tween-20 to prevent aggregation. Aliquots of
~100,000 PEGDMA microrods were then lyophilized, sealed, and
stored at 4°C until further use. A subset of PEGDMA microrods
was resuspended in PBS and micrographed under bright field (BF).
Another subset was stained with the low molecular weight dye 4, 6-
diamidino-2-phenylindole (DAPI) 1 ug/mL in PBS for 5 min, washed
with PBS gently three times, then immediately imaged using a Nikon Ti
microscope.

B-NGF elution from PEGDMA microrods

75 (medium) and 90% (v/v) (high) PEGDMA microrods
(~100,000/aliquot) were resuspended in 20 pL of 1 mg/mL
(20,000 ng in 20 pL) recombinant human B-NGF (Peprotech).
After resuspension, the microrods were allowed to passively
absorb protein for 30h in 4°C with gentle shaking. After
loading, microrods were washed thrice in diH,O, gently spun
down to pellet in tube, and the supernatants collected and stored
at —80°C until further use. Washed P-NGF loaded PEGDMA
microrods were further divided into samples consisting of
16,000 microrods/microtube and suspended in 250 uL of PBS
(pH 7.4) containing 0.05% Tween-20 (PBS-Tween). Samples
were placed on an orbital shaker (100 RPM) in an incubator
set at 37°C. To examine the release profile of B-NGF from
PEGDMA microrods, microrods were gently spun down,
250 uL of PBS-Tween was removed, and then fresh 250 uL of
PBS-Tween was added. This process of collection and
replenishing was done at 2, 4, 6, 8, 17, 24, 48, 72, 96, 120,
144, and 168h for each PEGDMA group and done in
triplicate. Collected supernatants at each designated timepoint
were immediately flash frozen and stored at —80°C until further
use. ELISAs for human 3-NGF (RayBiotech) were performed per
the manufacturer’s instructions and both loading efficiency and
hourly  release = amounts
established
efficiency in 100,000 microrods, the following equation was used:

were  calculated by an

standard curve. To determine the loading
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X, - X
Loading efficiency % = <Tt) #100 (4)

i

Where X; is the quantity of drug added initially during loading
and X, is amount of protein in the supernatant after 30 h. Loading of
PEGDMA microrods with B-NGF was done similarly in subsequent
assays detailed below.

PEGDMA microrod mesh size calculation

To better understand the transport of 3-NGF through our
microrods, we performed swelling studies with microrods. We
weighed microrods in diH20O to determine the swollen mass, and
subsequently lyophilized samples to determine the dry weight of the
hydrogels. From these measurements, we calculated the mass
swelling ratio (Q,), and subsequently determined the volumetric
swelling ratio QV (Marsano et al,, 2000) (Eq. 1).

Qu = 1+22m (Qui -1y 1)
Psolvent

Then, using the modified Flory-Rehner theory for hydrogels
prepared in the presence of water (Peppas et al., 2006), we calculated
the number average molecular weight between crosslinks within the
polymer network (M¢) (Eq. 2).

12 (@)= i -

)

Where M, is the number average molecular weight of the

polymer, v is the specific volume of the dry polymer, V; is the
molar volume of the solvent, x is the Flory polymer solvent
interaction parameter, v, is the polymer volume fraction in the
swollen state (defined as Q]—V) (Meenach et al., 2010), and v,, is the
polymer volume fraction in the relaxed state after crosslinking but
before swelling.

The mesh size (§) of PEGDMA microrod hydrogels was then
calculated using the universal Canal-Peppas Equation described by
Richbourg and Peppas (Richbourg and Peppas, 2020) (Eq. 3).

T

Where ¢ is the general polymer volume fraction, fis the junction

functionality in the polymer network, t is the weighted average of bond
lengths per repeating unit, C, is the polymer-sepcific characteristic
ratio for a long chain, A is the polymer backbone bond factor, and M,
is the molecular weight of the polymer repeat unit.

B-NGF and PEGDMA microrod
physiochemical interactions

To assess the physiochemical interactions between B-NGF and
PEGDMA microrods, 1 M Urea (Sigma-Aldrich) and 1 M sodium
chloride (NaCl, Sigma-Aldrich) were used as a chaotropic and
salting-out agents, respectively. PEGDMA microrods
prepared, lyophilized, loaded with (B-NGF, and aliquoted at
detailed in the PEGDMA

were

16,000 microrods/microtube as
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microrod  fabrication and f-NGF elution from PEGDMA
microrods section. To extract p-NGF after loading, the aliquoted
B-NGF-microrods were immediately resuspended in either 250 uL
of PBS-Tween, 1 M Urea or 1 M NaCl for 2 h. After 2 h of release,
the microrods were gently spun down to pellet in tube, and the
supernatants collected and stored at —80°C until further use. To
assess the retained P-NGF after in vitro release, the P-NGF
microrods elution assay was repeated with replacement of 250 uL
PBS-Tween at 2, 4, 6, 8, 17, 24, 48, 72, 96, 120, 144, and 168 h and
afterwards were gently pelleted and resuspened in either 1 M Urea or
1 M NaCl for 2 h. After 2 h of release, the microrods were gently
spun down to pellet in tube, and the supernatants collected and stored
at —80°C until further use. ELISAs for human p-NGF (RayBiotech)
were performed per the manufacturer’s instructions and protein
extracted from PEGDMA microrods after loading and in vitro
release was calculated by an established standard curve.

Attenuated total reflectance fourier
transform infrared spectroscopy (ATR-FTIR)

For ATR-FTIR, high PEGDMA microrods were prepared,
lyophilized, and loaded with p-NGF as detailed in the PEGDMA
microrod fabrication and p-NGF elution from PEGDMA
microrods section. After loading, the p-NGF loaded microrods
were gently washed and resuspended in water for lyophilization.
For non-loaded PEGDMA microrods, the microrods were
prepared exactly as the loaded microrods but without the
addition of B-NGF during the loading process. To examine
the B-NGF loaded PEGDMA microrods after 168 h of release,
B-NGF loaded PEGDMA microrods were aliquoted at
16,000 microrods/microtube and elution experiments were
performed as described in the S-NGF elution from PEGDMA
microrods section. After the elution experiments, the B-NGF
loaded PEGDMA microrods
resuspended in water for lyophilization. All samples were
-80°C until ATR-FTIR analysis. ATR FTIR
(Spotlight 400) was performed with a scan resolution of

were gently washed and

stored at

8 cm™' from 4,500 to 450 cm™' and a constant anvil pressure
value of 45. Using the Spectrum software (Perkin Elmer), a
background scan was recorded immediately after each sample
scan to facilitate background correction. After background
corrections, an ATR correction algorithm was applied, and
the data was normalized to the highest ordinate value.

Erythroblast (TF-1) cell number and viability

TF-1 cell number and viability assay was modified from the
established method with modifications (Malerba et al., 2015). Briefly,
TF-1 cells (ATCC) were cultured for 7 days in RPMI 1640 Medium
modified with 2mM L-glutamine, 10 mM HEPES, 1 mM sodium
pyruvate, 4,500 mg/L glucose, and 1,500 mg/L sodium bicarbonate
(ATCC) supplemented with 2ng/mL recombinant
Granulocyte-Macrophage Colony-Stimulating Factor (Sigma-Aldrich)
and 10% fetal bovine serum (hereafter called full media). While cells were
growing, 100,000 high concentration (90% w/v) PEGDMA microrods
were loaded with B-NGF and aliquoted at 16,000 as described in the f-

human
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NGF elution from PEGDMA microrods method and then resuspended in
250 pL of full media. -NGF-loaded microrods were kept in full media
for 168 h and then the gently spun down and 250 pL removed and stored
at —80°C. A set of non-loaded microrods were treated exactly like the -
NGF-loaded microrods and served as a control. As an additional control,
the soluble B-NGF was incubated in media for the same duration.
Following 7 days of cell growth, confluent TF-1 cells were collected by
centrifugation and resuspended into 96-well microplates with 2,000 cells
per well containing 40 uL of complete RPMI1640. 60 min after replating,
cells were treated with 250 pL of full media, f-NGF conditioned media
from microrods, non-loaded microrod conditioned media, or 2,000 ng
of soluble B-NGF. Cells were cultured in these conditions for 40 h prior
to assessing cell viability and number via a PrestoBlue viability assay
(Invitrogen) per the manufacturers protocol. Briefly, the 10X reagent was
warmed to room temperature and then 10 pL was added to each well for
every 90 pL. The reduction of resazurin by cells was allowed to proceed
for 60 min prior to centrifuging the 96-well microplate (1,000 RPM for
5min) and measuring fluorescence on a plate reader at 560/590
(emission/excitation). A standard curve of known TF-1 cell number
was done in parallel to quantify the total number of cells in each well. The
treatment groups and controls were all done in triplicate. Data is
represented as a fold change relative to the full media treated only
control group.

Murine tibial fracture with localized drug
delivery

Approval was obtained from the University of California, San
Francisco (UCSF) Institutional Animal Care and Use Committee
(IACUC) prior to performing the mouse studies and the procedures
were carried out in accordance with approved guidelines and
regulations. Studies were conducted on the C57BL6/] wild type
strain obtained from Jackson Labs. Briefly, adult (10-16 weeks) male
mice were anesthetized via inhalant isoflurane, and closed non-stable
fractures were made mid-diaphysis of the tibia via three-point bending
fracture device (Bahney et al., 2014). Fractures were not stabilized as this
method promotes robust endochondral repair. After fractures were
created, animals were provided with post-operative analgesics
(buprenorphine sustained release). Animals were socially housed and
allowed to ambulate freely.

Percutaneous injections into tibial fracture calluses of mice were
administered 7 days post-fracture. A precise microliter Hamilton©
syringe was utilized for all injections wherein experimental agents were
injected in 20 uL of PBS. Experimental groups are as follows: Controls
injected with sterile PBS, B-NGF group injected with 2000 ng of 3-NGF in
PBS, non-loaded microrods group injected with 16,000 PEGDMA
microrods in PBS, and B-NGF microrods group injected with
16,000 PEGDMA microrods loaded with 2000 ng of p-NGF.

Micro-computed tomography (UCT)

uCT analysis was performed to quantify the volume and
quality of the new bone as previously described (Hu et al,
2017a; Cheng et al., 2020). Fracture tibias were dissected free
of attached muscle 14 days post-fracture, fixed in 4% PFA and
stored in 70% ethanol. Fracture calluses were analyzed in the
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UCSF Core Center for Musculoskeletal Biology (CCMBM, NIH
P30 funded core) using the Scanco pCT50 scanner (Scanco
Medical AG, Basserdorf, Switzerland) with 10 um voxel size
and X-ray energies of 55kVp and 109 uA. A lower excluding
threshold of 400 mg hydroxyapatite (HA)/mm® was applied to
segment total mineralized bone matrix from soft tissue in studies
of control and treated mice. Linear attenuation was calibrated
using a Scanco hydroxyapatite phantom. The regions of interest
(ROI) included the entire callus without existing cortical clearly
distinguished by its anatomical location and much higher
mineral density. uCT reconstruction and quantitative analyses
were performed to obtain the following structural parameters:
volume fraction (bone volume/total volume as %), trabecular
connective density as trabecular bifurcations (#/mm?), and bone
mineral density (mg HA/cm?).

Histology and histomorphometry

Tibias were harvested 12, 14-, and 21-days post-fracture (5, 7, or
14 days
localization. At time of collection, tibias were fixed in 4% PFA
and decalcified in 19% EDTA for 14 days at 4°C with rocking and
solution changes every other day. Tibias were processed for paraffin

post-injection of microrods) to observe microrod

embedding, serial sections were cut at 10 pm (3 sections per slide),
and Hall-Brundt’s Quadruple (HBQ) staining protocol was done to
visualize the bone (red) and cartilage (blue) as previously described
to localize PEGDMA microrods (Hu et al., 2017; Rivera et al., 2020).
The sections were mounted on slides with Permount™ mounting
medium and brightfield images were captured on a Leica DMRB
microscope.

Fracture callus composition and inflammatory response was
determined using quantitative histomorphometry of tibia harvested
14 days post-fracture. Standard principles of histomorphometric
analysis (Hu et al., 2017) were utilized to quantify the bone and
cartilage fraction in the fracture callus using the first section from
every 10th slide analyzed, such that sections were 300 um apart.
Images were captured using a Nikon Eclipse Ni-U microscope with
Nikon NIS Basic Research Elements Software version 4.30.
Quantification of callus composition (cartilage, bone, fibrous
tissue, background) was determined using the Trainable Weka
Segmentation add-on in Fiji Image] (version 1.51.23; NIH,
Maryland, USA) (Malhan et al, 2018). Volume of specific tissue
types was determined in reference to the entire fracture callus by
summing the individual compositions relative to the whole.

Statistical analysis

Individual dots on graphs represent biological replicates, error
bars represent standard deviation (SD). Measurements were taken
from distinct samples. Data were analyzed using GraphPad Prism
(version 8, GraphPad Software, San Diego, CA). For release data, a
repeated measures two-way ANOVA was performed followed by a
Tukey’s HSD post hoc comparison test to determine statistical
difference between independent groups at each respective
timepoint. For all other data, a One-way ANOVA was used to

determine statistical differences between multiple groups followed
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FIGURE 1

Schematic of PEGDMA microrod fabrication via photolithography.

by Tukey’s HSD post hoc comparison testing. Significant differences
were defined at p < 0.05.
Results

Injectable PEGDMA microrod fabrication via
photolithography

PEGDMA microrods were fabricated through a process of
photolithography (Figure 1). The exact dimensions of the PEGDMA

Frontiers in Bioengineering and Biotechnology

microrods can be carefully controlled by the photomask (length and
width). The microrod height is determined by distance between the
silicon wafer and the photomask which is manually controlled by use of
the mask aligner. PEGDMA microrods are then cross-linked with UV
irradiation, detached with a cell scraper from the silicon wafer and
collected. Each individual PEGDMA microrod had the following
dimensions: height = 15 um, width = 15 um, and length = 100 pm.
The 3D structure of the microrods is formed through free radical chain
photopolymerization of the methacrylate groups at each end of each
750 MW PEG monomer unit. This system provides a high-throughput
method to produce highly uniform PEGDMA microrods.

06 frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1190371

Rivera et al. 10.3389/fbioe.2023.1190371
A B-NGF in 16K rods B
ns @
3000 3 2.0
] ©
1 s —~— 90%
1 7 e 159 75%
52000 [T S
“;; g 1.0
0 0n
2 1000-] g
1000 3 05
'8
]
1 z 0.0 ¢ YT
0- 0 20 40 60 80 100 120 140 160 180
75%  90% Time (Hour)
% PEGDMA (vIv)
C . D
150 0.0217 B 1MUrea
—_ * * 1M NaCl
2 0.0452 0.0371 ® PBS
£ +
o~
g 100
o
Q
2 I
]
9
2 50
e []
)
Z
Q.
ARl m
\Y T T
75% 90%
PEGDMA (viv%)
FIGURE 2

PEGDMA microrods are readily protein loaded. (A) Mass in 16,000 (16K) microrods. (B) Percent release of p-NGF from 16K 75 and 90% (v/v) PEGDMA
microrods (n = 3). (C) p-NGF released (in ng) from 75 and 90% microrods after treatment with PBS, 1M NaCl, or 1 M Urea for 2 h. *p < 0.05 determined by
Two-way ANOVA with Tukey's post hoc test for multiple comparisons (n = 3). (D) DAPI-loaded 90% PEGDMA microrods, scale bar = 250 pm.

PEGDMA microrod macromer
concentration influences protein retention

First, we aimed to examine how PEGDMA microrod polymer
network density affected protein loading efficiency and subsequent
release of -NGF. To do this, the PEGDMA macromer was adjusted
prior to photolithography to have a 75% or 90% concentration (v/v)
(Figure 2A). After fabrication, the PEGDMA microrods were lyophilized
to remove any residual liquid remaining and then incubated with
20,000ng PB-NGF (26kDa) through a 30 h absorption
step. Macromer concentration did not significantly affect loading
efficiency with 75% and 90% v/v macromer concentrations
exhibiting 65% and 61% loading efficiency, respectively
(Supplementary Figure S1). Although over 2000 ng of B-NGF was
loaded in 16,000 microrods for both macromer concentrations
(Figure 2A), less than 2% of the total protein was released over the
course of 168 h (Figure 2B). Moreover, the release profiles were not
statistically different. These findings suggest that the PEGDMA
microrods retain protein within the polymer mesh network. To
assess retention within the microrods, a salting out approach was
used to destabilize the protein within the microrods. After incubation
with a high salt concentration for 2h post-loading, a nearly 4-fold
difference in elution was observed from both 75% and 90% microrods
which was statistically higher than the respective microrods eluted in
PBS (Figure 2C). In addition, due to the high presence of etheric groups
within the PEGDMA polymer network, we aimed to further assess the
potential contribution of hydrogen bonding. To test this, a common
chaotropic agent, urea, was used to disrupt hydrogen bond interactions.
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Interestingly, after incubation in the presence of the chaotropic agent,
additional B-NGF release was detected from both the 75% and 90%
PEGDMA microrods with 2-fold more from the 90% PEGDMA
microrods (Figure 2C). Given the higher macromer concentration
(i, increased number of etheric groups) of 90% v/v PEGMDA
microrods, additional ATR-FTIR analysis and theoretical calculations
of these microrods were performed to assess spectral shifts of pre- and
post-loaded microrods and the hydrogel mesh size, respectively. After
loading of B-NGF, the PEGDMA macromer ester peak C = O at
~1720 cm™ underwent a subtle hypsochromic shift to ~1723 cm™,
which might be due to weakening of the polymer intermolecular
reaction and/or longer distance between the polymers main chain by
interactions with B-NGF (Supplementary Figure S1). In addition, the
shift to ~1723 cm™ was still observed after in vitro release indicating that
B-NGF was still present within the PEGDMA microrod (Supplementary
Figure S1). Furthermore, the encapsulation of p-NGF within the 90%
PEGDMA microrod was confirmed through theoretical calculation of
the mesh size (€), which was determined to be ~1.865 nm compared to
the hydrodynamic radius of B-NGF which has been reported to be
between 2-4 nm (Stroh et al., 2003; Conovaloff et al., 2011).

Given the high retention B-NGF over the course of 168 h, we
aimed to see if additional B-NGF could be extracted from the
polymer matrix after this time frame. We repeated the release
assay for 168 h with PBS-Tween, but at the final collection, the
75% and 90% PEGDMA microrods were incubated with either 1 M
Urea or 1 M NaCl (Supplementary Figure S1). For both PEGDMA
microrod concentrations, a minimal amount (~20 ng) was detected
after 1 M Urea treatment. However, nearly half the amount of the
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FIGURE 3

B-NGF loaded into PEGDMA microrods retain bioactivity and
increased cell number. PEGDMA microrods were incubated in cell
media for 168 hours and the media was collected and used to treat the
cells for 40 hours. Fold change in TF-1 cell number for each
experimental group is relative to the media only treated cells. Error
bars represent SD, *p < 0.05 determined by ANOVA with Tukey's post
hoc test for multiple comparisons (n = 3).

initially loaded B-NGF was released from 70% PEGDMA microrods
after incubating the rods with 1 M NaCl

We then wanted to examine the aggregation behavior of
microrods, as this could adversely affect in vivo injections. DAPI,
a commonly used nuclear counter stain, can be easily absorbed into
the high PEGDMA microrods and visualized with fluorescent
microscopy. As shown in Figure 2C, the DAPI-stained microrods
are uniform in size and do not exhibit any aggregation, indicating
good dispersity in solutions.

B-NGF bioactivity retention and elevated cell
number after treatment with PEGMDA
microrods

We next tested whether B-NGF retained bioactivity after loading
within the PEGDMA microrods. To do this, we measured the
cellular response of the erythroleukemia TrkA expressing cell
line, TF-1, 40h following treatment with media that was
conditioned with PEGDMA microrods loaded with 2000 ng (-
NGF for 168 h. TF-1 cells are well established to proliferate in
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response to p-NGF (Malerba et al., 2015; Recombinant Human (-
NGF, 2020). As controls, TF-1 cells were cultured with non-
conditioned media, non-loaded microrod conditioned media, or
media containing 2000 ng of soluble B-NGF. Treating the cells with
2000 ng soluble of B-NGF resulted in cellular growth, and we
observed a 1.5-fold increase in cell number relative to the media
only control (Figure 3). No significant cellular response was
observed in response to culture with the non-loaded PEGDMA
microrods, indicating no positive or negative effects of any hydrogel
byproduct. Following culture with the f-NGF loaded microrods, cell
number was ~2.5-fold increased relative to the media only control
and 60% higher than the free B-NGF, suggesting retention in the
PEGDMA microrods helped to stabilize the bioactivity of the
protein. Taken together these data support that the microrods
themselves do not adversely affect cell growth and that
bioactivity of the B-NGF is enhanced when delivered from
microrods relative to the same concentration of the soluble protein.

Based on these results, we aimed to validate therapeutic
efficacy through in vivo analysis in a fracture model. Due to
the ability of 90% v/v PEGDMA microrods to load and retain
larger amounts of bioactive p-NGF within the polymer matrix
compared to 70% microrods, as well as their dispersion in
solution, 90% microrod were further used in subsequent in
vivo testing.

B-NGF loaded PEGDMA microrods promote
endochondral bone formation

Our data thus far has demonstrated that PEGDMA microrods
can be loaded with B-NGF, mesh network density can be tuned to
minimize physiochemical effects on protein loss from the microrod,
and the subsequent protein bioactivity is maintained after 7-days of
retention within the microrod. Given that protein loading and
stability is maintained after 7-days, we aimed to test whether -
NGF loaded PEGDMA microrods could accelerate endochondral
fracture repair. Consistent with our prior study, we utilized our
established murine model of long bone healing wherein closed, mid-
shaft fractures were created in the right tibia of adult wild type mice
through three-point bending to promote robust endochondral
repair (Bahney et al., 2014; Hu et al, 2017; Rivera et al., 2020)
(Supplementary Figure S2). Previously, we demonstrated that (-
NGF was most effective in promoting fracture repair when delivered
7 days post-injury, during the cartilaginous phase of bone healing
(Rivera et al., 2020). Based on this we chose to similarly deliver
PEGDMA microrods 7 days post-injury using a Hamilton syringe
for percutaneous injection directly at the fracture site. First, we
confirmed that the microrods could effectively be delivered to
fracture callus by injecting 16,000 microrods suspended in 20 uL
saline and harvesting the samples 5-14 days following delivery for
histology (Figure 4). Histological sections of the fracture callus were
stained with Hall-Brunt’s Quadruple (HBQ) staining to distinguish
the cartilage (blue) and bone (red) tissues. Microrods (staining light
blue) were evident adjacent to the fracture callus at days 5-7 post-
injection (Figures 4A-C) but not found in any samples 14-days
following injection (Figure 4D). Importantly we observed normal
progression of healing without evidence of granulation tissue around
the microrods indicating that the microrods do not negatively
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FIGURE 4

Localization of PEGDMA microrods within tibial fracture calluses. Representative micrographs of (A) low and (B) high magnification of HBQ-stained
fracture calluses 5 days post-microrod injection. Representative micrographs of (C) low and (D) high magnification of fracture calluses 7 days
postmicrorod injection. Arrows indicate PEGDMA microrods within calluses. (A,C) Scale bars = 1 mm, (B,D) Scale bars = 100 pm. (E) Representative

micrograph of fracture callus 14 days post-injection, scale bar = 1 mm.

impact the healing response nor induce a clinically significant
inflammatory response (Figures 4A-E).

We next evaluated the therapeutic efficacy B-NGF-loaded
PEGDMA microrods compared to placebo injections (20 uL
saline, negative control), a single dose of free B-NGF (2000 ng),
and non-loaded PEGDMA microrods. All therapeutic groups were
administered 7 days post-fracture by percutaneous injection and
animals were allowed to heal for 7 days (14 days post-fracture) at
which point the calluses were harvested for functional assessments
of bone healing. Micro-computed tomography (uCT) images
suggest that the B-NGF microrods group have the largest most
consolidated bony callus compared to the other groups (Figures
5A-D). Quantification of the bone volume fraction (BVF)
confirmed the highest BVF in the B-NGF microrods group with
a significantly higher BVF (~52% increase) compared to saline
controls  (Figure 5E). B-NGF microrods treatment also
significantly trabecular (TB, ~95%
increase) and bone mineral density (BMD, ~34% increase)

increased bifurcations
compared to saline controls (Figures 5F, G) indicating more
mature fracture calluses. Interestingly, a single dose of the free -
NGF did not improve bone formation to the same extent as 3-NGF
microrods and was not statistically different from the saline controls.
Although not statistically different, the non-loaded microrods
exhibited higher BVF, TB, and BMD when compared to the
soluble B-NGF and saline treated groups.

B-NGF loaded PEGDMA microrods reduce
cartilaginous tissue volume in the fracture
callus

To understand the differences noted by uCT at a more detailed
tissue level, we utilized quantitative histology to differentiate the
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tissue composition within the fracture callus. The total volume of the
fracture callus was not statistically different in any group
(Figure 6G), and tissue compositions are provided as both a
percentage of the total volume or the absolute volume of a
specific tissue. HBQ-stained sections of legs harvested 14 days
post fracture visually indicate that B-NGF microrods have the
highest amount of new bone (red, Figure 6A). Saline treated
fracture calluses had the highest volume of cartilage (blue) as
both an absolute value and percentage of the total callus volume
(32% * 2%), with the least bone volume as percent composition
(67% + 2%) compared to other treatment groups indicating the least
advanced healing (Figures 6B-E). Higher magnification histological
images verify a large proportions of chondrocytes in the placebo
injected fracture callus indicating that healing is just nearing the
cartilage to bone transition phase in endochondral repair
(Figure 6A). Near identical results were observed for the empty
microrod treated fracture calluses with cartilage and bone volume at
32% * 2.7% and 68% =+ 2.7%, respectively (Figures 6B-E). A single
injection of the soluble B-NGF treated fracture calluses resulted in
slightly elevated levels of bone (71% + 3.2%) and lowered cartilage
volumes (29% * 3.2%) relative to the empty microrods and
untreated controls, but this effect was not statistically different
than saline injections. p-NGF loaded microrods were the only
treatment group to significantly change the fracture callus
composition producing robust bone formation (79% * 3%)
(Figures 6D, E).

B-NGF microrod treated samples also show a significant visual
reduction in cartilage and statistically different cartilage volume as
both a percentage of the fracture callus (21% + 3%) and absolute
volume compared to saline controls (Figures 6B, C). Fibrotic tissue
was also quantified to determine if there was a significant
inflammatory response (Figure 6F). No group had statistically
increased fibrotic tissue compared to the control group, although
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FIGURE 5

Micro-computed tomography (UCT) analysis of newly formed bone within fracture calluses. Representative three-dimensional images of tibial
fracture calluses from mice treated 14 days post-fracture with (A) saline as controls (B) single dose of $-NGF (2000ng) (C) non-loaded PEGDMA
microrods and (D) PEGDMA microrods loaded with -NGF. Scale bars = 1 mm. Quantification of (E) bone volume fraction (F) trabecular connective
density and (G) bone mineral density. Error bars represent SD, * p < 0.05, ** p < 0.01 determined by ANOVA with Tukey's post hoc test for multiple

comparisons.

one animal in the non-loaded microrods group had a higher amount
of fibrotic tissue resulting in larger variation from this group. f-NGF
loaded microrods had the least amount of fibrotic tissue, statistically
less than the non-loaded microrods, supporting that healing was the
most advanced and that no adverse inflammatory response impeded
proper tissue formation (Figures 6F,G).

Discussion

Recent work in the field supports that NGF signaling plays a
significant role in both intramembranous and endochondral
ossification. The pioneering mechanistic studies first describe a
critical of NGF/TrkA skeletal
development and adaptation to mechanical load (Tomlinson

role signaling  during
et al.,, 2016; Tomlinson et al., 2017). Subsequently our group
delineated the spatiotemporal expression of TrkA during long
bone fracture repair and identified the cartilaginous phase of
healing as a key timepoint for exogenous p-NGF injections by
promoting pathways associated with endochondral ossification
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(Rivera et al., 2020). Most recently, NGF/TrkA signaling was
also shown to be acutely upregulated following stress fracture,
triggering reinnervation, vascularization, and osteoblastic
activity (Li et al., 2019). Stress fractures are a specific and
unique subclass that heal through
intramembranous bone formation. Together these studies

of fracture repair
suggest that NGF could be used as an osteoinductive drug to
promote long bone fracture repair by synergistically promoting
intramembranous and endochondral bone repair.

This study aimed to build on our previous work by developing a
clinically relevant drug delivery system for B-NGF delivery using
PEG-based hydrogel microparticles. In our previous study, we
locally injected 500 ng of recombinant p-NGF once daily for
3 days to produce a quantifiable acceleration of fracture healing.
However, 3-NGF is a known hyperalgesic and preclinical studies
utilizing murine models have demonstrated that hyperalgesia in
mice can be experienced with daily injections of 100 ng and above
(Hopkins and Slack, 1984; Shinoda et al., 2011). Thus, our goal is to
balance the trophic benefit of f-NGF therapy while minimizing its
hyperalgesic effects by providing sustained drug release at a dosing
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FIGURE 6

Single injections of PEGDMA microrods loaded with p-NGF promote endochondral bone repair. (A) Representative micrographs of HBQ-stained
fracture calluses from mice 14 days post-fracture treated with saline as controls, single dose of soluble $-NGF (2000ng), non-loaded PEGDMA microrods,
or PEGDMA microrods loaded with p-NGF. Upper row scale bars = 2mm, middle and lower row scale bars = 500 pm. Quantification of (B) cartilage
percentage (cartilage volume/total volume), (C) absolute cartilage volume, (D) bone percentage (bone volume/total volume), (E) absolute bone
volume, (F) fibrous percentage (fibrous volume/total volume), and (G) total callus volume. Error bars represent SD, *p < 0.05 determined by ANOVA with

Tukey's post hoc test for multiple comparisons.

below this threshold. To avoid repeated doses, we aimed to use
PEGDMA microrods as a clinically relevant drug delivery platform.
The majority of PEGDMA microparticle delivery platforms use
spherical particles for bone repair applications (Olabisi et al.,
2010; Sonnet et al.,, 2013; Stukel et al., 2015). Uniquely, in our
study we demonstrate the use of high aspect ratio microrods for
fracture repair which may provide advantages compared to
microspheres. For example, high aspect particles have been
shown to evade phagocytosis or cellular internalization
(Champion and Mitragotri, 2006; Champion and Mitragotri,
2009). This may allow for higher tissue residence time and thus
extended local drug concentrations. Additionally, by employing
photolithography, PEGDMA microrods can be controlled in

terms of size and shape and produced in a high throughput fashion.
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To tune hydrogel delivery systems as drug carriers, alterations
to the cross-linking densities via changes in the macromer
concentrations can be made to alter polymer mesh sizes,
affecting subsequent drug loading and release (Li and Mooney,
2016). Several studies have demonstrated that increasing
monomer concentrations can increase drug loading and
improve release within hydrogel systems (Hoare and Kohane,
2008; Li and Mooney, 2016). Interestingly, we did not observe any
statistically significant differences in the loading capacity of the
This
important because it demonstrates that although the mesh

microrods with different macromer concentrations. is

density is different, as we previously reported (Ayala et al,

2010), it does not impact the ability of the protein to be taken
up by the network during the loading step. Moreover, both
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microrod concentrations exhibit high retention of B-NGF over
168 h in vitro, with only 2% of the total protein being released
from the microrod mesh network in PBS-Tween. To elucidate
potential B-NGF and PEGDMA interactions, we turned to a
salting out approach commonly used for 3-NGF column elution
(Bocchini and Angeletti, 1969; Sakiyama-Elbert and Hubbell,
2000). By incubating B-NGF microrods in 1M NaCl, a
statistically different 4-fold increase of P-NGF release was
detected relative to the PBS groups, suggesting (-NGF
entrapment within the PEGDMA microrods. Methods of
protein immobilization and entrapment within hydrogel
matrices via mesh size alterations has been used previously
and can be useful for stabilization of delicate proteins (Li and
Mooney, 2016). The encapsulation of P-NGF within the
PEGDMA microrod was confirmed through theoretical
calculations of mesh size (§) of 90% microrods, which was
1.865 nm compared to the hydrodynamic radius of B-NGF
which has been reported to be between 2-4 nm (Stroh et al,,
2003; Conovaloff et al., 2011). Furthermore, we also examined
B-NGF-loaded microrods after 168 h of release and challenged
them with 1 M NaCl. Interestingly, the 70% v/v microrod
released more than 35% of the initially loaded protein
compared to 90% v/v microrods. Given that the 70%
PEGDMA microrods have a less dense matrix, the salts may
have had more access to the protein within matrix inducing
greater elution relative to the 90% microrods, which supports
our theoretical calculations.

Although we were able to recover additional protein after
loading and in vitro release through high salinity conditions, we
aimed to see if additional physiochemical interactions could be
occurring. PEGDMA has a number of ester bonds within its polymer
chain and thus can form potential hydrogen bonds with drugs and
cellular products (McNamee et al., 2007; Raju et al., 2018; Joshi et al.,
2021). Therefore, to assess ester bond interactions we utilized ATR-
FTIR to look at functional group spectral shifts before and after

1
,a

loading B-NGF. Specifically examining the ester peak at 1720 cm™
subtle shift from 1720cm™ to 1723 cm™

hypsochromic shift as such indicates either direct or indirect

was observed. A

interactions with the etheric groups of the PEGDMA polymer
chain. First, weakening of the polymer intermolecular reaction
could be occurring as the polymer interacts with B-NGF. In this
case, B-NGF could be forming additional hydrogen bonds with the
etheric groups and thus weakening the intramolecular bond strength
of PEGDMA. Given that NGF is known to form such bonds with its
high affinity receptor TrkA and the lack of 1720 cm™ in its
secondary protein structure, B-NGF may be directly forming
bonds with the PEGDMA main chain (Wiesmann et al., 1999;
Paoletti et al., 2011; Covaceuszach et al., 2015). Second, recent
works are starting to understand the strong interactions that
occur between PEG and proteins (McNamee et al, 2007; Wu
et al,, 2014; Swartzlander et al., 2015). A similar contribution
could be at play wherein the PEGDMA polymer chains and
B-NGF are interacting to induce a conformational change of the
protein. The current data suggest that p-NGF is having either a
direct or indirect interaction within the PEGDMA mesh
network that may be weakening the polymers intermolecular
bond strength through hydrogen bond formation or potential
PEG/protein  interactions to

leading physiochemical
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interactions potentially through hydrophobic domains of the
protein. Despite this finding, we cannot definitively determine
which factor is driving the high retention of p-NGF within the
PEGDMA microrods, but it is most likely through a
combination of factors. Nonetheless, our findings for high
retention of B-NGF within the PEGDMA microrods is highly
advantageous as it provides a delivery method to localize and
stabilize protein within the fracture callus during endochondral
fracture repair.

We next wanted to demonstrate that the loaded B-NGF
retained its bioactivity with an in vitro assay using the TrkA
expressing TF-1 cell line (Ma and Zou, 2013; Malerba et al,
2015). Importantly, this assay, as well as the release, was
performed with 16,000 PEGDMA  microrods,
100,000 used for the loading assay. This is because only

versus

16,000 could effectively be aspirated in a 20 uL syringe used for
the in vivo experiments. We calculated that approximately 61% of
total protein loaded in 100,000 high concentration microrods was
about 12.2 x 10’ ng or 0.12 + 0.018 ng per microrod. Therefore, we
used the highest calculation of 2000 ng that was loaded in
16,000 microrods and set that as our soluble f-NGF amount for
all experiments in parallel. Here we found more than a 2-fold
increase in cell number when TF-1 cells were treated with f-NGF
conditioned media from microrods compared to media only.
Neither the microrods themselves or soluble B-NGF led to a
significant increase in cell number, although soluble B-NGF was
trending higher than control. While we expected to see an increase
in the soluble NGF control as well as the NGF-microrods, the
response to -NGF is not linear (Chevalier et al., 1994; Rende et al.,
2000; Kemp et al., 2011) and perhaps the microrods protected the
B-NGF from degradation as short-half life is a well-known
limitation of B-NGF delivery (Alastra et al., 2021). Additionally,
sucrose was added to the lyophilization solution containing the
microrods to minimize aggregation. During loading, sucrose
remains in the solution and presumably remains in the
microrods along with B-NGF. A previous report has shown that
disaccharides, including sucrose, can increase cell number and
viability during short incubation times (i.e., <5 days) (Leong et al.,
2017). Addtionally, potential interactions between B-NGF and
PEGDMA may be playing a role in enhancing the bioactivity of
the protein. Previous work looking at fibrin matrices containing
heparin suspected a role of the heparin regulating the physiological
function of B-NGF despite low affinity interactions (Sakiyama-
Elbert and Hubbell, 2000). As shown from our data with the high
retention of B-NGF within the microrod and physiochemical
interactions occurring between the two, we speculate that the -
NGF that is released (>20 ng) has preserved bioactivity through
interactions with the PEGDMA mesh network and/or the potential
conformational changes induced via the microrods that enhance
the proteins’ function relative to soluble p-NGF. Moreover, an
important finding from this data is that the microrods loaded with
B-NGF and non-loaded did not have any negative effects on cell
viability. We have previously reported on PEGDMA microrod
degradation and have shown that in similar conditions PEGDMA
does not degrade in a 2-month span (Doroudian et al., 2014). Thus,
we can conclude that the PEGDMA microrods are biocompatible
as assessed by cell viability and can retain B-NGF bioactivity post-
loading.
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Next, we examined PEGDMA microrod localization during
endochondral fracture repair in a murine fracture model and
were able to histologically localize the PEGDMA microrods
adjacent to the fracture callus at both 5- and 7-days post-
injection. PEGDMA microrods were no longer visible after
14 days. While PEGDMA is not biodegradable in saline at this
timescale, we speculate that mechanical breakdown or physical
displacement of the rods may have accelerated their degradation
since the fracture callus is undergoing dynamic remodeling and the
animals were allowed to freely ambulate following microrod
injection. (Rot et al, 2014). Alternatively, since acrylate-
derivatized PEG hydrogels are chemically degraded through
hydrolysis of the end group-ester (Burke et al, 2019; Stillman
et al,, 2020), the chemical microenvironment of the injury may
have expedited degradation which has been observed in vivo for
other ester-terminated polymers in similar microenvironments
(Plecko et al.,, 2020; Yao et al,, 2021). A limitation of the current
study is the lack of longitudinal tracking of the microrods following
injection. In our prior work, we incorporated iron oxide
nanoparticles to create PEGDMA microrods that could be
visualized by magnetic resonance imaging (MRI) in ex vivo
cardiac tissue (Pinney et al., 2014); a similar technology could be
explored for in vivo tracking in fracture repair (Kharbikar et al.,
2021). Regardless, efficacy studies confirm that the PEGDMA
microrods were localized in the fracture callus long enough to
deliver the therapeutic payload and therefore are suitable for
application in fracture callus injections of B-NGF.

Therapeutic efficacy of p-NGF delivery via PEGDMA microrods
was tested in a murine tibial fracture model and quantitatively
assessed using uCT analysis and quantitative histomorphometry.
Our study validated that B-NGF loaded microrods enhanced
endochondral fracture repair as evidenced by the reduction in
cartilage volume and statistically significant increases in bone
volume fraction (BVF), trabecular bifurcations (TB), and bone
mineral density (BMD) compared to a single p-NGF injection.
Notably, the woven-like bone morphology and minimal cartilage
within the fracture callus further indicates a quicker cartilage to bone
transition after injection. Importantly, the microrods produced
values much closer to our prior work where NGF was
administered by 3 injections over 3 days during the cartilagenous
phase of healing (i.e., Day 7-9) which increased BVF to 27% + 6.8,
TB to 1,001/mm? + 235, and BMD to 291 mgHA/cm? + 38 (Rivera et
al,, 2020). Interestingly, the current studies show average values for
BVF at 21% + 4.2, TB to 942/mm®+ 217, and BMD to 254 mgHA/
cm” + 24. These values are statistically higher than the saline control
and within the range of the prior study utilizing multiple injections.

We ascertain that the therapeutic benefit of PEGDMA
microrods is through the stabilization of B-NGF and its localized
release within the fracture callus. Presumably the dynamic
microenvironment of the fracture callus and ambulation of the
animals in vivo enhances protein delivery relative to the in vitro
setting. However while intact, the microrods play an important role
in protecting rapid clearance and degradation of soluble B-NGF
within the fracture callus. Furthermore, the microrod may increase
the therapeutic safety profile by minimizing the risk of off-target
effects and toxicity compared to a single large bolus dose (Langer,
1998; US Food and Drug Administration Public Health Notification,
2008; Li and Mooney, 2016). In addition, such drug delivery
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strategies would be most optimal for situations involving delayed
healing such as aging and diabetes that require longer dosing
regimens. Although this was outside the scope of the study, it is
an essential point for validation in future studies. Overall, high
retention of B-NGF within the target tissue is a promising
therapeutic approach (Hoare and Kohane, 2008; Wang et al,
2018). Further physiochemical optimization of the microrods for
prolonged release may alter the release dynamics to further enhance
the fracture repair healing response.

Conclusion

We have demonstrated the feasibility of using PEGDMA
microrods for B-NGF delivery and its therapeutic efficacy in a
preclinical murine fracture model. We build on our previous data
that showed repeated injections of B-NGF during fracture repair
promotes endochondral fracture repair. Although that study used
multiple injections, this study suggests a single local injection of
PEGDMA microrods that contain 2000 ng of f-NGF may in fact be
more beneficial than larger doses potentially due to extending the
drug’s residence time and/or enhancing its biological activity. Given
that the release is relatively low (>20 ng) and most of the protein is
retained within the microrod, this delivery method is clinically
relevant and could decrease the known hyperalgesic effects. Thus,
limiting the total amount of -NGF released within the target tissue
could potentially reduce the pain experienced by subjects. From a
therapeutic standpoint, reducing the pain and number of injections
is critical given that increased stress can lead to delayed fracture
healing (Haffner-Luntzer et al., 2019). To deliver B-NGF, we utilized
PEGDMA hydrogels, as PEG and PEG-conjugates have been FDA
approved in the past for several products from tissue adhesives to
particle based drug and gene delivery systems (Bré et al., 2013; Suk
etal., 2016; Moncalvo et al., 2020). To that end, the use of injectable
B-NGF loaded PEGDMA microrods validates a novel and
translational therapeutic approach for improving bone fracture
repair.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by UCSF IACUC.

Author contributions

KR, DC, CB, and TD designed the experiments. KR, NE, JZ, BK,
and AK were involved with microfabrication. DC and JZ
theoretically calculated PEGDMA mesh size. KR, DC, NE, and
AK performed experiments. KR, DC, VD, and KO analyzed the
data. JF and RM provided critical input for protein extraction assays.
KR, DC, CB, and TD interpreted the results and wrote the

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1190371

Rivera et al.

manuscript. KR and DC contributed equally to the manuscript. KR,
DC, TM, CB, and TD received funding. All authors listed have made
a substantial, direct, and intellectual contribution to the work and
approved it for publication.

Funding

The study was supported by National Institutes of Health
through NIGMS (R25-GM056847 to KR), NIDCR (F31-
DE028485 to KR, F30-DE031158 to DC), NIAMS (RO1-
AR077761 to CB, TM, and TD) and the UCSF Academic Senate
Committee on Research to CB and TD. The content is solely the
responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

Acknowledgments

We would like to thank Nick Szeto and Wenhan Chang at
UCSF’s Core Center for Musculoskeletal Biology and& Medicine for
uCT analysis.

References

Alastra, G., Aloe, L., Baldassarro, V. A., Calza, L., Cescatti, M., Duskey, J. T., et al.
(2021). Nerve growth factor biodelivery: A limiting step in moving toward extensive
clinical application? Front. Neurosci. 15, 695592. doi:10.3389/fnins.2021.695592

Ayala, P, Lopez, J. I, and Desai, T. A. (2010). Microtopographical cues in 3D
attenuate fibrotic phenotype and extracellular matrix deposition: Implications for tissue
regeneration. Tissue Eng. Part A 16, 2519-2527. doi:10.1089/ten.tea.2009.0815

Bahney, C. S., Hu, D. P., Miclau, T., and Marcucio, R. S. (2015). The multifaceted role
of the vasculature in endochondral fracture repair. Front. Endocrinol. 6 4, 4. Preprint at
(2015). doi:10.3389/fendo.2015.00004

Bahney, C. S, Hu, D. P, Taylor, A. ], Ferro, F.,, Britz, H. M., Hallgrimsson, B., et al.
(2014). Stem cell-derived endochondral cartilage stimulates bone healing by tissue
transformation. J. Bone Mineral Res. 29, 1269-1282. doi:10.1002/jbmr.2148

Bahney, C. S., Zondervan, R. L., Allison, P., Theologis, A., Ashley, ]. W., Ahn, J., et al.
(2019). Cellular biology of fracture healing. J. Orthop. Res. 37, 35-50. doi:10.1002/jor.
24170

Bocchini, V., and Angeletti, P. U. (1969). The nerve growth factor: Purification as a
30,000-MOLECULAR-WEIGHT protein. Proc. Natl. Acad. Sci. U.S.A. 64, 787-794.
doi:10.1073/pnas.64.2.787

Bonafede, M., Espindle, D., and Bower, A. G. (2013). The direct and indirect costs of
long bone fractures in a working age US population. J. Med. Econ. 16, 169-178. doi:10.
3111/13696998.2012.737391

Bré, L. P, Zheng, Y., Pégo, A. P., and Wang, W. (2013). Taking tissue adhesives to the
future: From traditional synthetic to new biomimetic approaches. Biomater. Sci. 1,
239-253. doi:10.1039/c2bm00121g

Burke, G., Barron, V., Geever, T., Geever, L., Devine, D. M., and Higginbotham, C. L.
(2019). Evaluation of the materials properties, stability and cell response of a range of
PEGDMA hydrogels for tissue engineering applications. J. Mech. Behav. Biomed. Mater.
99, 1-10. doi:10.1016/j.jmbbm.2019.07.003

Champion, J. A., and Mitragotri, S. (2006). Role of target geometry in phagocytosis.
Proc. Natl. Acad. Sci. U. S. A. 103, 4930-4934. doi:10.1073/pnas.0600997103

Champion, J. A., and Mitragotri, S. (2009). Shape induced inhibition of
phagocytosis of polymer particles. Pharm. Res. 26, 244-249. do0i:10.1007/
511095-008-9626-z

Cheng, Z., Li, A, Tu, C. L., Maria, C. S., Szeto, N., Herberger, A., et al. (2020).
Calcium-sensing receptors in chondrocytes and osteoblasts are required for callus
maturation and fracture healing in mice. J. Bone Min. Res. 35, 143-154. doi:10.1002/
jbmr.3864

Chevalier, S., Praloran, V., Smith, C., MacGrogan, D., Ip, N., Yancopoulos, G., et al.
(1994). Expression and functionality of the trkA proto-oncogene product/NGF receptor
in undifferentiated hematopoietic cells. Blood 83, 1479-1485. doi:10.1182/blood.v83.6.
1479.1479

Frontiers in Bioengineering and Biotechnology

14

10.3389/fbioe.2023.1190371

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article,
or claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1190371/
full#supplementary-material

Choi, J. R, Yong, K. W, Choi, J. Y., and Cowie, A. C. (2019). Recent advances in
photo-crosslinkable hydrogels for biomedical applications. BioTechniques 66 40, 40-53.
doi:10.2144/btn-2018-0083

Conovaloff, A. W., Beier, B. L., Irazoqui, P. P., and Panitch, A. (2011). Effects of a
synthetic bioactive peptide on neurite growth and nerve growth factor release in
chondroitin sulfate hydrogels. Biomatter 1, 165-173. doi:10.4161/biom.17849

Covaceuszach, S., Konarev, P., Cassetta, A., Paoletti, F., Svergun, D., Lamba, D., et al.
(2015). The conundrum of the high-affinity NGF binding site formation unveiled?
Biophysical J. 108, 687-697. doi:10.1016/j.bpj.2014.11.3485

Dickson, K. F., Katzman, S., and Paiement, G. (1995). The importance of the blood
supply in the healing of tibial fractures. Contemp. Orthop. 30, 489-493.

Doroudian, G., Pinney, J., Ayala, P., Los, T., Desai, T. A., and Russell, B. (2014).
Sustained delivery of MGF peptide from microrods attracts stem cells and reduces
apoptosis of myocytes. Biomed. Microdevices 16, 705-715. doi:10.1007/s10544-014-
9875-2

D’souza, A. A., and Shegokar, R. (2016). Polyethylene glycol (PEG): A versatile
polymer for pharmaceutical applications. Expert Opin. Drug Deliv. 13, 1257-1275.
doi:10.1080/17425247.2016.1182485

Ekegren, C. L., Edwards, E. R., De Steiger, R., and Gabbe, B. (2018). Incidence,
costs and predictors of non-union, delayed union and mal-union following long
bone fracture. Int. J. Environ. Res. Public Health 15, 2845. doi:10.3390/
ijerph15122845

US Food and Drug Administration Public Health Notification (2008). Life-
threatening complications associated with recombinant human bone morphogenetic
protein in cervical spine fusion. Available at: http://www.tccortho.com/pdf/FDAPublic
%20Health%20Note.pdf.

US Food and Drug Administration Public Health Notification (2004). Safety of safety
and effectiveness. Available at: https://www.accessdata.fda.gov/cdrh_docs/pdf4/
h040004b.pdf.

Haffner-Luntzer, M., Foertsch, S., Fischer, V., Prystaz, K., Tschaffon, M., Médinger,
Y., et al. (2019). Chronic psychosocial stress compromises the immune response and
endochondral ossification during bone fracture healing via p-AR signaling. Proc. Natl.
Acad. Sci. U. S. A. 116, 8615-8622. doi:10.1073/pnas.1819218116

Hoare, T. R., and Kohane, D. S. (2008). Hydrogels in drug delivery: Progress and
challenges. Polymer 49, 1993-2007. doi:10.1016/j.polymer.2008.01.027

Hopkins, W. G., and Slack, J. R. (1984). Effect of nerve growth factor on intramuscular
axons of neonatal mice. Neuroscience 13, 951-956. doi:10.1016/0306-4522(84)90109-X

Hu, D. P, Ferro, F,, Yang, F.,, Taylor, A. ], Chang, W., Miclau, T., et al. (2017).
Cartilage to bone transformation during fracture healing is coordinated by the invading
vasculature and induction of the core pluripotency genes. Development 144, 221-234.
doi:10.1242/dev.130807

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2023.1190371/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1190371/full#supplementary-material
https://doi.org/10.3389/fnins.2021.695592
https://doi.org/10.1089/ten.tea.2009.0815
https://doi.org/10.3389/fendo.2015.00004
https://doi.org/10.1002/jbmr.2148
https://doi.org/10.1002/jor.24170
https://doi.org/10.1002/jor.24170
https://doi.org/10.1073/pnas.64.2.787
https://doi.org/10.3111/13696998.2012.737391
https://doi.org/10.3111/13696998.2012.737391
https://doi.org/10.1039/c2bm00121g
https://doi.org/10.1016/j.jmbbm.2019.07.003
https://doi.org/10.1073/pnas.0600997103
https://doi.org/10.1007/s11095-008-9626-z
https://doi.org/10.1007/s11095-008-9626-z
https://doi.org/10.1002/jbmr.3864
https://doi.org/10.1002/jbmr.3864
https://doi.org/10.1182/blood.v83.6.1479.1479
https://doi.org/10.1182/blood.v83.6.1479.1479
https://doi.org/10.2144/btn-2018-0083
https://doi.org/10.4161/biom.17849
https://doi.org/10.1016/j.bpj.2014.11.3485
https://doi.org/10.1007/s10544-014-9875-z
https://doi.org/10.1007/s10544-014-9875-z
https://doi.org/10.1080/17425247.2016.1182485
https://doi.org/10.3390/ijerph15122845
https://doi.org/10.3390/ijerph15122845
http://www.tccortho.com/pdf/FDAPublic%20Health%20Note.pdf
http://www.tccortho.com/pdf/FDAPublic%20Health%20Note.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf4/h040004b.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf4/h040004b.pdf
https://doi.org/10.1073/pnas.1819218116
https://doi.org/10.1016/j.polymer.2008.01.027
https://doi.org/10.1016/0306-4522(84)90109-X
https://doi.org/10.1242/dev.130807
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1190371

Rivera et al.

James, A. W., LaChaud, G., Shen, J., Asatrian, G., Nguyen, V., Zhang, X, et al. (2016).
A review of the clinical side effects of bone morphogenetic protein-2. Tissue Eng. Part B,
Rev. 22, 284-297. doi:10.1089/ten.teb.2015.0357

Joshi, P., Breaux, S., Naro, J., Wang, Y., Ahmed, M. S. U,, Vig, K,, et al. (2021).
Synthesis and characterization of photopolymerizable hydrogels based on poly
(ethylene glycol) for biomedical applications. J. Appl. Polym. Sci. 138, 50489. doi:10.
1002/app.50489

Kemp, S. W. P., Webb, A. A, Dhaliwal, S., Syed, S., Walsh, S. K., and Midha, R. (2011).
Dose and duration of nerve growth factor (NGF) administration determine the extent of
behavioral recovery following peripheral nerve injury in the rat. Exp. Neurol. 229,
460-470. doi:10.1016/j.expneurol.2011.03.017

Khan, S. N., Cammisa, F. P, Sandhu, H. S., Diwan, A. D., Girardji, F. P., and Lane, J]. M.
(2005). The biology of bone grafting. JAAOS - J. Am. Acad. Orthop. Surg. 13, 77-86.
doi:10.5435/00124635-200501000-00010

Kharbikar, B. N., Zhong, J. X, Cuylear, D. L., Perez, C. A., and Desai, T. A. (2021).
Theranostic biomaterials for tissue engineering. Curr. Opin. Biomed. Eng. 19, 100299.
doi:10.1016/j.cobme.2021.100299

Kostenuik, P., and Mirza, F. M. (2017). Fracture healing physiology and the quest for
therapies for delayed healing and nonunion. J. Orthop. Res. 35, 213-223. doi:10.1002/
jor.23460

Langer, R. (1998). Drug delivery and targeting. Nature 392, 5-10.

Leong, D. S. Z,, Tan, J. G. L, Chin, C. L, Mak, S. Y., Ho, Y. S, and Ng, S. K. (2017).
Evaluation and use of disaccharides as energy source in protein-free mammalian cell
cultures. Sci. Rep. 7, 45216. doi:10.1038/srep45216

Levi-Montalcini, R. (2004). The nerve growth factor and the neuroscience chess
board. Prog. Brain Res. 146, 525-527.

Li, J., and Mooney, D.J. (2016). Designing hydrogels for controlled drug delivery. Nat.
Rev. Mater. 1, 16071. doi:10.1038/natrevmats.2016.71

Li, Z., Meyers, C. A, Chang, L., Lee, S., Li, Z., Tomlinson, R,, et al. (2019). Fracture
repair requires TrkA signaling by skeletal sensory nerves. J. Clin. Investigation 129,
5137-5150. doi:10.1172/jci128428

Luka¢, N., Katavi¢, V., Novak, S., Suéur, A., Filipovi¢, M., Kalajzi¢, 1., et al.
(2020). What do we know about bone morphogenetic proteins and
osteochondroprogenitors in inflammatory conditions? Bonme 137, 115403.
doi:10.1016/j.bone.2020.115403

Ma, L., and Zou, Y. (2013). TF-1 cell proliferation assay method for estimating
bioactivity of nerve growth factor. J. Appl. Virology 2, 32. doi:10.21092/jav.v2i2.5

Malerba, F., Paoletti, F., Bruni Ercole, B., Materazzi, S., Nassini, R., Coppi, E.,
et al. (2015). Functional characterization of human ProNGF and NGF mutants:
Identification of NGF P61SR100E as a “painless” lead investigational candidate for
therapeutic applications. PLoS One 10, €0136425. doi:10.1371/journal.pone.
0136425

Malhan, D., Muelke, M., Rosch, S., Schaefer, A. B., Merboth, E., Weisweiler, D., et al.
(2018). An optimized approach to perform bone histomorphometry. Front. Endocrinol.
9, 666. doi:10.3389/fendo.2018.00666

Marsano, E., Gagliardi, S., Ghioni, F., and Bianchi, E. (2000). Behaviour of gels based
on (hydroxypropyl) cellulose methacrylate. Polymer 41, 7691-7698. doi:10.1016/s0032-
3861(00)00142-7

Marsell, R, and Einhorn, T. A. (2010). Emerging bone healing therapies.
J. Orthop. Trauma 24, S4-S8. doi:10.1097/bot.0b013e3181ca3fab

McKay, W. F., Peckham, S. M., and Badura, J. M. (2007). A comprehensive clinical
review of recombinant human bone morphogenetic protein-2 (INFUSE® Bone Graft).
Int. Orthop. 31, 729-734. doi:10.1007/s00264-007-0418-6

McNamee, C. E, Yamamoto, S, and Higashitani, K. (2007). Effect of the
physicochemical properties of poly(ethylene glycol) brushes on their binding to
cells. Biophysical J. 93, 324-334. doi:10.1529/biophys;j.106.102251

Meenach, S. A., Anderson, K. W., and Hilt, J. Z. (2010). Synthesis and characterization
of thermoresponsive poly(ethylene glycol)-based hydrogels and their magnetic
nanocomposites. J. Polym. Sci. Part A Polym. Chem. 48, 3229-3235. doi:10.1002/
pola.24087

Moncalvo, F., Martinez Espinoza, M. I, and Cellesi, F. (2020). Nanosized delivery
systems for therapeutic proteins: Clinically validated technologies and advanced
development strategies. Front. Bioeng. Biotechnol. 8, 89. doi:10.3389/fbioe.2020.00089

Niewiadomska, G., Mietelska-Porowska, A., and Mazurkiewicz, M. (2011). The
cholinergic system, nerve growth factor and the cytoskeleton. Behav. Brain Res. 221,
515-526. doi:10.1016/j.bbr.2010.02.024

Olabisi, R. M., Lazard, Z. W., Franco, C. L., Hall, M. A., Kwon, S. K., Sevick-Muraca, E.
M., et al. (2010). Hydrogel microsphere encapsulation of a cell-based gene therapy
system increases cell survival of injected cells, transgene expression, and bone volume in
a model of heterotopic ossification. Tissue Eng. Part A 16, 3727-3736. d0i:10.1089/ten.
tea.2010.0234

Paoletti, F., Malerba, F., Kelly, G., Noinville, S., Lamba, D., Cattaneo, A, et al. (2011).
Conformational plasticity of proNGF. PLOS ONE 6, €22615. doi:10.1371/journal.pone.
0022615

Frontiers in Bioengineering and Biotechnology

15

10.3389/fbioe.2023.1190371

Pefia, J. R, Pinney, J. R., Ayala, P, Desai, T. A., and Goldspink, P. H. (2015). Localized
delivery of mechano-growth factor E-domain peptide via polymeric microstructures
improves cardiac function following myocardial infarction. Biomaterials 46, 26-34.
doi:10.1016/j.biomaterials.2014.12.050

Penn-Barwell, J. G., Bennett, P. M., Fries, C. A., Kendrew, ]. M., Midwinter, M. J., and
Rickard, R. F. (2013). Severe open tibial fractures in combat trauma. Bone and Jt. ]. 95-B,
101-105. doi:10.1302/0301-620x.95b1.30580

Peppas, N. A, Hilt, J. Z., Khademhosseini, A., and Langer, R. (2006). Hydrogels in
biology and medicine: From molecular principles to bionanotechnology. Adv. Mater.
18, 1345-1360. doi:10.1002/adma.200501612

Pinney, J. R., Melkus, G., Cerchiari, A., Hawkins, J., and Desai, T. A. (2014). Novel
functionalization of discrete polymeric biomaterial microstructures for applications in
imaging and three-dimensional manipulation. ACS Appl. Mater Interfaces 6,
14477-14485. doi:10.1021/am503778t

Plecko, M., Klein, K., Planzer, K., Wahnert, D., Behm, P., Ferguson, S. J., et al. (2020).
Variable fixation promotes callus formation: An experimental study on transverse tibial
osteotomies stabilized with locking plates. BMC Musculoskelet. Disord. 21, 806. doi:10.
1186/512891-020-03781-6

Raju, R., Bandyopadhyay, S., Sharma, A., Gonzalez, S., Carlsen, P., Gautun, O., et al.
(2018). Synthesis, characterization and drug loading of multiresponsive p[NIPAm-co-
PEGMA] (core)/p[NIPAm-co-AAc] (shell) nanogels with monodisperse size
distributions. Polym. (Basel) 10, 309. doi:10.3390/polym10030309

Recombinant Human B-NGF (2020). Recombinant human (B-NGF. PeproTech
https://www.peprotech.com/recombinant-human-ngf.

Rende, M., Brizi, E., Conner, J., Treves, S., Censier, K., Provenzano, C., et al. (2000).
Nerve growth factor (NGF) influences differentiation and proliferation of myogenic
cells in vitro via TrKA. Int. J. Dev. Neurosci. 18, 869-885. d0i:10.1016/s0736-5748(00)
00041-1

Richbourg, N. R., and Peppas, N. A. (2020). The swollen polymer network hypothesis:
Quantitative models of hydrogel swelling, stiffness, and solute transport. Prog. Polym.
Sci. 105, 101243. doi:10.1016/j.progpolymsci.2020.101243

Rivera, K. O., Russo, F., Boileau, R. M., Tomlinson, R. E., Miclau, T., Marcucio, R. S.,
et al. (2020). Local injections of B-NGF accelerates endochondral fracture repair by
promoting cartilage to bone conversion. Sci. Rep. 10, 22241. doi:10.1038/s41598-020-
78983-y

Roberts, T. T., and Rosenbaum, A. J. (2012). Bone grafts, bone substitutes and
orthobiologics. Organogenesis 8, 114-124. doi:10.4161/0rg.23306

Rot, C,, Stern, T., Blecher, R, Friesem, B., and Zelzer, E. (2014). A mechanical jack-
like mechanism drives spontaneous fracture healing in neonatal mice. Dev. Cell 31,
159-170. doi:10.1016/j.devcel.2014.08.026

Sakiyama-Elbert, S. E., and Hubbell, J. A. (2000). Controlled release of nerve growth
factor from a heparin-containing fibrin-based cell ingrowth matrix. . Control. Release
69, 149-158. doi:10.1016/s0168-3659(00)00296-0

Shinoda, M., Asano, M., Omagari, D., Honda, K., Hitomi, S., Katagiri, A, et al.
(2011). Nerve growth factor contribution via transient receptor potential vanilloid
1 to ectopic orofacial pain. J. Neurosci. 31, 7145-7155. doi:10.1523/JNEUROSCI.
0481-11.2011

Sonnet, C., Simpson, C. L., Olabisi, R. M., Sullivan, K., Lazard, Z., Gugala, Z., et al.
(2013). Rapid healing of femoral defects in rats with low dose sustained
BMP2 expression from PEGDA hydrogel microspheres. J. Orthop. Res. 31,
1597-1604. doi:10.1002/jor.22407

Stillman, Z., Jarai, B. M., Raman, N., Patel, P., and Fromen, C. A. (2020). Degradation
profiles of poly(ethylene glycol)diacrylate (PEGDA)-based hydrogel nanoparticles.
Polym. Chem. 11, 568-580. doi:10.1039/c9py01206k

Stroh, M., Zipfel, W. R., Williams, R. M., Webb, W. W., and Saltzman, W. M. (2003).
Diffusion of nerve growth factor in rat striatum as determined by multiphoton
microscopy. Biophys. J. 85, 581-588. doi:10.1016/s0006-3495(03)74502-0

Stukel, J., Thompson, S., Simon, L., and Willits, R. (2015). Polyethlyene glycol
microgels to deliver bioactive nerve growth factor. J. Biomed. Mater. Res. Part A
103, 604-613. doi:10.1002/jbm.a.35209

Suk, J. S., Xu, Q., Kim, N., Hanes, J., and Ensign, L. M. (2016). PEGylation as a strategy
for improving nanoparticle-based drug and gene delivery. Adv. Drug Deliv. Rev. 99,
28-51. doi:10.1016/j.addr.2015.09.012

Swartzlander, M. D., Barnes, C. A., Blakney, A. K, Kaar, J. L., Kyriakides, T. R., and
Bryant, S.J. (2015). Linking the foreign body response and protein adsorption to PEG-
based hydrogels using proteomics. Biomaterials 41, 26-36. doi:10.1016/j.biomaterials.
2014.11.026

Tomlinson, R. E., Li, Z., Li, Z., Minichiello, L., Riddle, R. C., Venkatesan, A., et al.
(2017). NGF-TrkA signaling in sensory nerves is required for skeletal adaptation to
mechanical loads in mice. Proc. Natl. Acad. Sci. U. S. A. 114, E3632-E3641. d0i:10.1073/
pnas.1701054114

Tomlinson, R. E., Li, Z., Zhang, Q., Goh, B., Li, Z., Thorek, D., et al. (2016). NGF-TrkA
signaling by sensory nerves coordinates the vascularization and ossification of
developing endochondral bone. Cell Rep. 16, 2723-2735. doi:10.1016/j.celrep.2016.
08.002

frontiersin.org


https://doi.org/10.1089/ten.teb.2015.0357
https://doi.org/10.1002/app.50489
https://doi.org/10.1002/app.50489
https://doi.org/10.1016/j.expneurol.2011.03.017
https://doi.org/10.5435/00124635-200501000-00010
https://doi.org/10.1016/j.cobme.2021.100299
https://doi.org/10.1002/jor.23460
https://doi.org/10.1002/jor.23460
https://doi.org/10.1038/srep45216
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1172/jci128428
https://doi.org/10.1016/j.bone.2020.115403
https://doi.org/10.21092/jav.v2i2.5
https://doi.org/10.1371/journal.pone.0136425
https://doi.org/10.1371/journal.pone.0136425
https://doi.org/10.3389/fendo.2018.00666
https://doi.org/10.1016/s0032-3861(00)00142-7
https://doi.org/10.1016/s0032-3861(00)00142-7
https://doi.org/10.1097/bot.0b013e3181ca3fab
https://doi.org/10.1007/s00264-007-0418-6
https://doi.org/10.1529/biophysj.106.102251
https://doi.org/10.1002/pola.24087
https://doi.org/10.1002/pola.24087
https://doi.org/10.3389/fbioe.2020.00089
https://doi.org/10.1016/j.bbr.2010.02.024
https://doi.org/10.1089/ten.tea.2010.0234
https://doi.org/10.1089/ten.tea.2010.0234
https://doi.org/10.1371/journal.pone.0022615
https://doi.org/10.1371/journal.pone.0022615
https://doi.org/10.1016/j.biomaterials.2014.12.050
https://doi.org/10.1302/0301-620x.95b1.30580
https://doi.org/10.1002/adma.200501612
https://doi.org/10.1021/am503778t
https://doi.org/10.1186/s12891-020-03781-6
https://doi.org/10.1186/s12891-020-03781-6
https://doi.org/10.3390/polym10030309
https://www.peprotech.com/recombinant-human-ngf
https://doi.org/10.1016/s0736-5748(00)00041-1
https://doi.org/10.1016/s0736-5748(00)00041-1
https://doi.org/10.1016/j.progpolymsci.2020.101243
https://doi.org/10.1038/s41598-020-78983-y
https://doi.org/10.1038/s41598-020-78983-y
https://doi.org/10.4161/org.23306
https://doi.org/10.1016/j.devcel.2014.08.026
https://doi.org/10.1016/s0168-3659(00)00296-0
https://doi.org/10.1523/JNEUROSCI.0481-11.2011
https://doi.org/10.1523/JNEUROSCI.0481-11.2011
https://doi.org/10.1002/jor.22407
https://doi.org/10.1039/c9py01206k
https://doi.org/10.1016/s0006-3495(03)74502-0
https://doi.org/10.1002/jbm.a.35209
https://doi.org/10.1016/j.addr.2015.09.012
https://doi.org/10.1016/j.biomaterials.2014.11.026
https://doi.org/10.1016/j.biomaterials.2014.11.026
https://doi.org/10.1073/pnas.1701054114
https://doi.org/10.1073/pnas.1701054114
https://doi.org/10.1016/j.celrep.2016.08.002
https://doi.org/10.1016/j.celrep.2016.08.002
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1190371

Rivera et al.

Wang, Y., Newman, M. R, and Benoit, D. S. W. (2018). Development of controlled
drug delivery systems for bone fracture-targeted therapeutic delivery: A review. Eur.
J. Pharm. Biopharm. 127, 223-236. doi:10.1016/j.ejpb.2018.02.023

Wiesmann, C., Ultsch, M. H., Bass, S. H., and de Vos, A. M. (1999). Crystal structure
of nerve growth factor in complex with the ligand-binding domain of the TrkA receptor.
Nature 401, 184-188. doi:10.1038/43705

Wong, S. A, Rivera, K. O., Miclau, T., Alsberg, E., Marcucio, R. S., and Bahney, C. S.
(2018). Microenvironmental regulation of chondrocyte plasticity in endochondral
repair—a new frontier for developmental engineering. Front. Bioeng. Biotechnol. 6,
58. Preprint at (2018). doi:10.3389/fbioe.2018.00058

Frontiers in Bioengineering and Biotechnology

16

10.3389/fbioe.2023.1190371

Wu, A.-M,, Bisignano, C., James, S. L., Abady, G. G., Abedi, A., Abu-Gharbieh, E.,
et al. (2021). Global, regional, and national burden of bone fractures in 204 countries
and territories, 1990-2019: A systematic analysis from the global burden of disease
study 2019. Lancet Healthy Longev. 2, €580-¢592. doi:10.1016/s2666-7568(21)00172-0

Wu, J., Zhao, C., Lin, W., Hu, R, Wang, Q., Chen, H,, et al. (2014). Binding
characteristics between polyethylene glycol (PEG) and proteins in aqueous solution.
J. Mat. Chem. B 2, 2983-2992. doi:10.1039/c4tb00253a

Yao, G., Kang, L, Li, C,, Chen, S., Wang, Q,, Yang, ], et al. (2021). A self-powered
implantable and bioresorbable electrostimulation device for biofeedback bone fracture
healing. Proc. Natl. Acad. Sci. 118, €2100772118. doi:10.1073/pnas.2100772118

frontiersin.org


https://doi.org/10.1016/j.ejpb.2018.02.023
https://doi.org/10.1038/43705
https://doi.org/10.3389/fbioe.2018.00058
https://doi.org/10.1016/s2666-7568(21)00172-0
https://doi.org/10.1039/c4tb00253a
https://doi.org/10.1073/pnas.2100772118
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1190371

	Encapsulation of β-NGF in injectable microrods for localized delivery accelerates endochondral fracture repair
	Introduction
	Methods
	PEGDMA microrod fabrication
	β-NGF elution from PEGDMA microrods
	PEGDMA microrod mesh size calculation
	β-NGF and PEGDMA microrod physiochemical interactions
	Attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR)
	Erythroblast (TF-1) cell number and viability
	Murine tibial fracture with localized drug delivery
	Micro-computed tomography (μCT)
	Histology and histomorphometry
	Statistical analysis

	Results
	Injectable PEGDMA microrod fabrication via photolithography
	PEGDMA microrod macromer concentration influences protein retention
	β-NGF bioactivity retention and elevated cell number after treatment with PEGMDA microrods
	β-NGF loaded PEGDMA microrods promote endochondral bone formation
	β-NGF loaded PEGDMA microrods reduce cartilaginous tissue volume in the fracture callus

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


