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Abstract

Transplantation of cells, such as mesenchymal stem cells (MSCs), has humerous applications in
the field of regenerative medicine. For cell transplantation strategies to be successful
therapeutically, cellular localization and persistence must be controlled to maximize cell-mediated
contributions to healing. Herein, we demonstrate that hydrolytic degradation of poly(ethylene
glycol) (PEG) hydrogels can be used to spatiotemporally control encapsulated MSC localization to
decellularized bone allografts both in vitro and in vivo. By altering the number of hydrolytically
degradable lactide repeat units within PEG-d,I-lactide-methacrylate macromers, a series of
hydrogels were synthesized that degraded over ~ 1, 2, and 3 weeks. MSCs were encapsulated
within these hydrogels formed around decellularized bone allografts, and non-invasive,
longitudinal fluorescence imaging was used to track cell persistence both in vitro and in vivo.
Spatiotemporal localization of MSCs to the exterior of bone allograft surfaces was similar to in
vitro hydrogel degradation Kinetics despite hydrogel mesh sizes being ~ 2—3 orders of magnitude
smaller than MSC size throughout the degradation process. Thus, localized, cell-mediated
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degradation and MSC migration from the hydrogels is suspected particularly as ~ 10 % of the total
transplanted MSC population was shown to persist in close proximity (within ~ 650 um) to grafts
7 weeks after complete hydrogel degradation. This work demonstrates the therapeutic utility of
PEG-based hydrogels for controlling spatiotemporal cell transplantation for a myriad of
regenerative medicine strategies.
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cell transplantation; mesenchymal stem cells; hydrogels; tissue engineering; bone allografts;
periosteum; poly(ethylene glycol); cell persistence

1. Introduction

The ability to transplant, track, and quantify therapeutic cells has utility in regenerative
medicine applications. Controlling cell spatial and temporal persistence facilitates the
development of tissue engineered constructs that mimics natural healing processes, and
maximizes therapeutic effects of transplanted cells (1-3). By using hydrogels with mesh
sizes that constrains cell migration from hydrogels, the use of degradable versus non-
degradable hydrogels also allows investigation of the role of transplanted cells in tissue
healing, e.g., through direct tissue integration or paracrine mediated effects (1, 4).
Additionally, non-invasive fluorescence imaging techniques provide valuable information
quantifying transplanted cell persistence and localization in vivo.

Cell transplantation has been shown to provide therapeutic benefits in a number of disease/
injury models, such as post-myocardial infarction cardiac tissue, arthritis, and critical sized
bone defects (5-7). As therapeutic improvements, such as improved ischemic limb
perfusion, have been observed even when cell engraftment is low, cells are thought to
participate in tissue healing at least partly by paracrine mechanisms (8). However, delivery
of cells via simple injection results in rapid reduction in transplanted cell numbers,
presumably through migration and cell death (9), motivating the development of a
biomaterial-based delivery system to enhance cell localization and therapeutic efficacy (10).

Numerous synthetic and naturally-derived biomaterials have been used for cell
transplantation (11). Christman et al. demonstrated that injection of skeletal myoblasts
within a fibrin gel into infarcted myocardium improves cell survival, decreases infarct scar
size and increases arteriole density as compared to cell- and fibrin-only controls (11).
Cartilage defects treated with chondrocytes seeded on a collagen matrices to augment
microfracture had the greatest effect on tissue repair, compared to treatment with
microfracture alone or microfracture combined with cell-free matrices (12). Despite these
and other successes, natural materials suffer from significant batch-to-batch variability, non-
uniform cell seeding, and poorly controlled mechanical properties and degradation profiles
(13, 14). Alternatively, synthetic materials allow for very precise control over material
properties such as stiffness and degradation (13). However, seeding transplantation with
glassy polymeric scaffolds such as poly(lactide-co-glycolide) (PLG) suffers from low and
irreproducible cell seeding (15). For example, Ouyang et al. found it necessary to use fibrin
glue to facilitate cell seeding onto an electrospun PLG scaffold for tendon repair (15).
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Additionally, scaffolds similar to PLG often suffer from mismatches in material properties
leading to difficulties in integrating scaffold and host tissues (16, 17).

In contrast, hydrogels composed of poly(ethylene glycol) (PEG) are highly hydrated,
mimicking the native extracellular matrix and can be formed using cytocompatible
crosslinking methods for encapsulation of numerous cell types (4, 18-21). In addition, PEG
hydrogels have highly tunable mechanical properties. While unable to achieve stiffnesses as
high as bone tissue, simple modifications to macromer molecular weight or weight
percentages within pre-polymerized solutions of PEG hydrogels have been used to alter
hydrogel stiffness over two orders of magnitude (~ 3-170 kPa) (22). A variety of
chemistries have been used to form PEG hydrogels, including step-growth reactions of thiol-
vinyl sulfone (23) and thiol-ene (24) functionalized macromers, as well as chain-growth
reactions using (meth)acrylates (3, 22). PEG hydrogels are not degradable over time scales
relevant for most tissue regenerative approaches. However, they can be designed to be either
enzymatically (23) or hydrolytically (24) degradable (7). Degradation via enzymatic
mechanisms is achieved via incorporation of peptide substrates into the PEG crosslinker
(25-27) or by using peptide substrates directly as crosslinkers (23, 28, 29).

Recently, it has been demonstrated that hydrolytically degradable PEG hydrogels can be
formed from acrylate-functionalized poly(B-amino ester)s (PBAES). Altering the specific
PEG and amine used in the condensation reaction used to form the PBAE macromers
controls hydrogel degradation rate, but the variations in chemical structure makes predicting
the resulting degradation rate difficult (30, 31). Alternately, PEG can be modified with d,I-
lactide, glycolide, or e-caprolactone functionalities to form tri-block copolymers to achieve
hydrolytic degradation of hydrogels formed from these macromers (32). By altering the
number or chemical structure of degradable bonds within the PEG-based macromers, control
over hydrogel degradation rate can be achieved (3, 32), offering a way to control the
spatiotemporal persistence of transplanted cells. Recently, Qui et al. demonstrated that PEG
hydrogel degradation is inversely related to MSC integration within an in vitro model of
tendinopathy (33). Tendons treated with MSC-laden hydrogels that degraded within 5 days
were shown to have a 2.7-fold increase in MSC integration into tissue as compared to
tendons treated with hydrogels that degraded over 10 days (33).

While cell transplantation via biomaterials may provide a means to develop therapeutic cell
delivery strategies, tracking delivered cell populations in vivo is vital for assessing the
success of this approach. Furthermore, being able to relate temporal cellular localization to
tissue healing and repair is fundamental in understanding how a delivered cell population
contributes to regeneration. Towards tracking transplanted cells in vivo, a variety of
detection methods have previously been utilized. Histological sectioning of target tissues is
the most common and can provide highly specific information about the location,
distribution, and fate of transplanted cells. However, these methods require specimen
destruction and do not facilitate longitudinal tracking of cells within the same experimental
model (34).

In contrast to histological approaches, recent strategies utilizing magnetic resonance imaging
(MRI) or radiolabeling techniques have enabled longitudinal tracking of transplanted cells.
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While MRI approaches provide non-invasive tracking of small numbers of cells with high
specificity and resolution and low risk, imaging is slow and can be complicated by
background noise from the host (35). In contrast to MRI, tracking radiolabeled cells allows
for significantly increased sensitivity as a result of decreased background noise from the
host (35, 36). However, the relatively short half-life of radioisotopes and the dilution of
exogenous MRI and radio- labeling agents by cell division or exocytosis prevents long-term
cell tracking (35, 36).

Unlike MRI and radiolabeling, optical based methods using fluorescent and bioluminescent
reporters, such as the fluorescently-based optical cell tracking method exploited herein, have
been shown to be significantly more stable and reliable longitudinally (7, 35). While optical
techniques have limited spatial resolution due to absorption and scattering of light within
host tissue, these methods avoid the use of ionizing radiation and often exhibit minimal
background signal from the host (35, 37). Furthermore, the use of cells genetically modified
to express fluorescent or bioluminescent proteins such as green fluorescent protein (GFP) or
luciferase reduces toxicity concerns associated with the use of nanoparticle labeling agents
such as quantum dots (35, 38, 39). While GFP has been shown to be toxic to some cell types
(NIH3T3, HepG2) (40), this appears to be a cell-specific response, with other cell types
(MSC) being largely unaffected by GFP expression (41). Therefore, tracking methods based
on fluorescent/bioluminescent marker expression should be carefully considered for the
desired therapeutic cell population. As the cell type utilized in this work (MSCs) are largely
unaffected by GFP expression (41), and longitudinal cell tracking in vivo over ~ 1 month
was desired, fluorescently-based optical tracking of GFP* MSCs was the methodology
selected.

To date, extensive research has been performed characterizing biomaterials-based cell
delivery strategies for tissue regeneration. In addition, numerous cell-tracking
methodologies have been developed to monitor transplanted cell localization in vivo.
However, a focused study examining how biomaterials, in particular hydrogels, can be
utilized to spatiotemporally control transplanted cells has not been reported. Therefore, in
this study, we investigated hydrogel-mediated transplantation of mesenchymal stem cells
(MSCs) to bone allografts in an effort to emulate the periosteum, a highly cellularized tissue
adjacent to bone that is crucial for healing (7, 42). Utilizing a murine segmental femoral
defect model, we investigated how the degradation rate of PEG hydrogels can be altered to
spatiotemporally control transplanted MSCs at the allograft surface (Fig. 1). We have
previously demonstrated that this tissue engineered (T.E.) periosteum resulted in improved
graft vascularization, endochondral bone formation, and biomechanical strength over
allograft-only controls (7). While demonstrating the therapeutic relevance of the T.E.
periosteum in improving allograft integration and healing, this previous work investigated
only a single PEG hydrogel degradation rate to control MSC localization.

The work herein explores an approach to reproducibly deliver therapeutic cells over well-
defined timeframes, and to subsequently track their spatial localization longitudinally. We
demonstrate that cellular persistence is significantly enhanced through the use of
hydrolytically degradable PEG d,l-lactide macromers. Hydrogels increased the efficiency of
cell delivery within the target region ~ 100-fold over direct injection methods, with

Acta Biomater. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hoffman et al.

Page 5

persistence of cells controlled by the rate of hydrogel degradation. While this approach
utilizes a T.E. periosteum model to transplant MSCs, the delivery system and tracking
method could be adapted for use in a variety of biomaterials-based cell delivery strategies
aimed at enhancing tissue regeneration, as well as for investigating the role transplanted
cells play in the healing process.

2. Materials and Methods

All materials were purchased from Sigma-Aldrich unless otherwise specified.

2.1 Synthesis of Poly(ethylene glycol) (PEG) Macromolecular Monomers (Macromers)

Hydrolytically Degradable PEG Macromers—Degradable PEG-based tri-block
copolymers [methacrylate-poly(lactide)-b-PEG-b-poly(lactide)-methacrylate]
(PEGPLADM, Fig. 1), were synthesized as previously described by functionalizing linear
PEG (Alfa Aesar, MW 10 kDa, n=227) with d,I-lactide and performing microwave-assisted
methacrylation (22, 32, 43, 44). Briefly, linear PEG (Alfa Aesar, MW 10 kDa, n=227) was
reacted with d,I-lactide at molar ratios of 1:2, 1:6, and 1:8 (PEG:d,|-lactide). 1H-NMR was
used to determine the number of lactide repeats per macromer (-CH,CH>O- (PEG), 908H,
3.2-3.8 ppm, multiplet; -OCH(CH3)COO-, 4H/PLA repeat, 5.2-5.3 ppm, multiplet; -
OCH(CH3)COO-, 12H/PLA repeat, 1.4-1.6 ppm, multiplet). PEGPLA NMR analysis
revealed m ~ 1 (PEGPLA;; 1:2), ~ 3 (PEGPLAg; 1:6), and ~ 4 (PEGPLA; 1:8) (Bruker
Avance 400 MHz, CDCIl3). Subsequent methacrylation of PEG (non-degradable control),
PEGPLA; PEGPLA3 and PEGPLA, was performed as previously described to generate
PEGPLA;DM, PEGPLA3DM, and PEGPLA4DM, respectively (22, 44). 1H-NMR was used
to determine the number of methacrylate functional groups per PEG macromer
(CH>=C(CH3)-, 4H/macromer, 5.6 and 6.3 ppm, singlets; CH,=C(CHs)-, 6H/macromer, 1.9
ppm, singlet) and the percent methacrylation was determined to be >95%.

Synthesis of Acrylate-PEG-RGDS—The fibronectin-mimetic cell adhesive peptide
sequence Arg-Gly-Asp-Ser (RGDS; 433 Da, EMD Chemicals, San Diego CA) was coupled
to acrylate-PEG-N-Hydroxysuccinimide (MW 3500 Da, Jenkem Technology, Beijing
China) through the amino terminus, as previously described, allowing it to be tethered into
hydrogels via copolymerization with PEGPLA,,DM (43). The product (Ac-PEG-RGDS,
Fig. 1) was dialyzed against deionized water (molecular weight cutoff = 1000 Da, Spectrum
Labs, Rancho Dominguez CA), lyophilized, analyzed via matrix-assisted laser desorption/
ionization-time of flight mass spectrometry (Fig. S1, MALDI-TOF, Bruker AutoFlex IlI
SmartBeam) (solvent: 50% acetonitrile in H,O + 0.1% TFA; matrix: a-cyano-4-hydroxy
cinnamic acid (TCI Europe); calibrant: Peptide Calibration Standard (Bruker)) (m/z+ CI~,
3854 Da), and stored at 4 °C.

2.2 Hydrogel Polymerization and Characterization

Hydrogels (40 ul, ~ 2 mm height, ~ 5 mm diameter) consisting of 10 wt% PEGDM or
PEGPLA,,DM with 0.05 wt% lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
(45) as a photoinitiator were formed in 1 ml syringe molds via photopolymerization using
long-wavelength 365 nm light (~ 5 mW/cm? intensity) for 10 min. Hydrogels were degraded
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in growth medium at 37 °C and were removed from media periodically to assess
compressive modulus (MTS QT/5, 5 N load cell). A previously-described model was used to
describe the degradation behavior of the hydrogels, accounting for both structural and
kinetic parameters (3). As described, the compressive modulus (K) is proportional to the
network crosslinking density, which decreases exponentially during hydrolytic degradation.
Due to the highly swollen nature of the hydrogel networks, the rate of hydrolysis follows
pseudo first-order rate kinetics. This relationship can be described by Eq. 1, where the
kinetic time constant, K/, is a model parameter, and t is degradation time (3).

’
K o ekt Equation 1

2.3 Cell Culture

Mouse mesenchymal stem cells (MMSCs) expressing green fluorescent protein (GFP*
mMSCs) isolated from GFP transgenic mice (C57BL/6-Tg(UBC-GFP)30Scha/J) were
obtained from the mesenchymal stem cell distribution center at Texas A&M (passage 6)
(46). GFP™ mMSCs were grown at 37 °C and 5% CO; in growth media consisting of
Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco) supplemented with 10% fetal
bovine serum, 10% horse serum (Atlanta Biologicals, Lawrenceville, GA, USA), 100
units/ml penicillin (Lonza), 100 ug/ml streptomycin (Lonza), and 0.25 pg/ml amphotericin B
(Lonza). GFP* mMSCs were used prior to passage 10. 2.4 Bone Graft Preparation and
Transplantation

Mouse Strains—Female 6-8 week old C57BL/6 mice were purchased from Taconic
(Hudson, NYY). Allogeneic bone grafts for implantation into C57BL/6 mice were obtained
from freshly euthanized, age-matched wild-type BALB/c mice.

Photoencapsulation of GFP* mMSCs in PEG Hydrogels Around Decellularized
Allografts to Form a T. E. Periosteum—Allografts (5 mm in length) were collected
from the mid-diaphysis of BALB/c mice, scraped to physically remove periosteal tissue,
flushed repeatedly with phosphate buffered saline (PBS) to remove marrow, sterilized with
70% ethanol, rinsed in PBS to remove residual ethanol, and flash frozen at —80 °C for at
least 1 week prior to encapsulation and transplantation. A 10 wt% solution of PEGDM or
PEGPLA,DM was prepared in PBS with 2 mM acrylate-PEG-RGDS to maintain MSC
viability through integrin interactions (47-49). The photoinitiator LAP was added at a final
concentration of 0.05 wt%. Trypsinized MSCs were added to the PEG macromer solution to
achieve a final concentration of 25 million cells/mL. As previously described (7, 42), a
custom mold was used to form T.E. periosteum modified allografts (Fig. 1). Briefly, 20 uL
of PEG/cell solution was pipetted into cylindrical molds containing allografts and exposed
to long-wavelength 365 nm light (5 m\W/cm?2) for 10 min at room temperature to form
uniform PEG/cell hydrogel coatings with >95% cell viability (18, 47).

Murine Segmental Femoral Graft Model—In vivo localization of transplanted MSCs
to bone grafts was assessed using a previously established murine segmental femoral graft
model (7, 14, 42, 50, 51). Briefly, 6-8 week old C57BL/6 mice were anesthetized using a
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combination of ketamine and xylazine (60 mg/kg and 4 mg/kg, respectively) administered
via intraperitoneal injections. An 8 mm long incision was made, and blunt dissection of
muscle was used to expose the mid-shaft femur. A 5 mm mid-diaphyseal segment was
removed from the femur using a Dremel with a diamond blade attachment. A5 mm T.E.
periosteum modified allograft was transplanted into the femur defect and stabilized using a
22-gauge intramedullary pin. All animal surgery procedures were performed under protocols
approved by the University of Rochester’s University Committee of Animal Resources
(UCAR).

2.5 Tracking MSC Localization and Persistence via IVIS Fluorescence Imaging

Longitudinal In Vitro Tracking of T.E Periosteum Transplanted MSCs—Tracking
of invitro transplanted MSCs localized to allograft surfaces was performed using a IVIS
florescence imaging system (Xenogen 1VIS-200 Optical In Vivo Imaging System, Caliper
Life Sciences Inc, Hopkinton, MA). T.E. periosteum modified allografts containing GFP*
mMSCs were cultured in 24-well tissue culture plates and periodically assessed using IVIS
fluorescent imaging (Fig. 1). T.E. periosteum modified allografts containing GFP~ mMSCs
were utilized as negative controls (Fig. S2). MSC localization was quantified using
fluorescent intensity (relative fluorescent units; RFU) and reported as localized cell number
based on a RFU standard curve.

Longitudinal In Vivo Tracking of Tissue Engineered Periosteum Transplanted
MSCs—As previously described for in vitro analysis, in vivo transplanted MSC localization
to allograft surfaces was longitudinally tracked using an IVIS florescence imaging system.
T.E. periosteum modified allografts containing GFP* mMSCs were transplanted into a
murine segmental femoral graft model (Fig. 1). Periodically, mice were anesthetized using a
combination of ketamine and xylazine (60 mg/kg and 4 mg/kg, respectively) administered
via intraperitoneal injection and MSC localization was assessed using VIS fluorescent
imaging. As in the in vitro localization study, T.E. periosteum modified allografts containing
GFP™ mMSCs were utilized as negative controls (Fig. S3), and normalized MSC
localization was reported as localized cell number.

2.6 Histological Assessment of Transplanted MSC Localization

Following T.E. periosteum modified allograft transplantation, mice were perfusion-fixed
with 4% paraformaldehyde (PFA), as previously described (7, 52). Following tissue fixation,
T.E. periosteum modified allografts were harvested and decalcified in 14%
ethylenediaminetetraacetic acid (EDTA) overnight. Samples were then incubated for 24
hours each in 10%, 20%, and 30% solutions of sucrose in phosphate buffered saline (PBS),
and embedded in optimal cutting temperature compound (Tissue-Tek OCT Compound;
Sakura Finetek; Torrance, CA) (53). Sections (5 um) were cut using the CryoJane Tape
Transfer System (Leica Biosystems; Buffalo Grove, IL) on a Shandon Crytome FE (Thermo
Scientific; Waltham, MA) and stored at =80 °C (53). Immediately prior to imaging, sections
were stained with hematoxylin (blue, basophilic cytoplasm/nuclei). Subsequently,
fluorescence microscopy was utilized to qualitatively assess transplanted GFP* mMSC
localization. Histological sections (at least three per sample) were imaged and the humber of
GFP* cells persisting at the graft/muscle interface was manually counted. This value was
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then extrapolated to account for the circumferential annular volume surrounding the graft,
making the assumption that the persisting cells were uniformly present around the entire
graft.

2.7 Statistical Analysis

Data is presented as mean + standard deviation with at least five replicates for each data
point. Statistics were assessed with GraphPad Prism 5.04 Software using either a two-way
ANOVA with Bonferroni post-hoc analysis (Table 1, Fig. 4), or unpaired Student’s t-tests
(Fig. 3 & 6). A p-value of a<0.05 was considered significant.

3. Results

3.1 In Vitro Hydrogel-Mediated MSC Transplantation to Decellularized Allografts

To facilitate MSC transplantation and localization to allograft surfaces, hydrolytically
degradable PEG hydrogels were synthesized (54). A series of PEG macromers were
synthesized with 0 to ~ 4 lactide repeats flanking the PEG macromer. These macromers
were subsequently used to encapsulate GFP* mMSCs within hydrogels, forming an annulus
around decellularized allografts, as previously described (7, 42), to form tissue engineered
(T.E.) periosteum modified allografts. Modified allografts were cultured in vitro and
noninvasive fluorescent imaging was used to monitor and quantify GFP* mMSC
localization to the allograft surface (Fig. 2). In parallel, in vitro hydrogel degradation
kinetics were quantified via compressive modulus. Hydrogel degradation behavior, as well
as MSC localization to the allograft surface, was fit to a model of negative exponential
decay and their respective kinetic time constants (k') calculated and compared.

Hydrogel-mediated MSC transplantation (PEGDM, PEGPLA1DM, PEGPLA3DM, or
PEGPLA4DM) prolonged in vitro MSC localization to allograft surfaces significantly longer
than allografts directly seeded with GFP* mMSC, where cells persisted for only ~ 3 days
(Fig. 2). Quantification of in vitro GFP™ mMSC fluorescent signal intensity revealed that
modified allografts comprised of non-degradable PEGDM hydrogels sustained MSC
localization over greater than 25 days with little day-to-day variability (Fig. 3A). In addition,
fitting PEGDM localized GFP* mMSC fluorescent signal intensity to a model of
exponential decay resulted in a kinetic time constant of nearly zero (~ 0.02 days™; Fig. 3A,
black solid line and Table 1). A statistically equivalent kinetic time constant was obtained
for in vitro PEGDM hydrogel degradation kinetics (Fig. 3A, gray dashed line and Table 1).
In both cases these time constants indicate nearly undetectable rates of degradation,
indicating that PEGDM hydrogels are essentially non-degradable over the time periods
investigated.

In agreement with predicted degradation behaviors (32), incorporation of lactide groups and
associated ester bonds into PEGDM macromers rendered hydrogels hydrolytically
degradable. Transplantation of MSCs encapsulated within degradable hydrogels comprised
of PEGPLA;DM macromers exhibited MSC localization over ~ 21 days (Fig. 3B), where
cell numbers decreased with a kinetic time constant of ~ 0.11 days™ based on localized
GFP* mMSC fluorescent signal intensity (Fig. 3B, black solid line and Table 1). Similarly, a
statistically equivalent kinetic time constant of ~ 0.10 days™! was obtained for in vitro
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PEGPLA;DM hydrogel degradation kinetics (Fig. 3B, gray dashed line and Table 1).
Similarly, cell-laden hydrogel modified allografts comprised of PEGPLA3DM hydrogels
exhibited temporal MSC localization over ~ 14 days (Fig. 3C), and resulted in kinetic time
constants of ~ 0.17 days~2 for localized GFP* mMSC fluorescent signal intensities (Fig. 3C,
black solid line and Table 1), and statistically equivalent Kinetic time constants of ~ 0.15
days™1 for in vitro PEGPLA3DM hydrogel degradation kinetics (Fig. 3C, gray dashed line
and Table 1). PEGPLA4DM hydrogels exhibited temporal MSC localization over ~ 7 days,
and GFP* mMSC fluorescent signal intensities and hydrogel degradation kinetics again gave
statistically equivalent kinetic time constants of ~ 0.28 and ~ 0.24 days™! (Fig. 3D, black
solid line and gray dashed line and Table 1), respectively.

Hydrogel mesh size over time was calculated from compressive modulus using previously
described methods (3, 13). Initially, all hydrogels exhibited comparable mesh sizes (14.4-
16.3 nm) (Fig. 4). In addition, hydrogel mesh sizes were shown to increase with time as the
number of lactide repeats within macromers increased. Networks comprised of non-
degradable PEGDM macromers exhibited an insignificant 1.2-fold increase in mesh size
from day 0 (14.4 nm) to day 25 (17.4 nm) (Fig. 4). In contrast, hydrogels comprised of
PEGPLA;DM macromers exhibited a 40.2-fold increase in mesh size from day 0 (15.4 nm)
to day 25 (618.7 nm) (Fig. 4). Similarly, PEGPLA3DM hydrogels exhibited a 6.3-fold
increase in mesh size from day 0 (14.9 nm) to day 15 (94.6 nm), and underwent reverse
gelation following day 15 (Fig. 4). Finally, PEGPLA4DM hydrogels exhibited a 6.7-fold
increase in mesh size from day 0 (16.3 nm) to day 6 (109.8 nm), undergoing reverse gelation
following day 6 (Fig. 4).

3.2 In Vivo Hydrogel-Mediated MSC Transplantation to Decellularized Allografts

Having established that degradation of PEG macromers can be modified to alter the
temporal localization of MSCs at allograft surfaces in vitro, we sought to further investigate
this phenomenon in vivo. In an effort to emulate the ~ 10-14 day periosteal stem cell
persistence observed in autograft healing, MSC-laden hydrogels were formed around
allografts using PEGPLA4DM and PEGPLA3DM macromers, as these formulations were
shown to exhibit in vitro degradation within ~ 8 and ~ 14 days respectively (Fig. 3C-D), and
tested within a murine segmental femoral graft model (7, 14, 50, 51). To fall within this time
range for cell delivery and to reduce the number of animals used in the studies, the
PEGPLADM was omitted from in vivo testing. In addition, non-degradable PEGDM was
also omitted from in vivo testing due to its potential to restrict host tissue ingrowth and
thereby reduce the therapeutic efficacy of the approach (55). Following allograft
implantation, mice were periodically anesthetized and IVIS fluorescent imaging was used to
monitor in vivo GFPT mMSC localization to the allograft surface (Fig. 5). In vivo MSC
localization to allograft surfaces mediated by hydrogels were again fit to a model of negative
exponential decay and kinetic time constants were calculated and compared to respective in
vitro hydrogel degradation Kinetics.

Similar to the in vitro data, in vivo MSC localization to allograft surfaces was controlled by
hydrogel degradation behavior (Fig. 5). Specifically, allografts modified with PEGPLA3;DM
hydrogels provided MSC localization over ~ 14 days (Fig. 6A), with a Kinetic time constant
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of ~ 0.18 days~! via localized GFP* mMSC fluorescent signal intensity (Fig. 6A, black solid
line and Table 1). This time constant is statistically equivalent to the kinetic time constant of
~ 0.15 days~? obtained for in vitro PEGPLA3DM hydrogel degradation kinetics (Fig. 3C
and 6A, gray dashed line and Table 1). Similarly, MSCs transplanted with PEGPLA,DM
hydrogels provided MSC localization over ~ 7 days (Fig. 6B), with a kinetic time constant
of ~ 0.29 days~1 (Fig. 6B, black solid line and Table 1). As was the case for PEGPLA3DM
hydrogel degradation kinetics, a statistically equivalent kinetic time constant of ~ 0.24
days~1 was obtained for in vitro PEGPLA,DM hydrogel degradation kinetics (Fig. 6B, gray
dashed line and Table 1). It should also be noted that in vivo hydrogel-mediated MSC
transplantation (PEGPLA3DM or PEGPLA4DM) significantly prolonged cell localization to
the allograft surface as compared to direct seeding approaches which resulted in ~ 1 day cell
persistence. Short cell persistence is attributed to cellular migration away from the graft as
well as muscle forces shearing the directly seeded cells from the graft surface (Fig. 5).

Histological analysis of both PEGPLA3;DM and PEGPLA4DM hydrogels 9 weeks after
implantation identified GFP* mMSCs remaining in the bone/muscle interface adjacent to the
graft and infiltrating into the surrounding muscle (Fig. 7). The number of GFP* mMSCs
remaining within ~ 650 um of the allograft surface was manually quantified, and revealed
that ~ 50,000 MSCs (~ 10% of the original transplanted population) remain localized. This
is in contrast to the results from fluorescent imaging, where the GFP* signal drops to
undetectable levels 2 weeks after transplantation (Fig. 6A). Furthermore, PEGPLA3DM
hydrogels transplanting GFP~ mMSCs demonstrated that GFP* fluorescence was specific to
only GFP* mMSCs (Fig. 7).

4. Discussion

The focus of this study was to use hydrolytically degradable PEG hydrogels, a material
commonly utilized in the field of regenerative medicine (1, 4, 19, 20, 56, 57), to
spatiotemporally control MSC localization. Our results demonstrate that, in the context of a
murine segmental femoral graft model, MSC localization and persistence can be controlled
through alterations in hydrogel degradation kinetics.

PEG-based hydrogels have previously been utilized in numerous regenerative medicine
strategies, including bone, cartilage, and tendon regeneration (4, 7, 33). In our previous
work, transplantation of MSCs to the surface of decellularized bone allografts using
degradable PEG hydrogels was shown to improve graft vascular infiltration, callus bone
production, and biomechanics as compared to untreated allograft controls in a murine
segmental femoral defect model (7). However, this previous work did not demonstrate the
ability of the PEG hydrogels to control spatiotemporal MSC localization. For many cell
types, the mechanism by which therapeutic cell transplantation results in tissue regeneration
is not fully understood, but it is thought to be mediated either by release of paracrine factors,
by direct differentiation and integration into the host tissue, or a combination of these two
mechanisms (7-9). As the mesh size (&) of PEG hydrogels typically employed for cell
encapsulation is orders of magnitude smaller than cell diameters (§ ~ 25 nm compared with
MSC diameter of ~ 20 pm) (22), non-degradable PEG hydrogels can be used to localize
cells within or near specific tissues. By transplanting cells within synthetic hydrogels and
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with mesh sizes much smaller than cell diameters, cell migration and integration into tissue
is limited. Thus, transplantation isolates transplanted cell paracrine-mediated contributions
to healing (58-60). Hydrogels formed from lactide-functionalized PEG macromers exhibit
bulk degradation, a process in which degradation occurs uniformly throughout the hydrogel
(3). As network crosslinks are broken through hydrolytic cleavage, hydrogel mesh size
increases. Theoretically, the hydrogel must reach a critical mesh size to be large enough for
cells to migrate from the hydrogel and integrate into host tissue. Previously, the rate of
hydrogel degradation was shown to affect cell infiltration into excised tendons in an in vitro
model of tendinopathy (61). Thus, controlling cell temporal localization and persistence has
implications in replicating native healing cascades and also to better understand the role of
transplanted cells in the regenerative process (4, 57).

Herein, we demonstrate that by functionalizing PEG macromers with 1, 3, or 4 lactide
monomers, hydrogel networks were fabricated that exhibited complete in vitro degradation
in~ 21, ~ 14, and ~ 7 days (Fig. 3, 6). For these hydrogels, mesh size is not expected to be
large enough for cell migration within and/or out of the hydrogel networks until the point of
reverse gelation when hydrogels fully degrade (62). Thus, cellular persistence was expected
to remain relatively constant until complete hydrogel degradation occurred, at which point a
sharp decline in cell number was expected. However, our findings reveal that cell
localization at allograft surfaces decays in close agreement with network degradation
kinetics both in vitro and in vivo (Fig. 3, 6). Hydrogel mesh size was calculated from
compressive modulus using previously described methods (3, 13), and revealed that, indeed,
the mesh size does not become large enough to allow for MSC migration from the hydrogel
until the reverse gelation point. Specifically, the hydrogels utilized herein exhibit mesh sizes
on the range of ~ 0.02-0.62 um (Fig. 4).

While MSC viability within PEG hydrogels both in vitro and in vivo is well established (38,
48, 49), the unexpected observation of gradually decreasing fluorescent signal, indicative of
MSC density, prior to hydrogel reverse gelation, is likely a result of cellular migration
and/or death. Cellular migration is supported by histological analysis demonstrating that 9
weeks after implantation ~ 10 % of the original transplanted MSC population remain
localized to within ~ 650 um of the allograft surface, specifically at the bone callus-muscle
interface (Fig. 7; with striated muscle auto-fluorescing in the GFP channel (63)), a ~ 100-
fold increase over delivery via direct cell injection (~ 0.1%) and a ~ 10-fold increase over
fibrin-based delivery (~ 1.5%) methods (9). The transplanted MSCs (~90 %) not localized to
the bone callus-muscle interface may undergo migration deeper into surrounding muscle/
tissue, integration into new bone callus formation, as previously observed (7), or apoptosis,
as previously discussed. As cells migrate out of the gel or undergo apoptosis, cell density
localized to the graft surface decreases, resulting in a reduction in fluorescent signal below
the limits of detection of the VIS fluorescence imaging system. This apparent reduction in
signal highlights an inherent limitation to this method of detection, and further supports how
cellular migration contributes to observed decreases in IVIS fluorescence signal intensity.
The limits of detection of this fluorescent imaging technique are also important to consider
when interpreting the in vivo fluorescent imaging results (Fig. 5, 6). Decreases in localized
MSC number only indicate that the local concentration of cells has decreased. Based on
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histological findings, this decrease indicates that the cells migrated from the hydrogels into
the surrounding tissue. Therefore, as ~ 10% of transplanted cells persist in proximity to the
region of transplantation even after complete network degradation occurs, it is more accurate
that PEG macromer chemistry controls the release rate of cells from the encapsulated
environment, rather than cellular persistence at the graft site.

More closely comparing the rates of in vitro hydrogel degradation and MSC localization, as
assessed by fluorescent imaging, reveals further intricacies of this cell delivery system. The
degradation rate constants for in vitro MSC encapsulated hydrogels are ~ 1.2-fold higher
than acellular networks for all PEG macromer compositions examined (Table 1). While not
statistically significant, this trend suggests that the presence of encapsulated MSCs increases
the rate of hydrogel degradation and may facilitate cellular migration from hydrogels in a
manner localized to the encapsulated cells. Similar phenomenon have been reported in
comparable PEG-based hydrogels encapsulating MSCs (64-67). Therefore, it is possible
that cells are locally degrading the hydrogel, resulting in local mesh sizes large enough to
enable migration into surrounding tissue, but leaving the average bulk hydrogel mesh size
relatively small (Fig. 4). It is also possible that encapsulated MSCs adopt an elongated,
spindle morphology, rather than rounded, when migrating through the hydrogels, allowing
them to traverse mesh sizes smaller than their average diameter but still much larger than the
mesh sizes measured herein.

While the mechanisms behind cell-mediated degradation of PEGPLA,DM hydrogels
remains poorly understood, cell-mediated alterations in degradation profiles of PEG
hydrogels have also been previously reported, and the rate constants calculated here are
comparable to those previously reported in literature (3, 64—67). Similar cell-mediated
network degradation phenomenon has been reported in comparable PEG-based hydrogels
encapsulating MSCs (64-67). For example, Nuttelman et al. showed that PEGPLA,,DM
hydrogels encapsulating human MSCs (hMSCs) degraded up to 6 times faster in vitro than
those without encapsulated hMSCs (68). This process is dependent on the type of cells
encapsulated within hydrogels, as Bryant et al. demonstrated that PEGPLA,,DM
encapsulation of bovine chondrocytes was greater than in acellular controls but much slower
than the aforementioned studies with MSCs (66). The roles of MSC-mediated protein
secretion, enzymatic activity, and even endocytosis have been investigated, but no clear
mechanism has been established to explain this observed cell-mediated alteration in
degradation rates (64, 68). Some PEG hydrogels have been designed to take advantage of
cell-dictated degradation (23, 29). By using an alternate PEG macromer chemistry with
enzymatically-degradable crosslinks, PEG hydrogels have been designed that degrade in
response to cell-mediated matrix metalloproteinase (MMP) expression (23, 29, 69-72). Cell-
mediated cleavage of these hydrogels, which was also dependent upon integrin ligand
density, led to increased cell migration, proliferation, and spreading (23, 72). Similar to our
findings, the rate of cell migration was dependent on the density and proteolytic sensitivity
of hydrogel crosslinks (72). Specifically, as cell-mediated network degradation increased,
reducing hydrogel crosslinking density, the rate of cell migration increased (72).

Additionally, hydrogel degradation rate constants increase slightly (~ 1.1-fold) when cell-
laden hydrogels are transplanted in vivo, compared to in vitro culture (Table. 1). The
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observed increase in degradation rate may be due, at least in part, to physiological enzymatic
activity by the host tissue, particularly esterases, that result in apparent increases in ester
bond hydrolysis rates, as previously observed (57, 66, 67, 73). For example, Bryant et al.
demonstrated that PEGPLA,DM hydrogels encapsulating bovine chondrocytes exhibited
increased degradation in vivo as compared to in vitro cultured hydrogels (66).

The work herein demonstrates that hydrolytically degradable PEGPLA,LDM hydrogels
represent a method to spatiotemporally control the delivery of MSCs. Furthermore, temporal
localization of MSCs can be modified through simple variations in macromer chemistry.
Moreover, the use of GFP* cells facilitated longitudinal and non-invasive tracking in vivo.
While this study focuses on PEGPLA,,DM-mediated transplantation of MSCs to allografts
to enhance healing of critical sized bone defects, these methods can be readily employed to
spatiotemporally control the delivery of therapeutic cells in a variety of regenerative
medicine applications (4—7, 33). Additionally, as PEG hydrogels are versatile matrix
mimetics that provide a permissive environment with little-to-no specific cell/matrix
interactions, the role transplanted cells play in the healing process, as well as the ability to
selectively incorporate matrix cues and soluble factors to alter host and/or transplanted cell
fates and functions can also be investigated (48, 49).

5. Conclusion

Hydrolytically degradable PEG hydrogels were shown to control longitudinal MSC
localization to allograft surfaces following transplantation within a murine segmental
femoral defect model. Using PEG macromers with various degradation rates, MSC
localization was controlled by altering hydrogel degradation kinetics. Taken together, these
results provide a powerful approach to control and monitor transplanted MSCs in vivo. The
significance of this approach lies in the continued development of engineered biomaterials-
based cell delivery strategies and fundamental studies examining distinct cellular
contributions to tissue regeneration.
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Figure 1.
Scheme representing the approach utilizing degradable poly(ethylene glycol) macromers to

localize GFP* mMSC to the surface of decellularized bone allografts. Poly(ethylene glycol)
macromer solutions (m=0, 1, 3, or 4; n=227; p=79) and custom molds were used to
polymerize hydrogel-cell constructs around decellularized bone allografts creating a cell-
laden tissue-like structure to emulate the native periosteum, i.e. a tissue engineered
periosteum. GFP* mMSC localization to the allograft surface was subsequently quantified in
vitro and in vivo (murine segmental femoral graft model).
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Figure 2.

In vitro transplantation of GFP* mMSC using cell-laden hydrogels qualitatively enhanced
cell localization as compared to directly seed controls, as visualized by 1VIS fluorescent
imaging. Furthermore, GFP* mMSC temporal localization qualitatively decreased with
increasing rate of hydrogel network degradation (scale bar = 5 mm).
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Figure 3.

GFP* mMSC in vitro localization to the allograft surface (black solid lines) was in
agreement with in vitro hydrogel degradation kinetics (grey dashed lines); non-degradable
PEGDM (A), PEGPLA;DM (B), PEGPLA3;DM (C), and PEGPLA;DM (D) (n=8-10; error
bars represent standard deviation; no statistical difference was found between k’-values for
the experimental groups).
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Figure 4.

Calculated hydrogel mesh size is shown to remain constant over time for non-degradable
PEGDM macromers, however, as hydrogels comprised of PEGPLA;DM, PEGPLA3DM,
and PEGPLA4DM macromers degrade, hydrogel mesh size increases until reverse gelation,
and complete hydrogel degradation, is achieved (n=5-10; average + standard deviation;
*p<0.05 vs. Day 0).
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Figure 5.
Invivo GFP* mMSC temporal localization qualitatively decreased with increasing rate of

hydrogel network degradation, as visualized by IVIS fluorescent imaging. Tissue engineered
periosteum-mediated GFP* mMSC transplantation significantly prolonged cell localization
as compared to a direct seeding approach in vivo (scale bar =5 mm).
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Figure 6.

GFP* mMSC in vivo localization to the allograft surface (black solid lines) was found to be
in agreement with in vitro hydrogel degradation kinetics (grey dashed lines); PEGPLA3DM
(A) and PEGPLA4DM (B) (n=5-6; error bars represent standard deviation; no statistical
difference was found between k’-values for any experimental groups).
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Figure 7.
Histological sections of cell-laden hydrogel modified allograft 9 weeks post-implantation

revealed extensive mMSCs localized to the bone callus ($)/muscle (#) interface as well as
extensive mMSC migration into striated muscle (white & red arrows). Transplanted GFP*
mMSCs were detected via hematoxylin staining (blue) and GFP™* fluorescence. Striated
muscle was shown to auto-fluoresce and GFP~™ mMSCs were shown to be undetectable in
the GFP* channel (scale bar = 150 pm).
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