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1. Introduction

Osteochondral

(OC) tissue has
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Osteochondral Tissue Engineering

Paula Camacho,? Anne Behre,® Matthew Fainor,® Kelly B. Seims, and Lesley W. Chow*?¢

Functional repair of osteochondral (OC) tissue remains challenging because the transition from bone to cartilage presents
gradients in biochemical and physical properties necessary for joint function. Osteochondral regeneration requires
strategies that restore the spatial composition and organization found in the native tissue. Several biomaterial approaches
have been developed to guide chondrogenic and osteogenic differentiation of human mesenchymal stem cells (hMSCs).
These strategies can be combined with 3D printing, which has emerged as a useful tool to produce tunable, continuous
scaffolds functionalized with bioactive cues. However, functionalization often includes one or more post-fabrication
processing steps, which can lead to unwanted side effects and often produce biomaterials with homogeneously distributed
chemistries. To address these challenges, surface functionalization can be achieved in a single step by solvent-cast 3D
printing peptide-functionalized polymers. Peptide-poly(caprolactone) (PCL) conjugates were synthesized bearing hyaluronic
acid (HA)-binding (HAbind-PCL) or mineralizing (E3-PCL) peptides, which have been shown to promote hMSC chondrogenesis
or osteogenesis, respectively. This 3D printing strategy enables unprecedented control of surface peptide presentation and
spatial organization within a continuous construct. Scaffolds presenting both cartilage-promoting and bone-promoting
peptides had a synergistic effect that enhanced hMSC chondrogenic and osteogenic differentiation in the absence of
differentiation factors compared to scaffolds without peptides or only one peptide. Furthermore, multi-peptide organization
significantly influenced hMSC response. Scaffolds presenting HAbind and E3 peptides in discrete opposing zones promoted
hMSC osteogenic behavior. In contrast, presenting both peptides homogeneously throughout the scaffolds drove hMSC
differentiation towards a mixed population of articular and hypertrophic chondrocytes. These significant results indicated
that hMSC behavior was driven by dual-peptide presentation and organization. The downstream potential of this platform
is the ability to fabricate biomaterials with spatially controlled biochemical cues to guide functional tissue regeneration
without the need for differentiation factors.

OA.*8 However, this approach fails to address early pathology that
leads to cartilage degeneration and has significant disadvantages,
especially for younger patients, due to the limited lifespan of the

been extensively studied in ’
prosthesis.*?

orthopedics due to the rising demand for improved therapies to treat
diseases like osteoarthritis (OA).12 OA is the most common joint
disease worldwide,3* experienced by 70% of adults over age 65°.
After damage due to injury or trauma, articular cartilage breakdown
eventually results in a lesion or defect that exposes the underlying
bone and predisposes a patient to develop OA.24® Unfortunately,
articular cartilage has limited ability for spontaneous healing, mostly
due to its avascular nature and disrupted communication with the
subchondral bone following cartilage injury.” There is no effective
therapy currently available for treating cartilage degeneration.
Patients ultimately require total joint replacement to treat end-stage
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To offset the need for total joint replacement, a number of
surgical autologous
chondrocyte implantation (ACI), and autologous OC transplantation
(mosaicplasty), have been developed to repair cartilage at earlier
stages.810-12 These treatment options provide some improvement in
clinical outcomes?3, but long-term data has shown significant failure
rates®101L14_ This is largely due to the newly formed tissue being
mechanically inferior to native cartilage.*58121516 Although OA was
once viewed as a disease of purely mechanical cartilage degradation,
it is now known to be a complex condition affecting the whole
joint.#17 Promising strategies for cartilage repair must therefore
address regeneration and integration of the entire OC tissue.210.1416
Functional repair of the OC unit is difficult because the transition
from bone to cartilage contains biochemical, structural, and
mechanical gradients necessary for normal joint function.10.14,1819
Reproducing the unique composition and organization of this
interfacial tissue has remained a persistent challenge.17.20

interventions, such as microfracture,
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OC tissue consists of hyaline cartilage, a calcified cartilage layer,
and subchondral bone. Each region has distinct properties that
function synergistically to create a unit for load transfer. Hyaline
cartilage is a dense, avascular, connective tissue that provides low-
friction, shock-absorbing properties to
articulating joints.2122 It is a water-rich tissue, mainly composed of

load-supporting, and
chondrocytes and specific extracellular matrix (ECM) components,
such as collagen type Il and glycosaminoglycans (GAG).1%23 This
tissue is further divided into three zones — superficial, middle, and
deep. Each zone exhibits unique properties due to a specific
arrangement of chondrocytes and the distinct composition,
organization, and orientation of its ECM components.110.22-24 The
calcified cartilage layer cements the non-calcified hyaline cartilage to
bone?22> and is characterized by collagen X-producing hypertrophic
chondrocytes embedded in mineralized ECM.1923 Finally, the
subchondral bone is a bony lamella responsible for mechanical
stability and separating cartilage from the marrow cavity.26
Development of the OC tissue gradient is guided by organization of
biochemical cues that spatially regulate cell proliferation, migration,
and differentiation.1%27 During OC formation, mesenchymal stem
cells (MSCs) spatially differentiate into active chondrocytes,
hypertrophic chondrocytes, and osteoblasts, producing an organized
zoned structure with biochemical and mechanical gradients.10.28.29
Regeneration of this complex tissue requires engineering organized
biomaterials that direct cells to restore native-like tissue composition
and organization.20:30-35

Several biomaterial approaches, such as using tissue-derived
ECM30, incorporating mineralization31.3637,  creating physical
architecture gradients38-49, or delivering growth factors*42, have
been developed to guide MSC chondrogenesis and osteogenesis.
Current state-of-the-art strategies for scaffold-guided OC tissue
repair, including those in clinical use, involve layered scaffolds with
merged components that target cartilage or bone regeneration
separately.1943 These approaches are promising but have notable
disadvantages, including limited spatial control of biochemical
presentation?® and risk of mechanical failure at the interface
between separate layers**. Three-dimensional (3D) printing has
emerged as a useful tool to produce tunable, continuous scaffolds
with spatially complex biochemical features.*>46 Scaffold materials
can be functionalized with various chemical groups or bioactive cues
to guide cell differentiation and encourage the secretion of tissue-
specific ECM.#7-30 However, surface functionalization often includes
one or more post-fabrication processing steps, which can lead to
unwanted side effects or undesirable changes to scaffold topography
and morphology.>132 |n addition, post-fabrication functionalization
often produces biomaterials with homogeneously distributed
chemistries, which fail to mimic the biochemical organization found
in native tissues. Achieving greater spatial biochemical control in
scaffolds is of great interest3335 to direct organized tissue formation
for functional regeneration.

We developed a strategy to 3D print peptide-polymer conjugates
to create scaffolds spatially functionalized with bioactive cues.53:54
Previously, this platform was used to guide local cell behavior within
a single spatially controlling the
presentation of a well-known adhesion peptide RGDS and its
negative control RGES.>* Presenting both peptides on different fibers

scaffold environment by
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in the same construct showed enhanced cell attachment and
spreading on RGDS-functionalized fibers compared to ones
presenting RGES.>* These results demonstrated that different
biochemical cues can be spatially organized to guide local cell
behavior within a continuous scaffold.

Leveraging our 3D printing platform, we fabricated scaffolds
spatially functionalized with cartilage-promoting and bone-
promoting peptides to guide organized OC tissue formation. We
synthesized peptide-poly(caprolactone) (PCL) conjugates>®3-5> bearing
hyaluronic acid (HA)-binding (HAbind-PCL) or mineralizing peptides
(E3-PCL) designed to promote human MSC (hMSC) chondrogenesis>®
or osteogenesis®’, respectively. HAbind-PCL includes the amino acid
sequence RYPISRPRKR derived from the HA-binding region of the link
protein in the aggrecan complex®, a major component of articular
cartilage, and other native HA-binding proteins®®, E3-PCL includes
three glutamic acids (EEE), which have been shown to promote
mineralization and induce hMSC osteogenic differentiation for bone
regeneration®’. These peptide sequences were designed to bind
endogenous biomolecules and promote differentiation without the
addition of exogenous GAGs or differentiation factors during culture.
We fabricated scaffolds with both peptides either spatially or
homogeneously presented on the same scaffold (Fig. 1). Multiple
printer heads were used to sequentially deposit the different
peptide-polymer conjugates in discrete zones to create the dual
spatial scaffolds. In contrast, we combined both peptide-polymer
conjugates in a single ink to create dual mixed scaffolds. We used
these scaffolds to investigate how the location of the cartilage-
promoting and bone-promoting peptides within the constructs
influenced hMSC differentiation and matrix formation.

2. Materials and Methods

2.1 Materials

All details regarding materials used in this study are provided in the
electronic supplementary information (ESI).

2.2 Synthesis of peptide-PCL conjugates

Each peptide sequence included a terminal cysteine (C) used to
covalently attach the peptide to a maleimide-modified
poly(caprolactone) (PCL) via Michael addition.53-5560 The peptides
were also designed with glycine (G) spacers between the C and
sequence of interest to enhance presentation on the 3D-printed fiber
surface. All peptides (CGGGRYPISRPRKR (HAbind), CGGGAAAEEE
(E3), CGGGRYPISRPRKR(biotin) (HAbind(biotin)), and
CGGGAAAEEE(azide) (E3(azide))) were synthesized, cleaved, and
purified using previously described methods>*¢1, Briefly, peptides
were synthesized on a fluorenylmethyloxycarbonyl chloride (Fmoc)-
Rink-Amide 4-methylbenzhydryalmine (MBHA) resin (100-200 mesh,
0.67 mmol g~ functionalization) using Fmoc-protected amino acids.
For HAbind(biotin), Fmoc-Lys(Mtt)-OH was manually coupled to the
resin, and the Mtt protecting group was removed to attach biotin to
the e-amine on the lysine side chain (more details found in the ESI).
The E3(azide) peptide was synthesized with commercially available
Fmoc-Lys(N3)-OH.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Schematic representations illustrating scaffold groups used to investigate influence of peptide presentation and location on

osteochondral tissue formation. Functionalized scaffolds present cartilage-promoting (blue) or bone-promoting (red) peptides on the surface of
the fibers, shown in the insets. On multi-peptide scaffolds, the peptides are presented in discrete regions (dual spatial) or homogeneously

throughout the construct (dual mixed).

Peptides were cleaved from the resin in 95% trifluoroacetic acid
(TFA), 2.5% ultrapure water, 2.5% triisopropylsilane (TIS), and 2.5%
(w/v) dithiothreitol (DTT). TFA was removed using rotary
evaporation, and the peptide product was precipitated in cold
diethyl ether (DEE). The precipitate was collected using
centrifugation and dried overnight under vacuum. Peptides were
dissolved in 5-10% acetonitrile (ACN) in ultrapure water with 0.1%
TFA and purified using reversed-phase preparative high performance
liquid chromatography (HPLC; Agilent 218 Prep HPLC, Agilent
Technologies, Santa Clara, CA, USA) on an Agilent 5 Prep-C18 column
(150 mm x 21.2 mm, 5 pm pore size, 100 A particle size). Peptide
mass and purity were verified using mass spectrometry and
analytical HPLC (Fig. S1-S4). Additional details and supporting data
are provided in the ESI.

Peptide-PCL conjugates were synthesized using methods
previously described.>461 Briefly, PCL diol (M., 14,000 Da) was
dissolved in anhydrous N-methyl pyrrolidone (NMP) under nitrogen.
p-Maleimidophenyl isocyanate (PMPI) was dissolved in anhydrous
NMP at 15-20 molar equivalents to PCL and added dropwise to the
PCL solution while stirring under nitrogen. The reaction was
continued overnight, and the resulting PCL-maleimide (PCL-mal) was
precipitated in DEE. Precipitation was repeated as needed to remove
excess PMPI. To conjugate the peptide, PCL-mal was reconstituted in
anhydrous NMP under nitrogen. The peptides were separately
dissolved in either dimethyl sulfoxide (DMSO) (for E3 and E3(azide))
or anhydrous NMP (for HAbind and HAbind(biotin)) at 8 molar
equivalents and added dropwise to the PCL-mal solution while
stirring under nitrogen and reacted overnight. The resulting peptide-
PCL conjugates were precipitated in cold DEE, washed with ultrapure
water to remove excess peptide, and dried under vacuum prior to
analysis. Each synthesis step was confirmed by H nuclear magnetic
resonance (*H NMR) (Fig. S5-59). Additional details and supporting
data are provided in the ESI.

2.3 Solvent-cast 3D printing with peptide-PCL conjugates

This journal is © The Royal Society of Chemistry 20xx

PCL-based inks were prepared and printed using methods previously
described>3>4. Peptide-PCL conjugates at desired concentrations
were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) before
adding unmodified PCL (M, 80,000 Da) at a concentration of 370
mg/mL. All inks were 3D printed using a 3-axis EV Series automated
dispensing system (Nordson EFD, Westlake, OH, USA) using a 32-
gauge blunt-tip needle (100 um inner diameter) to create 15 mm x
18 mm x ~0.5 mm (width x length x height) cross-hatched orthogonal
scaffold prints with 260 um programmed fiber spacings (mid-point to
mid-point). All scaffolds were printed with an applied pressure of 70
psi. The first layer was printed at a z-spacing of 100 um above the
printing substrate and speed of 0.4 mm/s while all remaining layers
were printed with a print speed of 0.2 mm/s using 45 um z-spacing
between each subsequent layer.

Four peptide-functionalized scaffold groups were created: E3-
PCL; HAbind-PCL; HAbind/E3-PCL with peptides presented in
opposing regions (dual spatial); HAbind-PCL and E3-PCL presented
homogeneously throughout the scaffolds (dual mixed). Scaffolds for
cell studies were printed with inks containing HAbind-PCL at
concentrations of 1, 3, or 6 mg/mL; E3-PCL at 6, 12, or 18 mg/mL; or
a homogeneous mixture of HAbind-PCL (3 mg/mL) and E3-PCL (18
mg/mL) (dual mixed). For dual spatial scaffolds, two printer heads
were used to sequentially print HAbind-PCL (3 mg/mL) and E3-PCL
(18 mg/mL) inks in discrete regions.>® Inks containing PCL only
without added peptide—PCL conjugates were used to fabricate non-
functionalized scaffold controls (PCL). Scaffolds from each group
were imaged using scanning electron microscopy (SEM) (LEO 1550
SEM; Zeiss, Peabody, MA, USA) to confirm consistent fiber
morphology and dimensions (Fig. S10). Additional details and
supporting data are provided in the ESI.

2.4 Peptide presentation and organization in 3D-printed scaffolds

Peptides were modified with bioorthogonal groups biotin or azide to
enable direct and specific labeling of peptides in the 3D-printed
scaffolds®354, Each group (PCL, HAbind(biotin), E3(azide), dual

J. Name., 2013, 00, 1-3 | 3



Biomaterials/Science

spatial, dual mixed) was printed using sets of two inks to ensure
repeatability between ink batches. Printed constructs were frozen at
-20 °C for 24 hours and cut into 5 mm x 5 mm (width x length)
samples using a Teflon-coated razor blade. All scaffolds were
sequentially labeled with streptavidin-fluorescein isothiocyanate
(streptavidin-FITC) followed by dibenzocyclooctyne-Cyanine 3
(DBCO-Cy3), using methods previously described>34, To label biotin
with streptavidin-FITC, scaffolds were blocked with 0.5% w/v bovine
serum albumin (BSA) and 0.05% v/v TWEEN 20 in phosphate buffered
saline (PBS) (blocking solution A) at room temperature for 20
minutes. After blocking, scaffolds were washed with PBS, incubated
in 0.3 UM streptavidin-FITC in blocking solution A for 60 minutes, and
washed thoroughly with PBS twice and ultrapure water for 30
minutes each. To label azide with DBCO-Cy3, scaffolds were blocked
in a solution of 0.2% v/v TWEEN 20 and 0.2% v/v Triton-X in PBS
(blocking solution B) for 60 minutes. After blocking, samples were
washed with ultrapure water, incubated in 50 mM DBCO-Cy3 in PBS
with 0.5% w/v BSA for 30 minutes, and washed for 10 minutes each
in the following solutions in sequence: PBS, ultrapure water, blocking
solution B, ultrapure water, 50% v/v isopropyl alcohol (IPA), 100% v/v
IPA, 50% v/v IPA, and ultrapure water.

Labeled scaffolds were sectioned to visualize peptide
presentation throughout the constructs. Scaffolds were embedded
in Optimum Cutting Temperature compound (OCT) vertically and
frozen at -80 °C for 5 minutes. An OTF5000 cryostat (Bright; UK) was
used to cut 30 um cross-sections onto glass slides. Scaffold cross-
sections were imaged with a Nikon C2+ laser scanning confocal
fluorescence microscope (Nikon; Melville, New York, USA) using the
relevant excitation wavelengths and filters for FITC and Cy3 and
maintaining the same imaging settings for all samples. Labeled PCL
scaffolds were used as controls. Additional details and supporting
data are provided in the ESI.

2.5 Cell seeding and culture

To prevent cell adhesion to cell culture plates, 24-well plates were
coated with a two-component silicone elastomer (Sylgard 184)
according to the manufacturer’s instructions. Silicone-coated wells
were sterilized with 70% (v/v) ethanol, rinsed with sterile water, and
placed under UV light for 2 hours. Scaffolds were cut from larger
prints using 3-mm diameter biopsy punches, sterilized in 70% v/v
ethanol for 30 minutes, and washed with sterile water. Scaffolds
were incubated in sterile 0.1% w/v BSA in water overnight, rinsed
thoroughly with sterile water and left to dry overnight. Before
seeding, each scaffold was immobilized in the silicon-coated plates
using 0.1 mm dissection pins.

Bone marrow-derived human mesenchymal stem cells (hMSC)
from four donors (20-26 years old, two males (A, B) and two females
(C, D); Rooster Bio) were expanded to passage 3 in cell culture flasks
at a starting density of 3.3 x 103 cells/cm2. Cells were harvested at
90% confluency by  treating  with 0.25%  trypsin-
ethylenediaminetetraacetic acid (EDTA). RoosterNourish™-MSC
media (Rooster Bio; USA) was used for the first passage. Growth
media (Dulbecco’s Modified Eagle’s Medium (DMEM)-GlutaMAX™
supplemented with 10% v/v fetal bovine serum (FBS), 1% v/v
antibiotic/antimycotic (anti/anti: containing amphotericin B,

4| J. Name., 2012, 00, 1-3

streptomycin, and penicillin), and 50 pg/mL ascorbic acid was used
for the second passage and all experiments. Cells at passage 3 were
harvested and prepared in a single cell suspension with a
concentration of 10 x 106 cells/mL, from which 20 pL (2 x 10* cells)
were placed on top of each scaffold. Plates were placed in the
incubator at 37 °C and 5% CO; for 60 minutes to allow for cell
attachment. An additional 1 mL of growth media was gently added
to each well before storing the seeded scaffolds back in the
incubator. Samples were cultured for 7, 14, 28, or 42 days with media
replaced every 2-3 days. At each timepoint for each scaffold group:
five samples were placed in RNA lysis buffer for gene expression
analysis; three samples were weighed and prepared for
glycosaminoglycan (GAG) quantification; and three samples were
transferred to 0.2% v/v Triton X-100 in water to assay alkaline
phosphatase (ALP) activity. All samples were frozen and stored at -
80 °C until analysis. At 28 or 42-day timepoints, three scaffolds from
each group were harvested for histology and IHC. They were fixed in
4% w/v paraformaldehyde (PFA) for 12-16 hours, washed with PBS
twice, and stored in fresh PBS at 4 °C.

Donor A was used to evaluate hMSC response to single-peptide
scaffolds displaying different concentrations of HAbind-PCL or E3-
PCL. For all other experiments, 3 mg/mL HAbind-PCL and/or 18
mg/mL E3-PCL concentrations were used. Donors A, B, and C were
used to evaluate hMSC response to presenting one or both peptides
on the same scaffold. Donors B, C, and D were used to evaluate hMSC
response to peptide organization in dual scaffolds. Each independent
experiment was performed with a single donor, so that each study
measured the response across three different donors. Donor A was
used in two independent experiments to ensure repeatability.
Experiments using Donors B and C included all five scaffold groups.

2.6 Gene expression analysis

Samples in RNA lysis buffer were thawed, vortexed, and freeze-
thawed twice to improve RNA yield. RNA was extracted using Quick-
RNA™ MiniPrep Kit (Zymo Research, Irvine, CA) according to the
manufacturer’s protocol. Concentration and purity of the extracted
RNA were measured using a NanoDrop™ 2000 (Thermo Scientific;
USA). Reverse transcription was performed on the RNA to synthesize
cDNA using the ImProm-II™ Reverse Transcription System (Promega
Corporation, Madison, WI) with oligoDT as the primer. Polymerase
chain reaction (PCR) was then performed using Applied Biosystems
7300 for Real-Time PCR with a 20 pL reaction volume using SYBRO
Green JumpStart™ Taq ReadyMix™ for High Throughput Quantitative
PCR (Sigma-Aldrich, St. Louis, MO). Primers used were obtained from
previous studies and synthesized by Invitrogen (Carlsbad, CA).
Expression levels of the following markers were quantified: SRY Box
9 (S0X9), runt-related transcription factor 2 (RUNX2), aggrecan
(ACAN), cartilage oligomeric matrix protein (COMP), lubricin (PRG4),
alkaline phosphatase (ALPL), collagen type X alpha 1 (COLXA1),
osteocalcin (OC), osterix (SP7), and ribosomal 18S (housekeeping
gene) (Table 1). Annealing temperatures were primer specific. Melt
curves were performed after 40 cycles of PCR to ensure primer
specificity. Relative gene expression was assessed using the AACT
method. Results were shown as fold change normalized to the
expression level of hMSCs seeded on PCL scaffolds at corresponding
timepoints.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Primer sequences

Gene Primer Sequence (5’ to 3’) temi:;r::‘iljir[:egfc) Reference
188 Fwd GTAACCCGTTGAACCCCATTC 60 -
Rev CCATCCAATCGGTAGTAGCG
SOX9 Fwd AACGCCGAGCTCAGCAAG 62 56
Rev ACGAACGGCCGCTTCTC
ACAN Fwd CACTGTTACCGCCACTTCCC 62 56
Rev GACATCGTTCCACTCGCCCT
comp Fwd GCAACACGGACGAGGACAAG 64 62
Rev CGCCATCACTGTCCTTCTGG
PRG4 Fwd CTGGCCTGAATCTGTGTATTTTT 60 63
Rev GTGTCGTTTCTCCATACACTGG
RUNX2 Fwd CCGCCTCAGTGATTTAGGGC 61 64
Rev GGGTCTGTAATCTGACTCTGTCC
ALPL Fwd AGCACTCCCACTTCATCTGGAA 60 62
Rev GAGACCCAATAGGTAGTCCACATTG
COLXA1 Fwd AATGCCTGTGTCTGCTTTTAC 60 64
Rev ACAAGTAAAGATTCCAGTCCT
oc Fwd CCCAGGCGCTACCTGTATCAA 64 65
Rev CTGGAGAGGAGCAGAACTGG
SP7 Fwd TGCTTGAGGAGGAAGTTCAC 60 66
Rev AGGTCACTGCCCACAGAGTA
2.7 Biochemical analysis (Sigma-Aldrich, St. Louis, MO). Samples were incubated at 37°C until

there was a visible color change (~60 minutes). Results were shown
as ALP activity per minutes of incubation per DNA content
(determined using Quant-iT™ PicoGreen ® dsDNA Reagent).

Assays to quantify of glycosaminoglycans (GAG) and DNA content
and alkaline phosphatase (ALP) activity were read on a Tecan Infinite
M200 Pro plate reader (Mdnnedorf, Switzerland).

To quantify GAG deposition, frozen scaffolds were lyophilized
and digested using papain (0.01 M N-acetyl cysteine and 0.125 2.8 Tissue sectioning and staining
mg/mL papain in a phosphate buffer with 0.1 M sodium phosphate
dibasic and 0.01 M ethylenediaminetetraacetic acid disodium salt
dihydrate, pH 6.5) at 40 °C for 24 hours followed by 60°C for 12 hours.
Samples were analyzed for sulfated GAGs (using dimethylmethylene
blue dye-binding assay, pH 3) and DNA (using Quant-iT™ PicoGreen®
dsDNA Reagent). Results were represented as GAG per DNA content.

Fixed samples stored in PBS were used for histology and
immunohistochemistry (IHC). Orientation of dual spatial scaffolds
was tracked through culture and harvesting to evaluate spatial tissue
formation.

Scaffolds for Alcian blue, Alizarin Red, and collagen staining were
cut in half and infiltrated with sucrose the day prior to sectioning.
) ) i ; o ~ Samples were incubated in a series of solutions for 60 minutes each:
X-100, using an Alkaline Phosphatase Diethanolamine Activity Kit 10% w/v sucrose in PBS, 30% w/v sucrose in PBS, 50/50 mixture of

ALP activity was quantified in samples stored in 0.2% v/v Triton

Please do not adjust margins
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30% w/v sucrose in PBS, and OCT and then stored in fresh OCT
overnight at 4 °C. Scaffolds were embedded in OCT with the cut side
facing up and frozen at -80 °C for 5 minutes. An OTF5000 cryostat
(Bright; UK) was used to cut 20 um cross-sections onto glass slides.
To visualize sulfated GAG deposition, samples were stained with 1%
w/v Alcian blue dye in 3% acetic acid (pH 2.5) and counterstained
with 0.1% w/v Nuclear Fast Red solution. To label calcium deposition,
samples were stained with 2% w/v Alizarin Red solution (pH 4.1 —
4.3). Histological samples were imaged on a Nikon Eclipse Ts2R
microscope (Nikon; Melville, New York, USA).

Immunohistochemistry with antibodies for collagen type |
(Abcam, ab34710), type Il (Abcam, ab34712), and type X (GeneTex,
GTX37732) was used to quantify collagen deposition. Sections were
permeabilized with Proteinase K for 4 minutes, washed with PBS, and
blocked in 5% v/v goat serum in PBS for 90 minutes. Samples were
incubated with primary antibodies (1:150 dilution in 5% v/v goat
serum) overnight at 4 °C, washed with 0.1% v/v TWEEN 20 in PBS
(three times for 5 minutes per wash), and incubated in Alexa Fluor
488 secondary antibody (Abcam, ab150077, 1:200 dilution in 5% v/v
goat serum) for 2 hours at room temperature. Samples were washed
with 0.1% v/v TWEEN 20 in PBS three times for 5 minutes per wash
and stained with Hoechst solution (1:1000 dilution in 5% v/v goat
serum) for 10 minutes. Finally, sections were washed with 0.1% v/v
TWEEN 20 in PBS three times for 5 minutes per wash and running
water for 2 minutes. All samples were imaged with a Nikon C2+ laser
scanning confocal fluorescence microscope (Nikon; Melville, New
York, USA) using the relevant excitation wavelengths and filters for
FITC and DAPI and maintaining the same imaging settings for all
samples. Sections incubated with 5% v/v goat serum instead of the
primary antibody were used as negative controls.

2.9 Statistical analysis

Results were obtained from independent experiments using a single
donor, with minimum three scaffolds per donor of each type for
every timepoint. Welch ANOVA with Dunnett T3 post-hoc was
performed for experiments with only one donor. Mixed ANOVA with
Sidak post-hoc was performed for pooled experiments with three
donors, considering scaffold type as the within-group variable and
donor as the between-group variable. This technique was used to
determine if any differences seen resulted from an interaction
between scaffold group and donor or only one factor. This ensured
all donors contributed to statistical significance and any effects
observed were not driven by a single donor. Differences between
groups were considered significant for p-values < 0.1. Data were
represented as mean * standard deviation. Statistical analyses were
performed using SPSS (Version 25, IBM software, USA).

3. Results and Discussion

3.1 Conjugate synthesis and 3D printing of peptide-functionalized
scaffolds

Synthesis and purification steps for all peptides and peptide-PCL
conjugates were confirmed using mass spectrometry, analytical
HPLC, and 'H NMR (see ESl). Inks containing PCL with peptide-PCL

6 | J. Name., 2012, 00, 1-3

conjugates were successfully solvent-cast 3D-printed into peptide-
functionalized scaffolds. Scanning electron microscopy (SEM) of all
scaffold groups showed that the overall fiber morphology and
surface topography were unaffected by the addition of the
conjugates (Fig. S10).

Scaffolds were labeled with streptavidin-FITC and DBCO-Cy3 to
presentation and localization. Fluorescent
microscopy images of scaffold
HAbind(biotin) and E3(azide) peptides were present on the surface
of peptide-functionalized scaffolds. The biotin and azide functional
groups on the peptides selectively react with their complementary
pair, streptavidin®” and DBCO®, respectively. Fluorophores
conjugated to these bioorthogonal groups therefore allowed for
highly specific labeling of each peptide on the scaffold surface. As
expected, the non-functionalized PCL scaffolds showed no
fluorescence (Fig. 2A). On single-peptide scaffolds, Cy3 fluorescence
was only present on scaffolds printed with E3(azide)-PCL (Fig. 2B)
while FITC fluorescence was only seen on HAbind(biotin)-PCL
scaffolds (Fig. 2C). In dual spatial scaffolds, labeling confirmed zonal
organization of peptides with FITC-tagged HAbind(biotin) peptides in
the top region and Cy3-tagged E3(azide) peptides in the bottom
region (Fig. 2D). Comparing fluorescence to corresponding bright-
field images demonstrated peptides were present throughout the
entire construct.
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Figure 2. Fluorescent (left) and bright-field (right) images of 3D-
printed scaffold cross-sections to visualize peptide presentation
and organization. Cross-sections of scaffolds 3D printed with (A)
PCL, (B) E3(azide)-PCL, (C) HAbind(biotin)-PCL, and (D) E3(azide)-PCL
and HAbind(biotin)-PCL in opposing zones (dual spatial) labeled with
both streptavidin-FITC and DBCO-Cy3 showed HAbind(biotin)
( ) and E3(azide) (red) localization on peptide-functionalized
scaffolds. Bright field images showed peptides were presented
throughout the entire construct.
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Scaffolds were cultured in growth media for up to 60 days and
labeled with fluorophores to visualize peptide presentation (details
in ESI). Fluorescence quantification demonstrated that the peptides
were still available on the surface of peptide-functionalized scaffolds
compared to PCL controls (Fig. S11).

3.2 Cell response to 3D-printed scaffolds with single-peptide or
dual-peptide presentation

We evaluated hMSC response to single-peptide and spatially
organized dual-peptide scaffolds cultured under growth conditions.
Interestingly, we discovered that having both peptides present in the
same scaffold led to a synergistic enhancement of both chondrogenic
and osteogenic responses compared to single-peptide scaffolds (Fig.
3). Chondrogenesis is driven by expression of the SOX9 transcription
factor, which promotes increased glycosaminoglycan (GAG)
deposition in the matrix?2:6%70, Although we did not see a significant
upregulation of SOX9 at the timepoints investigated, dual spatial
scaffolds developed significantly higher GAG accumulation at Day 28
compared to HAbind-PCL and PCL scaffolds (p=0.002 and p=0.015,
respectively) (Fig. 3A). These data suggested that dual spatial
scaffolds promoted hMSC chondrogenesis with cells producing a
GAG-rich extracellular matrix (ECM).

Dual spatial scaffolds showed a more significant osteogenic
response, with upregulation of RUNX2 at Day 14 compared to PCL
(p=0.021) and at Day 28 compared to both PCL and E3-PCL (p=0.054
and p=0.076, respectively) (Fig. 3B). Increased expression of the

Biomaterials/Science

differentiation to hypertrophic chondrocytes and posterior
osteogenesis, which leads to higher alkaline phosphatase (ALP)
activity.”>73 Gene expression results correlated with higher ALP
activity at Day 28 in dual spatial scaffolds compared to PCL (p=0.002)
(Fig. 3B). No significant differences in DNA content were observed
between scaffold groups at each timepoint investigated (Fig. S13).
Together, these data indicated that dual spatial scaffolds stimulated
hMSC differentiation towards hypertrophy or osteogenesis. The
observed synergistic effect suggests that each peptide plays a role in
both chondrogenesis and osteogenesis, and their combination
amplifies hMSC differentiation.

The single-peptide scaffolds were designed with peptides that te
stimulated hMSC chondrogenesis or osteogenesis in prior
literature>®>57.7475, Hyaluronic acid-binding peptides have been
shown to promote MSC chondrogenesis in hydrogel systems>6.74,
while peptide sequences with negatively charged glutamic acid
residues were found to promote MSC osteogenesis by inducing
nucleation and growth of apatite-like calcium phosphate (CaP)
crystals on polymeric nanofibers>”.7>, However, these studies used
chondrogenic®®74 or osteogenic®”7> differentiation media, which
may confound peptide activity. Here, single-peptide scaffolds had
the opposite effect to what was expected. After 28 days in culture,
HAbind-PCL scaffolds showed lower GAG deposition compared to
dual spatial (p=0.002) and higher ALP activity compared to PCL
(p<0.001) (Fig. 3). This data suggested HAbind-PCL scaffolds
promoted terminal differentiation and osteogenesis. This conflicting
result suggested that peptide charge may be playing a significant role

RUNX2 transcription factor characterizes hMSC terminal in our system. HAbind is a net positively charged peptide, and
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SOX9 GAG/DNA RUNX2 ALP activity
8 250 8 = 150
£
% 6 200+ % 6 * ke :Zz
< c = c O 100+
- © 2 1504 © o A
> T 4 E; S 4 2
o 3 e = 1007 = 3 , . Z 50 n
. K 504 1 ,I. s g
4 & o o b AT 1% i
E 5
0 0 0 = 0
8 250 8 50—
E *k *%k
g 6- 200 ** *k 8’; 6 * * g aa
28} c - c 0 100 &
N ® 2 150 [ @ =
> 5 a4 = 5 a4l 3
© S 4 o - 4 A o
i) = Jo¢
o 3 A 100 ©¢ m 2 i 2 50
=2 50 K S 1
ted¥ poopn) o ME L2 |4 .
0 0 0 ~ 0
PCL B e3-PCL A HAbind-PCL Dual spatial

Figure 3. Evaluation of hMSC gene expression and biochemical analysis in response to single-peptide and dual-peptide 3D-printed scaffolds.

(A) Chondrogenic and (B) osteogenic markers measured in constructs cultured for up to 28 days without added differentiation factors. Data from
three independent experiments with different donors represented in different shades (light = Donor A; medium with black border = Donor B;

dark = Donor C). SOX9 and RUNX2 gene expression was measured by RT-qPCR, normalized to 18S, and reported as fold-difference relative to PCL

at each time point (4-5 scaffolds per donor in each scaffold group; n=14-15 scaffolds total per group). Biochemical analysis of GAG content was

normalized to DNA, and ALP activity was normalized to DNA and time of reaction (3 scaffolds per donor in each scaffold group; n=9 scaffold total

per group). Data is presented as mean * SD (significance *p<0.1, **p<0.05).
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positively charged surfaces have been shown to induce osteogenic
differentiation of MSCs7¢. In contrast, E3-PCL scaffolds demonstrated
higher expression of RUNX2 at Day 14 compared to PCL scaffolds
(p=0.087) (Fig. 3B), which indicated potential for the E3 peptide to
stimulate hypertrophic differentiation of hMSCs. However, this
upregulation was not seen at Day 28 and did not lead to higher ALP
activity, implying that E3-PCL scaffolds do not drive osteogenic
behavior. We therefore investigated if peptide concentration
influenced hMSC behavior by comparing scaffolds printed with
different concentrations of HAbind-PCL (1, 3, 6 mg/mL) or E3-PCL (6,
12, 18 mg/mL) to PCL only controls (Fig. S12). No overall trend was
found with any specific concentration, suggesting that peptide
surface concentration does not significantly influence differentiation
behavior.

These results further confirmed that having both peptides in the
scaffold is necessary to stimulate osteogenic and chondrogenic
responses in cultured hMSCs in the absence of differentiation
factors. Previous studies evaluated these peptides independently
and under differentiation media conditions®®>7.7475, making it
difficult to compare directly to our studies. Chondrogenic and
osteogenic factors added to differentiation media, such as
dexamethasone’” or bone morphogenetic protein (BMP-2)78, also
play a role in both differentiation pathways. In the absence of these
cues, the observed effect of our multi-peptide scaffolds suggests that
each peptide plays a role in both chondrogenesis and osteogenesis.
Therefore, the combination of peptides was necessary to stimulate
hMSC differentiation.

Matrix formation was evaluated after 28 days in culture by
histological staining with Alcian blue for GAG accumulation and
Alizarin Red for calcium deposition and immunohistochemistry (IHC)
against collagen type |, Il, and X. Histology showed complete cellular
infiltration and matrix deposition throughout all constructs (Fig. S14).
Alcian blue staining showed higher GAG accumulation in dual spatial
scaffolds compared to PCL and HAbind-PCL scaffolds (Fig. S14). This
correlated with the GAG content quantified using biochemical assays
(Fig. 3A). All scaffolds presented similar Alizarin Red staining,
suggesting no differences in calcium deposition, or mineralization,
between groups. Mineralization is considered a functional in vitro
endpoint reflecting advanced cell differentiation in osteogenic
cultures.” Increasing mineral deposition has been correlated with an
increase followed by a decrease in ALP activity.”>8 After 28 days of
culture, dual spatial scaffolds showed higher ALP activity than PCL
(Fig 3B), suggesting that longer culture times may be necessary to
observe measurable differences in calcium deposition. However,
scaffolds in this study were not cultured in osteogenic differentiation
media, which limits propensity for mineralization.®°

Immunohistochemical staining  showed homogeneous
deposition of collagen | in all constructs, indicating immature matrix
formation®>22 (Fig 4). Monolayer expansion of hMSCs typically leads
to expression of collagen |, which can be maintained even after
differentiation is initiated.’> Even though collagen | expression is
characteristic of fibrocartilage,’>8! the deposition seen in the
constructs may be an artefact due to the hMSC expansion in tissue
culture plastic previous to seeding.’> As chondrogenesis progresses,
production of collagen type Il continuously increases.1>28 Positive

HAbind-PCL Dual spatial

Collagen type |
o

T

Collagen type X Collagen type Il

50 pm y . o
T — P e —
--

Figure 4. Collagen (Type |, 11, X) deposition in single-peptide and dual-peptide 3D-printed scaffolds after 28 days of culture. Representative

confocal microscopy images of histological cross-sections showing immunohistochemical staining for collagen type I, Il and X (top to bottom;
Alexa Fluor 488, green) and cell nuclei (Hoescht Dye, blue) in PCL, E3-PCL, HAbind-PCL, and dual spatial scaffolds (L to R). All scaffold groups
presented immature tissue formation, seen by positive staining for Collagen I. Collagen Il deposition was also found in all groups. Dual spatial

scaffolds presented more intense collagen Il staining and early production of collagen X in some areas of the construct. (Scale bar = 50 um)
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staining for collagen Il was observed in all scaffold groups, with the
highest intensity found in dual spatial samples. Collagen Il constitutes
90-95% of native cartilage ECM.1%23 The IHC data indicated the dual
spatial scaffolds enhanced cartilage-specific collagen formation (Fig.
4). Collagen X deposition was only observed in dual spatial scaffolds.
Collagen X is a ubiquitous product of hypertrophic chondrocytes
found in the calcified cartilage layer.1® These IHC results strongly
suggested that presenting both peptides provided sufficient signals
to direct hMSC behavior in the absence of added differentiation
factors.

Dual-peptide presentation significantly enhanced hMSC
differentiation across the three different donors used. However,
some differences between donors were observed. A mixed model
ANOVA was utilized to analyze overall scaffold effects, while
accounting for possible differences in donor response. For example,
Donor C showed lower overall GAG deposition at both timepoints
compared to Donors A and B (Fig. 3A), while Donor B presented
overall lower ALP activity compared to Donors A and C (Fig. 3B).
These variations can be explained by differences in chondrogenic or
osteogenic potential between donors8283 and the inherent
heterogeneity of bone marrow MSC populations’984,

3.3 Cell response to multi-peptide spatial organization in 3D-
printed scaffolds

The ability to spatially localize bioactive cues is critical to direct local
cellular activities and promote organized OC tissue formation.10.27
Our 3D printing approach introduced the ability to control local cell
behavior by tailoring the spatial presentation of multiple peptides
within a single construct.>* The synergistic effect of presenting both
cartilage-promoting and bone-promoting peptides in one scaffold
motivated us to investigate how dual-peptide organization
influenced hMSC differentiation and matrix deposition. We
compared three scaffold groups: PCL, dual spatial, and dual mixed.
Dual spatial scaffolds presented HAbind-PCL and E3-PCL in opposing
zones of the same construct (Fig. 2D). Dual mixed scaffolds were 3D
printed using one ink containing both HAbind-PCL and E3-PCL.
Fluorescence imaging of dual mixed scaffolds labeled with
streptavidin-FITC and DBCO-Cy3 confirmed presentation of both
peptides throughout the entire printed construct (Fig. 5).

The synergistic effect seen in dual-peptide scaffolds in Figure 3
was supported in a separate experiment with a different group of
donors. No significant differences in DNA content were observed
between scaffold groups at each timepoint investigated (Fig. S16). At
Day 14, dual spatial and dual mixed scaffolds upregulated SOX9
expression compared to unmodified PCL scaffolds (p=0.006 and
p=0.024, respectively) (Fig. 6A, Fig. S15). Dual spatial and dual mixed
scaffolds also showed increased expression of RUNX2 compared to
PCL scaffolds after 14 days in culture (p=0.004 and p=0.015,
respectively) (Fig. 6A, Fig. S15). SOX9 specifies commitment and
differentiation of MSCs toward the chondrogenic lineage228586 while
RUNX2 is expressed through chondrocyte hypertrophy and
osteogenic differentiation’387. These results indicated that dual-
peptide scaffolds promoted differentiation of a mixed chondrogenic
and osteogenic cell population.

This journal is © The Royal Society of Chemistry 20xx

Biomaterials/Science

B 0%

agated

-, 0% o

"ot
°

ha
00, Pe

Figure 5. Fluorescent and corresponding bright-field images of the
cross-section of a dual mixed 3D-printed scaffold. The scaffold
labeled with both streptavidin-FITC ( ) and DBCO-Cy3 (red)

was sectioned to show the homogeneous distribution and
colocalization (yellow) of HAbind(biotin) and E3(azide) peptides
throughout the construct. Bright field images showed both
peptides were homogeneously presented throughout the entire
construct.

Interestingly, dual spatial and dual mixed scaffolds showed
significant differences from each other when additional tissue-
specific markers were investigated, illustrating how multi-peptide
organization affected cell response. Specifically, distributing HAbind
and E3 peptides homogeneously throughout the dual mixed scaffold
drove hMSCs towards a stable chondrogenic phenotype while
presenting both peptides in opposing zones of the dual spatial
scaffold promoted osteogenesis. When prechondrocytes
differentiate into fully committed and active chondrogenic cells, they
express high levels of cartilage ECM components like aggrecan
(ACAN), link protein (Cartl1), and cartilage oligomeric matrix protein
(COMP).22 At Day 14, both dual spatial and dual mixed scaffolds
stimulated early upregulation of ACAN compared to PCL (p=0.041
and p=0.005, respectively). However, later timepoints showed that
dual mixed scaffolds promoted more chondro-like behavior
compared to dual spatial scaffolds. Significant upregulation of ACAN
was also observed at Day 42 in dual mixed scaffolds compared to
both dual spatial (p=0.028) and PCL (p=0.003) scaffolds (Fig. 6A, Fig.
S15). Aggrecan is the major proteoglycan in articular cartilage ECM38
and is present at high concentrations in the deep zone of the OC
tissue?3. Additionally, dual mixed scaffolds upregulated COMP gene
expression compared to PCL at Days 28 (p=0.065) and 42 (p=0.007).
Cartilage oligomeric matrix protein is a component of adult articular
cartilage produced by fully committed chondrocytes.8>% Dual mixed
scaffolds also showed higher expression of PRG4 compared to dual
spatial (p=0.011) and PCL scaffolds (p<0.001) at Day 42. This gene
encodes for proteoglycan 4, also known as the superficial zone
protein (SZP) or lubricin, found only in the superficial zone of articular
High expression of PRG4
terminally differentiated articular chondrocytes.?® This increased
expression of multiple chondrogenic ECM genes correlated with
higher GAG deposition in dual mixed scaffolds after 42 days of
culture compared to dual spatial (p=0.001) and PCL scaffolds
(p=0.068) (Fig. 6B). In contrast, dual spatial scaffolds did not present
significant upregulation in chondrogenic ECM gene expression
compared to PCL, suggesting this effect was driven by homogeneous
multi-peptide presentation.

cartilage.23.91,92 is characteristic of

Dual mixed scaffolds also promoted higher expression of
hypertrophic gene markers, including collagen X (COLX), alkaline
phosphatase protein (ALPL), and osteocalcin (OC). Hypertrophic
chondrocytes are found in the OC tidemark where they express
RUNX2, COLX, ALPL, OC, and induce mineralization of the cartilage

J. Name., 2013, 00, 1-3 | 9
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Figure 6. Evaluation of hMSC gene expression and biochemical analysis in response to dual-peptide 3D-printed scaffolds. Constructs were
cultured for 14, 28, and 42 days without added differentiation factors in three independent experiments. (A) Gene expression was measured by

RT-qPCR, normalized to 18S, and reported as fold-difference relative to PCL at each time point (4-5 scaffolds per donor in each scaffold group;
n=14-15 scaffolds total per group). Data from three different donors, each represented in different columns of the heatmap. Biochemical
analysis of (B) GAG content was normalized to DNA, while (C) ALP activity was normalized to DNA and time of reaction (3 scaffolds per donor in
each scaffold group; n=9 scaffolds total per group). Data from three different donors represented as different shades (light = Donor B; medium
with black border = Donor C; dark = Donor D). Data is presented as mean + SD (significance *p<0.1, **p<0.05).

matrix2®?2, Dual mixed scaffolds showed upregulation of ALPL
compared to PCL at Day 14 (p=0.043) and at Day 42 (p=0.007).
Additionally, dual mixed scaffolds showed higher expression of
RUNX2 (p=0.011), COLX (p=0.002), and OC (p=0.075) compared to
PCL at Day 42 (Fig. 6A, Fig. S15). Together, these results suggested
dual mixed scaffolds drive hMSC differentiation towards a mixed
population of articular and hypertrophic chondrocytes. Both of these
phenotypes are present in native OC tissue and are responsible for

10 | J. Name., 2012, 00, 1-3

producing the organized ECM structure.192829 Dual mixed scaffolds
therefore have potential to guide formation of articular and calcified
cartilage layers in organized OC tissue.

Dual spatial scaffolds showed upregulation of osteogenic genes
compared to PCL and dual mixed scaffolds. Osteogenic
differentiation of hMSCs is characterized by expression of markers
that include RUNX2 and osterix (SP7) as well as bone matrix genes

This journal is © The Royal Society of Chemistry 20xx
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ALPL, collagen type |, bone sialoprotein, and OC.7%8%93 During hMSC
differentiation, RUNX2 is crucial for osteoblast lineage
commitment but is downregulated for further bone
maturation.?? Dual spatial scaffolds showed upregulation of RUNX2
compared to PCL scaffolds after 14 days in culture (p=0.004) (Fig. 6A,
Fig. S15). However, there was no significant difference in RUNX2
expression between dual spatial and PCL scaffolds at Days 28 and 42.
At Day 14, dual spatial scaffolds also showed increased expression of
SP7 compared to PCL (p=0.006) and dual mixed scaffolds (p=0.036).
SP7 is a downstream target of RUNX2, which promotes terminal
chondrocyte differentiation®® and commitment to osteogenesis’?.
Additionally, dual spatial scaffolds upregulated ALPL compared to
PCL at Days 14 (p=0.011) and Day 42 (p=0.002), as well as higher OC
expression at Day 14 compared to PCL (p=0.076). Upregulation of
osteogenic genes corresponded to higher ALP activity in dual spatial
scaffolds compared to PCL and dual mixed scaffolds at Day 14
(p=0.017 and p=0.067, respectively) and Day 28 (p=0.002 and
p=0.001, respectively) (Fig. 6C).

later

Since chondrocyte hypertrophy leads to terminal differentiation
and osteogenesis, some markers including RUNX2, ALPL, and OC
overlap in these two populations.?®71 This overlap made it difficult to
distinguish between the hypertrophic and osteogenic cell behavior
seen in dual mixed and dual spatial scaffolds. However, there were

PCL

Dual spatial

Biomaterials/Science

key differences between the two dual-peptide scaffold groups. Dual
mixed scaffolds showed higher COLX expression at Day 42 compared
to PCL while dual spatial showed no significant difference to PCL.
Collagen type X is produced exclusively by pre-hypertrophic and
hypertrophic chondrocytes.??%3 Additionally, dual mixed scaffolds
did not upregulate SP7 at any of the timepoints, showing limited
osteogenic behavior. In contrast, this marker of commitment to the
osteogenic lineage’! was expressed at higher levels in dual spatial
scaffolds at Day 7 compared to PCL. Together, these results
suggested that scaffolds presenting HAbind and E3 peptides in
discrete zones drive hMSC differentiation towards osteogenesis.
Therefore, dual spatial scaffolds have potential to promote hMSC
terminal differentiation and formation of subchondral bone.

The data collectively showed that the spatial organization of
cartilage-promoting and bone-promoting peptides influenced hMSC
differentiation and tissue formation. Specifically, dual spatial
scaffolds directed hMSCs to differentiate into an osteogenic
phenotype while dual mixed scaffolds promoted more articular and
hypertrophic chondrogenic behavior. Histological evaluation of
constructs after 42 days in culture showed tissue maturation in all
scaffolds. Staining with Alcian blue showed similar GAG accumulation
in all scaffolds. The longer culture time also allowed for calcium
deposition, especially in dual spatial scaffolds compared to PCL and
Dual mixed

Collagen type |

Collagen type |l

Collagen type X

Figure 7. Collagen (Type |, ll, X) deposition in dual-peptide 3D-printed scaffolds after 42 days of culture. Representative confocal microscopy

images of histological cross-sections showing immunohistochemical staining for Collagen type I, Il, and X (top to bottom) (Alexa Fluor 488 —

green) and cell nuclei (Hoescht Dye — blue) in PCL, dual spatial, and dual mixed scaffolds (L to R). All scaffold groups presented immature tissue

formation, seen by positive staining for Collagen I. Collagen Il deposition was also found in all groups. Dual mixed scaffolds presented more
intense Collagen Il staining while dual spatial and PCL showed more Collagen X deposition in the constructs. (Scale bar = 200 um)
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dual mixed scaffolds (Fig. S17). The presence of calcium suggested
higher matrix mineralization in dual spatial scaffolds’?, consistent
with increased osteogenic behavior found in our gene expression and
biochemical data (Fig. 6). These results point to local and global cell-
cell communication that influences differentiation and matrix
formation. Mesenchymal stem cells are known to secrete a spectrum
of paracrine factors, known as the secretome, that influences several
biological processes, including cell differentiation.?>% The specific
composition of the secretome is affected by environmental stimuli.?”
In dual spatial and dual mixed scaffolds, cells experienced different
local microenvironments and thus are expected to produce different
secretome compositions that drive different differentiation
responses.

Higher collagen deposition, especially collagen type Il and X, was
observed in all scaffold groups at Day 42 (Fig. 7) compared to
previous scaffolds evaluated after only 28 days in culture (Fig. 4).
These IHC results suggested an improved collagen ll:collagen | ratio,
characteristic of articular cartilage>8!, and increased collagen X
production as cells undergo hypertrophy?822, We did not observe
measurable differences in collagen deposition between scaffold
groups, although gene expression for differentiation markers was
affected. Traditional chondrogenic and osteogenic induction of
hMSCs requires weeks of culture in differentiation media with
growth factors to see significant histological changes in matrix
formation.’® However, our scaffolds showed deposition of collagen Il
and X, key markers of OC tissue, despite being cultured in growth
media without added differentiation factors. These IHC results
indicated that the responses observed were driven by multi-peptide
presentation and organization.

Differences in hMSC response between donors were also
observed in dual-peptide studies due to variations in chondrogenic
and osteogenic potential across donors. Donor C showed lower
overall GAG deposition at Days 14 and 28 compared to Donors A and
B (Fig. 6B). These results correlated with responses shown in Figure
3A. However, this effect was reversed at Day 42 with Donor C
showing the highest GAG deposition in all scaffolds. Donor C also
showed consistently higher ALP activity in dual spatial scaffolds
compared to PCL and dual mixed scaffolds at all timepoints (Fig. 6C).
These results indicated that Donor C may have higher chondrogenic
and osteogenic potential than Donors B and D overall. Notably,
Donor C was the youngest of all the donors used, and age has been
shown to influence hMSC differentiation capacity.?%100 Donor D
showed a large upregulation of chondrogenic and osteogenic gene
expression in dual spatial scaffolds at Day 14 compared to PCL.
However, this effect was not seen at Days 28 and 42 (Fig. 6A),
suggesting Donor D had the lowest chondrogenic and osteogenic
potential. Also, Donor D had similar overall GAG deposition in all
scaffolds at all timepoints. This donor was not used in previous
experiments comparing single-peptide and dual-peptide scaffolds
(Fig 3), which may explain the differences in PCL and dual spatial
scaffolds between the multiple experiments. Despite the variability
in donor differentiation capacity, we observed significant differences
overall between scaffold groups, supporting our findings that
peptide location influences hMSC behavior. Furthermore, the
osteogenic response in dual spatial scaffolds detected in the previous

12 | J. Name., 2012, 00, 1-3

experiments (Fig. 3) was also observed with an expanded set of
donors (Fig. 6).

These studies illustrated how controlling the spatial presentation
of biochemical cues is crucial to influencing hMSC behavior and
organized tissue formation. This work exploited 3D printing with
peptide-polymer conjugates to fabricate scaffolds presenting
cartilage-promoting and  bone-promoting peptides either
homogeneously throughout the construct or in opposing zones. We
found that the spatial organization of these peptides significantly
influenced hMSC differentiation and ECM deposition. Dual mixed
scaffolds promoted hMSC chondrogenic differentiation, introducing
the potential to guide the formation of articular and calcified
cartilage layers. In contrast, dual spatial scaffolds promoted hMSC
terminal differentiation, which can be used to enhance subchondral
bone regeneration and integration. This versatile strategy therefore
enables highly controlled fabrication of complex scaffolds to direct
regeneration of functional OC tissue.

4. Conclusions

This work demonstrated a single-step functionalization strategy
using solvent-cast 3D printing with peptide—polymer conjugates
to fabricate scaffolds to guide tissue regeneration. The specific
peptides used in this study were selected to promote hMSC
chondrogenesis and osteogenesis to drive functional
osteochondral tissue formation. The presence of both peptides
in the same scaffold resulted in a synergistic enhancement of
both osteogenic and chondrogenic responses compared to
unfunctionalized and single-peptide scaffolds. Furthermore,
spatial organization of both peptides in the same construct
influenced hMSC differentiation and
Specifically, dual mixed scaffolds supported articular and

tissue formation.

hypertrophic chondrogenic behavior while dual spatial scaffolds
guided hMSCs to differentiate into an osteogenic phenotype.
Notably, these significant results occurred without the addition
of exogenous GAGs or differentiation factors during culture,
indicating that dual-peptide presentation and organization
were sufficient to guide hMSC behavior.

This modular strategy can be used to explore the combined
influence of biochemical cues, organization, and physical
architecture on tissue formation. For example, future studies
with presenting different
arrangements of single-peptide and dual mixed layers can be
conducted to identify optimal scaffold designs to guide OC
tissue formation. In addition, printing parameters and patterns
can be modified to determine complementary architectures
that enhance hMSC response. The downstream potential of this
approach is the ability to generate biomaterials with spatially
controlled cues to guide in situ functional tissue regeneration
without the need for added differentiation factors.

scaffolds combinations and
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