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3D bioprinting spatiotemporally defined patterns
of growth factors to tightly control tissue regeneration

Fiona E. Freeman'?, Pierluca Pitacco'?, Lieke H. A. van Dommelen?, Jessica Nulty'?,
David C. Browe'?, Jung-Youn Shin?, Eben Alsberg**, Daniel J. KeIIy1'2'6'7*

Therapeutic growth factor delivery typically requires supraphysiological dosages, which can cause undesirable
off-target effects. The aim of this study was to 3D bioprint implants containing spatiotemporally defined patterns
of growth factors optimized for coupled angiogenesis and osteogenesis. Using nanoparticle functionalized bio-
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inks, it was possible to print implants with distinct growth factor patterns and release profiles spanning from days
to weeks. The extent of angiogenesis in vivo depended on the spatial presentation of vascular endothelial growth
factor (VEGF). Higher levels of vessel invasion were observed in implants containing a spatial gradient of VEGF
compared to those homogenously loaded with the same total amount of protein. Printed implants containing a
gradient of VEGF, coupled with spatially defined BMP-2 localization and release kinetics, accelerated large bone
defect healing with little heterotopic bone formation. This demonstrates the potential of growth factor printing,
a putative point of care therapy, for tightly controlled tissue regeneration.

INTRODUCTION

In recent years, a number of growth factors have been tested in clin-
ical trials for a variety of therapeutic applications including bone
regeneration and neovascularization of ischemic tissues. Despite early
promising results, the results obtained in larger phase 2 trials have
often not shown the expected benefit to patients (1, 2), with some
having marked adverse effects (3-5). The Infuse bone graft, which con-
sists of recombinant human bone morphogenetic protein-2 (rhBMP-2)
soaked onto a collagen sponge at a dosage of 1.5 mg/ml, has re-
ceived Food and Drug Administration approval for certain spinal,
dental, and trauma indications and is in widespread clinical use.
However, major complications and adverse effects have increasingly
been attributed because of the “off-label” use of the product (3, 4).
Clinically, the current delivery vehicle for BMP-2 is a collagen pow-
der or sponge that has been shown to result in a large initial burst
release, which contrasts with the expression profile observed during
normal fracture repair where BMP expression increases until day 21,
suggesting a need for slower and more sustained growth factor re-
lease profile (6, 7). Furthermore, because of the short half-life of the
growth factor and the harsh fracture environment (5), supraphysio-
logical dosages of BMP-2 are being delivered to elicit bone regener-
ation, which has been linked to adverse effects such as heterotopic
ossification. Therefore, there is a clear clinical need to develop alter-
native strategies to deliver single or multiple growth factors to the
site of injury with sustainable and physiologically relevant dosages
such that repair is induced without these adverse effects.
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A number of growth factors have been shown to be expressed at
different phases of fracture healing, including vascular endothelial
growth factor (VEGF) and BMPs. The coupled relationship in bone
healing, both physical and biochemical, between blood vessels and
bone cells has long been recognized (8, 9). During fracture healing,
VEGEF is released directly after injury and predominately drives the
formation of the fracture hematoma (9). Inhibition of VEGF has
been shown to disrupt the repair of fractures and large bone defects
(10-12). Despite this, VEGF delivery alone is often not sufficient to
heal critically sized bone defects, which may be due to suboptimal
dosing or the timing of VEGF release. Furthermore, VEGF does not
appear to drive progenitor cell differentiation toward the chondro-
genic or osteogenic lineage; therefore, combination therapies with
BMPs have been developed in an attempt to accelerate the regener-
ation of large bone defects (9, 13-18). During normal fracture heal-
ing, VEGF expression peaks around day 5/10 (19, 20) and then de-
creases, whereas BMP-2 expression increases constantly until day 21,
suggesting a need for delivery systems that support the early release
of VEGF and the sustained release of BMP-2 (6, 7, 19, 20). To this
end, composite polymer systems have been used to deliver VEGF
and BMP-2 in a sequential fashion (15-18). The timed release of
VEGF/BMP-2 was found to enhance ectopic bone formation (16-18);
however, in an orthotopic defect, no significant benefit was observed
(17, 18). This may be due to the high dose of VEGF used in these
studies (18), which has previously been shown to disrupt osteogen-
esis as a result of abnormal angiogenesis and vascular structure (8),
or due to suboptimal growth factor release profiles from these con-
structs. This suggests that novel strategies are required for deliver-
ing low-dosage VEGF and BMP-2, with tight temporal control, to
enhance vascularization and subsequent bone formation in orthotopic
defects. Nanoparticles such as hydroxyapatite (HA) and laponite
are known to be osteoinductive and have previously been shown to
facilitate the adsorption and immobilization of proteins such as VEGF
and BMP-2 because of the strong attraction between the nanoparti-
cles and the growth factor (21-23). This motivates the integration of
these nanoparticles into regenerative implants to enable tight tem-
poral control over the rate at which encapsulated growth factors are
released into damaged tissue.
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Processes such as angiogenesis are regulated not only by the tem-
poral presentation of growth factors but also by spatial gradients of
morphogens that regulate chemotactic cell migration. Using micro-
fluidic devices (24, 25) or three-dimensional (3D) culture models (26, 27),
it has been demonstrated that endothelial cell migration is mediated
by gradients in VEGF. However, it is unclear whether incorporating
gradients of VEGF into tissue-engineered scaffolds will enhance
angiogenesis in vivo. Here, we used emerging multiple-tool biofabrica-
tion techniques (28) to deliver VEGF and BMP-2 with distinct spa-
tiotemporal release profiles to enhance the regeneration of critically
sized bone defects. To tune the temporal release of these morpho-
gens from 3D printed constructs, we functionalized alginate-based
bioinks with different nanoparticles known to bind these regulatory
factors. Both the spatial position and temporal release of growth factor
from the 3D printed implant determined its therapeutic potential.
By slowing the release of BMP-2, it was possible to enhance bone
formation in vivo within predefined positions of the implant. Fur-
thermore, introducing spatial gradients of VEGF into 3D printed
implants enhanced vascularization in vivo compared to controls
homogenously loaded with the same total amount of growth factor.
We also demonstrate accelerated large bone defect healing, with min-
imal ectopic bone formation, using 3D printed implants containing
a spatial gradient of VEGF and spatially localized BMP-2.

RESULTS

Development of bioinks with temporally distinct growth
factor release profiles

To produce a printable bioink, various weight concentrations of
methylcellulose were first added to RGD y-irradiated alginate. Print
fidelity (as measured by the filament spreading ratio) improved by
increasing the methylcellulose content [see fig. S1 (A and B)]; how-
ever, the capacity to print multiple layers of material worsens be-
cause of the overly adhesive nature of the ink. For these reasons, a
weight concentration of 2:1 (w/w) alginate to methylcellulose was
chosen for all bioinks, as it substantially increased the print fidelity
while allowing multiple layers of material to be accurately deposited.

To tune the temporal release profile of growth factor (here, VEGF),
clay nanoparticles (22, 23, 29) or hydroxyapatite nanoparticles (nHA)
(21) were added to the alginate-methylcellulose bioink. Adding meth-
ylcellulose to the alginate to produce a printable ink significantly
increased the release of VEGF compared to that observed from algi-
nate only [see fig. S1 (C and D)]. The addition of laponite, a clay-
based nanoparticle, markedly slowed the release of VEGF (see fig. S1C),
while the incorporation of nHA only had a small effect on growth
factor release, producing a slightly more gradual release profile (see
fig. S1D). This blend (alginate, methylcellulose, and nHA) will here-
after be referred to as the vascular bioink, as it allowed for the near
complete release of VEGF over 10 days, mimicking that observed
during normal fracture healing (19, 20). No laponite was included
in this vascular bioink.

To demonstrate the utility of this vascular bioink, two strategies
were compared to print implants containing a spatial gradient of
VEGEF (see fig. S1E). In the first, VEGF (100 ng/ml) was printed into
the central 5-mm core of constructs 8 mm in diameter and 4 mm
high, with a VEGF-free bioink used to print the periphery of the
construct. In the second, VEGF (80 ng/ml) was printed into the
center of the construct, and VEGF (20 ng/ml) was printed around
the periphery of the implant. Control constructs containing a ho-
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mogenous distribution of VEGF were also printed. One hour after
printing, clear spatial differences in VEGF localization were observed
in both gradient constructs, while roughly the same amount of pro-
tein was detected in the core and periphery of the homogenous VEGF
control (see fig. S1F). Fourteen days after printing, a spatial gradient
still existed in the construct that initially had all VEGF loaded into its
central region, with no gradient observed in the other groups (see
fig. S1G). This demonstrates that spatial gradients of growth fac-
tor can be maintained within constructs for at least 14 days after
printing.

Printed VEGF gradients enhance angiogenesis in vivo

We next sought to assess whether depositing spatial gradients of VEGF
within 3D printed polycaprolactone (PCL) implants would accelerate
vascularization of the constructs in vivo. To this end, Homogenous
VEGEF, Gradient VEGF, and No VEGF constructs were implanted
subcutaneously in the back of mice (see Fig. 1A), where the total
amount of growth factor (25 ng) within the two VEGF-containing
implants was constant. Two weeks after implantation, histological
analysis of hematoxylin and eosin (H&E)-stained samples revealed
the presence of vessels in the Homogenous VEGF and Gradient VEGF
groups; however, there were no obvious vessels present in the No
VEGEF group (see Fig. 1B). These vessels appeared mature, complete
with a-smooth muscle actin (a-SMA) and von Willebrand factor
(VWF)-stained walls and perfused with erythrocytes (see fig. S2A).
The Homogenous VEGF constructs had vessels predominantly
located in the periphery of the scaffold, with little to none present
within the center of the scaffold. On the other hand, vessels were
present both in the periphery and in the center of the Gradient
VEGF group. Four weeks after implantation, all three experimental
groups had mature vessels present (see Fig. 1C and fig. S2B). Similar
to the Homogeneous VEGF group, the No VEGF group had vessels
predominantly located in the periphery of the constructs, with little
to none present within the center of the construct. When quanti-
fied, at both 2 and 4 weeks, there were significantly more vessels
present in the Gradient VEGF group compared to both the Homog-
enous VEGF and No VEGF group (see Fig. 1D). There was signifi-
cantly more vessels present in the periphery of the Gradient VEGF
constructs at both 2 and 4 weeks in vivo compared to the other two
experimental groups [see Fig. 1 (E and F)]. There was also a trend
toward a larger number of vessels present in the center of the Gradient
VEGF construct at 4 weeks compared to No VEGF (P = 0.09) and
Homogenous VEGF (P = 0.1) groups (see Fig. 1F).

Spatiotemporal delivery of BMP-2 to localize bone
formation in vivo

Recognizing that a slower and more sustained release of BMP-2
could be beneficial for promoting osteogenesis (6, 7), we next
sought to compare bone formation in vivo within implants with
temporally distinct growth factor release profiles. To the base alginate-
methylcellulose bioink (here termed the Fast BMP-2 Release bio-
ink), laponite at varying w/w ratios of laponite to alginate were
compared to determine the optimum ratio to generate a Slow BMP-
2 Release bioink (see fig. S3). As there was little difference in the
growth factor release profile from the different groups, a 6:1 algi-
nate:laponite w/w ratio was chosen to minimize the amount of
laponite in the bioink. The addition of laponite markedly slowed the
in vitro release of BMP-2 from the bioink, resulting in a reasonable
constant release of growth factor from day 7 to day 35 (see Fig. 2C).
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Fig. 1. Enhanced vessel infiltration and angiogenesis due to distinct VEGF gradient. (A) Schematic of the 3D printed scaffold and experimental groups. Construct
design (4 mm in diameter, 5 mm in height). H&E-stained sections of the three experimental groups at (B) 2 and (C) 4 weeks in vivo. Images were taken at 20x. Arrows
denote vessels. (D) Total number of vessels of the experimental groups at 2 and 4 weeks in vivo. Number of vessels present in the center versus the periphery at (E) 2 and
(F) 4 weeks in vivo. **P < 0.01. Error bars denote SDs (n =8 animals; n =5 slices per animal). FBS, fetal bovine serum; pen/strep, penicillin/streptomycin.
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Fig. 2. Localized-temporal delivery of BMP-2 led to controlled bone formation. (A) Schematic of the experimental groups. Construct design (4 mm in diameter, 5 mm
in height). aMEM, alpha minimum essential medium. (B) Degradation of the two bioinks. (C) Cumulative release of BMP-2 of the fast release bioink versus the slow release
bioink. (D) 3D reconstructions of the uCT data for each group at 8 weeks. (E) uCT analysis on total mineral deposition of each of the groups after 8 weeks in vivo. (F) uCT analy-
sis on the location of mineral deposition of each of the groups after 8 weeks in vivo. ***P < 0.001; error bars denote SDs (n = 8 animals). (G) Goldner’s trichrome-stained
sections of both groups after 8 weeks in vivo. Images were taken at 20x. White arrows denote developing bone tissue, and black arrows denote blood vessels. (H) Quanti-
fication of the amount of new bone formation per total area. Error bars denote SDs; **P < 0.01 (n =8 animals, n =6 slices per animal).
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The addition of laponite also had no significant effect on the degra-
dation rate of the bioink (Fig. 2B).

To assess whether slow and sustained release of BMP-2 would
enhance ectopic bone formation in vivo, Fast BMP-2 Release
(~laponite) and Slow BMP-2 Release (+laponite) bioinks were mixed
with bone marrow-derived mesenchymal stem cells (BMSCs), de-
posited within 3D printed scaffolds, and then implanted subcutane-
ously in the back of mice (see Fig. 2A). Seeding these bioinks with
MSCs was used to test their potential for promoting osteogenesis in
an ectopic location. BMP-2 was specifically localized around the pe-
riphery of the implant. This pattern of growth factor presentation
was chosen to test the capacity of the printed implants to spatially
localize bone formation in vivo (note that the geometry of the im-
plant is the same as that which will be used in the segmental defect
study below, with the BMP-2 localized to the periphery of the im-
plant such that bone would only form along the cortical shaft of the
damaged limb rather than throughout). Eight weeks after implanta-
tion, there was significantly more mineral within the Slow BMP-2
Release group compared to the Fast BMP-2 Release group [see Fig. 2
(D and E)]. Micro-computed tomography (WCT) reconstructions
revealed that the mineral was preferentially deposited around the
periphery of the constructs where the BMP-2 was localized [see
Fig. 2 (D and F)]. Histological staining further verified this finding,
with positive staining for new bone seen predominantly in the pe-
riphery of both groups (see Fig. 2G, denoted by white arrows).
Quantification revealed that the Slow BMP-2 Release constructs had
significantly more new bone formation per total area of construct
(see Fig. 2H).

Spatiotemporal delivery of VEGF and BMP-2 enhances
angiogenesis within large bone defects

We next sought to assess whether the delayed release of BMP-2 from
printed constructs containing spatial gradients in VEGF would en-
hance angiogenesis and bone formation within critically sized bone
defects. To this end, VEGF gradient only, BMP-2 gradient only, and
Composite (VEGF+BMP-2 gradient) constructs were printed and
implanted in a 5-mm rat femoral defect (see Fig. 3A) and compared
to an empty defect.

Two weeks after implantation, uCT angiography was used to
quantify and visualize the early vascular network that had formed
within the defect site. 3D reconstructions revealed that vascular
networks had formed in all four experimental groups (see Fig. 3B).
When quantified, there was a significant increase in vessel volume
in the Composite group compared to the VEGF gradient group (see
Fig. 3C). There was also a significant increase in average vessel thick-
ness in the BMP-2 gradient and Composite groups compared to the
VEGF gradient group (see Fig. 3D). Although there was no signifi-
cant difference in the connectivity of the vessels, there was a trend
(P=0.1) toward increased connectivity in the Composite group com-
pared to the VEGF gradient group (see Fig. 3E). 3D reconstructions
also revealed the presence of primitive immature blood vessels depicted
by large globules of contrast agent (denoted by the red arrows in
Fig. 3B). There appeared to be fewer primitive blood vessels present
in the Composite group than the other three experimental groups.
This was further verified by a-SMA and vWF staining, which re-
vealed a larger number of vessels with only positive vWE-stained
walls in the Empty and VEGF gradient groups (see Fig. 3F, denoted
by white arrows). On the other hand, there were predominately more
mature vessels with a-SMA and vWF-stained walls in both the
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BMP-2 gradient and Composite groups (see Fig. 3F, denoted by yel-
low arrows). Note that the differences in angiogenesis seen be-
tween the VEGF gradient and Composite groups (same amount of
VEGEF in both groups) could at least partially be explained by looking
at the VEGF release profile from both groups (see fig. S4). The addi-
tion of the osteoinductive ink around the implant periphery signifi-
cantly reduced the VEGF release rate from construct into the media,
with a more linear release of growth factor over time.

Accelerated regeneration with minimal heterotopic

bone formation

Two weeks after surgery, defects within the Empty group were filled
with a fibrous tissue (see Fig. 4A). In contrast, positive staining for
cartilage and new bone deposition was observed in the BMP-2 gradient
and Composite groups, suggesting that new bone was forming at least
partially via endochondral ossification. When quantified, there was
a trend toward increased cartilage development (red staining in
Safranin O images) in both the BMP-2 gradient (P = 0.12) and Com-
posite (P = 0.18) groups compared to the Empty (see Fig. 4B). No
significant differences in bone formation was observed between any
of the groups at week 2; however, the puCT reconstructions showed
mineralized calluses beginning to form in the BMP-2 gradient and
Composite groups, which was less evident in the Empty and VEGF
gradient groups [see Fig. 4 (C and D)].

Next, pCT analysis was used to visualize and quantify bone for-
mation within the defects at 4, 8, 10, and 12 weeks after implanta-
tion. Compared to the Empty group, there were significantly higher
levels of new bone formation in the Composite group as early as 8
weeks after implantation [see Fig. 5 (A and B)]. A consistent pattern
of healing was observed in the Composite group, with bone forming
down through the PCL scaffold framework (see Fig. 5A and fig. S5).
After 10 weeks of implantation, significantly higher levels of bone
formation was observed in the BMP-2 gradient and Composite groups
compared to the Empty group. By 12 weeks, all three experimental
groups contained significantly higher levels of new bone compared
to the Empty group. Twelve weeks after implantation, bone density
mapping revealed that the new bone formed in the experimental groups
consisted of a dense cortical-like bone present around the periphery of
defect, comparable to the adjacent native bone (1200 mg HA/cm®)
(see Fig. 5C). Quantitative densitometry analysis revealed no significant
difference in the average density (mg HA/cm®) of the new bone that
did form between any of the groups over the 12 weeks (see Fig. 5D).

To assess the levels of heterotopic bone formation, region of in-
terest (ROI) bone volume analysis was performed on the week 12
reconstructions. The total bone volume was quantified in the core,
annulus, and heterotopic regions of the defect (see Fig. 5E). In all
three experimental groups, bone preferentially formed in the annu-
lus of the defect, with little ectopic bone formation (see Fig. 5F). All
three experimental groups had significantly higher total bone vol-
ume in the annulus of the defect compared to the Empty annulus,
with the highest total bone volume present in the Composite group.

We next sought to assess the nature of new bone tissue being
formed using histological staining. Goldner’s trichrome staining re-
vealed predominantly fibrous tissue formation, similar to what was
seen previously at 2 weeks, in the Empty group (see Fig. 6A). There
was positive staining for new bone, complete with marrow cavities, in
all three experimental groups at 12 weeks after implantation. When
quantified, there was significantly more bone found in all three ex-
perimental groups compared to the Empty group (see Fig. 6B). There
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Fig. 4. Temporal delivery of exogenous BMP-2 induces early bone healing via an endochondral ossification process. (A) H&E- and Safranin O-stained sections of all groups
after 2 weeks in vivo. Images were taken at 20x. DB denotes cartilage undergoing endochondral ossification to become developing bone, and B denotes positive new bone tissue.
Quantification of the amount of (B) bone formation and (C) developing bone per total area. Error bars denote SDs (n =9 animals). (D) uCT reconstructed images of the defect site.

were also significantly higher amounts of bone marrow present in
the Composite group compared to the Empty group (see Fig. 6C).
As observed in the uCT 3D reconstructions, it is clear that the bone
is forming down through the PCL scaffold framework, specifically
in the Composite group. Safranin O staining revealed the presence

Freeman et al., Sci. Adv. 2020; 6 : eabb5093 14 August 2020

of cartilage in all three experimental groups after 12 weeks, demon-
strating that bone is continuing to develop via endochondral ossification.
When quantified, there was significantly more cartilage present in
the Composite group compared to all other groups at this time point
(see Fig. 6D).
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Fig. 5. Spatiotemporal delivery of both VEGF and BMP-2 led to enhanced bone tissue distribution 12 weeks after scaffold implantation. (A) Reconstructed in vivo
uCT analysis of bone formation in the defects. (B) Quantification of total bone volume (mm?) in the defects at each time point. (C) Representative images of uCT bone
densities in the defects at 12 weeks halfway through the defect (scale bar, 1 mm throughout). (D) Average bone density (mg HA/cm?) in the defects at each time point.
(E) Outline of ROI bone volume analysis including definitions of core, annulus, and heterotopic regions. (F) Total bone volume (mm3) in each region at 12 weeks. **P < 0.01,

***P < 0.001, and ****P < 0.0001; error bars denote SDs (n=9 animals).

DISCUSSION

Despite the tremendous potential of growth factor delivery, the re-
sults obtained in larger clinical trials have not always shown the ex-
pected benefit to patients (2), with some studies reporting marked
adverse effects (3-5). The reasons for this are multifaceted, from the
delivery methods to the supraphysiological dosages needed to elicit
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a therapeutic effect and the costs and adverse effects attached to
these high doses. This study presents a novel alternative approach
for spatiotemporally controlled delivery of growth factors. We de-
veloped a range of nanoparticle-functionalized bioinks to precisely
control the temporal release of growth factors from 3D printed im-
plants. Using multiple tool biofabrication techniques, we were able
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Fig. 6. Spatiotemporal delivery of both VEGF and BMP-2 led to enhanced bone healing and tissue morphology 12 weeks after scaffold implantation. (A) Goldner’s
trichrome- and Safranin O-stained sections of all groups after 12 weeks in vivo. Images were taken at 20x. BM denotes bone marrow. PCL denotes areas where the PCL
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(B) bone formation, (C) bone marrow, and (D) developing bone per total area. Error bars denote SDs. *P < 0.05, **P < 0.01, and ****P <0.0001 (n =9 animals).

to print constructs containing spatiotemporal gradients of growth
factors, which allowed for controlled tissue regeneration without the
need for supraphysiological dosages. Specifically, the appropriate pat-
terning of VEGF enhanced angiogenesis in vivo and, when coupled
with defined BMP-2 localization and release kinetics, enhanced large
bone defect healing with little heterotopic bone formation.
Alginate hydrogels are commonly used for bone tissue engineer-
ing, with a number of studies demonstrating the bone regeneration
potential of RGD functionalized and y-irradiated alginate (30-33),
making it a promising base bioink for the 3D bioprinting of osteo-
genic implants. However, one drawback to using RGD y-irradiated
alginate as a bioink is its low viscosity. It is imperative when print-
ing multilayered structures that the bioink have appropriate rheo-
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logical properties to prevent collapsing or sagging of the printed
structure. The addition of methylcellulose to alginate-based bioinks
was found to have a significant effect on both printability and the rate of
growth factor release. The addition of methylcellulose has previously
been shown to substantially increase the print fidelity of an alginate base
bioink (22, 34, 35), although typically using higher concentrations than
the one used in this study. Adding methylcellulose also accelerated
the rate of growth factor release. This was previously seen with albumin
release from alginate-methylcellulose beads (36). Such a polymeric
network is at least partially defined by physical entanglements be-
tween the alginate or methylcellulose chains. As methylcellulose
is characterized by high swellability, when the alginate/methylcellu-
lose bioink is exposed to the medium, it swells rapidly, resulting in

90of15

1202 ‘sz Arenuer uo /610 Bewadusios ssoueApe//:dny Woi) papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

accelerated growth factor release from the bioink. The addition of
methylcellulose may also have neutralized the charge on the alginate,
which would also influence growth factor release kinetics. In con-
trast, the addition of nanoparticles, and, in particular, laponite, slowed
the release of growth factor from the inks. Both nHA and laponite
have previously been shown to facilitate with the adsorption and im-
mobilization of VEGF within a hydrogel due to the strong attraction
between the nanoparticles and the growth factor (21-23). The stronger
association between growth factors and laponite can be linked to
the physiochemical properties of these particles (22, 29). These disc-
shaped particles [typically 25 nm in diameter and 1 nm in thickness
(37)] are characterized by a highly negatively charged face and a
positively charged rim (22), with a zeta potential of -61 mV (as de-
termined by the manufacturer). This allowed the positively charged
growth factors such as VEGF to form strong electrostatic bonds with
the negatively charged face of the nanoparticles (22). In contrast, the
nHA nanoparticles used in this study, which we have previously shown
to have a zeta potential of around —5 mV (38), would form a slightly
weaker electrostatic bond with the VEGF. The addition of laponite to
bioinks has also previously been shown to influence their mechanical
properties (37). While we did not directly assess whether the addi-
tion of laponite influenced the stiffness of our ink, we did observe
that it had no effect on their degradability, and on the basis of w/w
ratio used in this study, we do not believe it had marked effects on
mechanical properties such as matrix stiffness. Previous studies have
shown that when using high concentrations of alginate (similar to
that used in this study), the addition of laponite does not markedly
affect the rheological properties of the bioink (37). However, future
studies should investigate the overall mechanical properties of a bioink,
as this may also influence its osteogenic potential (39). A potential
limitation of laponite is that the strong electrostatic bond can limit
the amount of growth factor released from a delivery system in the
short-medium term (22). In this study, by tuning the ratio of laponite
to alginate, it was possible to engineer bioinks that released most of
their loaded protein over 35 days. Therefore, using specifically se-
lected nanoparticles, it is possible to develop bioinks that support
growth factor release profiles spanning days to weeks.

Using multiple-tool biofabrication, we demonstrated that distinct
growth factor gradients can be established and maintained over time
and that incorporating these gradients into printed implants can en-
hance sprouting angiogenesis in vivo. The process of sprouting an-
giogenesis begins with the selection of a distinct site on the mother
vessel where sprout formation is initiated. This distinct site is referred
to as the “tip cell,” and as the new sprout elongates, branches, and
connects with other sprouts, the selection process for the tip cell is
constantly reiterated (40). Previous studies have shown in the early
postnatal retinas that tip cell migration depends on a gradient of
VEGF-A and its proliferation is regulated by its concentration (40, 41).
Therefore, the increase in vessel infiltration observed in VEGF gra-
dient implants can possibly be attributed to tip cell migration and
proliferation toward the areas of high VEGF concentration (40, 41).
In contrast, when VEGF was homogenously distributed within the
implant, there was less of a chemotactic effect, resulting in lower
levels of vessel infiltration into the center of the construct.

When this bioprinting strategy was used to deliver both growth
factors within a large bone defect, there was a significant increase in
vessel infiltration within implants containing both a VEGF gradient
and BMP-2 compared to those containing VEGF alone. Although it
has been shown that delivery of BMP-2 alone can enhance new blood
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vessel formation within bone defects (42, 43), previous studies have
not reported a benefit to delivering both growth factors to the defect site
(17, 18). The finding that the laponite-functionalized bioink around
the periphery of the implant was slowing the release of VEGF from
the implant may partially explain the higher levels of vessel infiltration
observed within the composite implant, with the slower VEGF release
profile being perhaps more conducive to angiogenesis within the orthotopic
environment. Somewhat unexpectedly, despite enhancing overall
levels of bone formation, VEGF delivery alone did not increase
early vessel infiltration into the implant. Note that orthotopic
hematomas, generated by the surgical procedure, would have pro-
vided all defects with a source of endogenous chemotactic, angiogenic,
and mitogenic growth factors (17). This may have mitigated the
effect that an implant containing a VEGF gradient alone had on
early angiogenesis.

3D printed implants containing spatial gradients of VEGF, coupled
with defined BMP-2 localization, enhanced large bone defect heal-
ing with little heterotopic bone formation. Critically, this increase in
bone healing was achieved using very low concentrations of exogenous
growth factors. The concentration of VEGF used in this study was
substantially less (80 to 160 times less) than previous studies (17, 18).
Achieving therapeutic benefits with these low concentrations of growth
factors is important for multiple reasons, not least of which is the
observation that high concentrations of VEGF have been previously
shown to disrupt osteogenesis as the result of abnormal angiogenesis
and vascular structure (8). Furthermore, the concentrations of BMP-2
used here are at least an order of magnitude lower than that used pre-
viously to repair similar sized defects in a rat femoral defect model
(28, 31). Repair in these studies is typically associated with a sub-
stantial amount of heterotopic bone formation (28, 31). Directly com-
paring to previous work in our lab, which used a clinically relevant
BMP-2 dose in the same defect model (28), the results from this study
exhibited substantially less heterotrophic bone formation [10% versus
50% (28) of total bone volume]. Although we did not observe full
bone bridging after 12 weeks, new bone was still being formed via
the process of endochondral ossification at 12 weeks, suggesting that
regeneration was still proceeding. Allowing some level of physio-
logical loading earlier in the healing process would likely have fur-
ther accelerated regeneration (44). Together, the results from this study
demonstrate the potential of 3D printing morphogen gradients for
controlled tissue regeneration (with minimal heterotopic bone
formation) without the need of supraphysiological dosages.

The translation of tissue engineering concepts from bench to bed-
side is a challenging, expensive, and time-consuming process. Numer-
ous products have not made it past phase 2 trials, as they have not
shown the expected benefit in patients (1, 2), while others have been
associated with marked adverse effects (3-5). Here, we describe a pre-
viously unidentified approach for spatiotemporally defined growth
factor delivery and demonstrate a potential clinical utility in the re-
generation of large bone defects or the increased vascularization of
any 3D printed construct. Proof-of-concept studies in small animals
established the potential of these growth factor loaded bioinks for
inducing enhanced angiogenesis and bone regeneration without
the need for supraphysiological dosages. The benefit of this precise
localization of growth factors in both time and space is that it allows
for tightly controlled angiogenesis and new tissue formation, thereby
reducing off-target effects. It is envisioned that this platform tech-
nology could be applied to the controlled regeneration of numerous
different tissue types.
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MATERIALS AND METHODS

Study design

This study was designed to test whether the delayed release of BMP-
2 from bioprinted constructs containing spatial gradients in VEGF
will first enhance vascularization and sequentially enhance orthot-
opic bone regeneration. All animal experiments were conducted in
accordance with the recommendations and guidelines of The Health
Products Regulatory Authority, the competent authority in Ireland
responsible for the implementation of Directive 2010/63/EU on the
protection of animals used for scientific purposes in accordance with
the requirements of the Statutory Instrument no. 543 of 2012. Sub-
cutaneous mouse experiments were carried out under license (AE
19136/P069), and the rat femoral defect experiments were carried out
under license (AE19136/P087) approved by The Health Products
Regulatory Authority and in accordance with protocols approved by
the Trinity College Dublin Animal Research Ethics Committee. The n
for rodent models were based on the predicted variance in the model
and was powered to detect 0.05 significance. For the subcutaneous
surgeries, constructs were implanted in a balanced manner, such that
each group contained an implant placed at each of the subcutaneous
locations and samples for both surgical procedures were randomly
distributed across the operated animals. For the rat surgeries, three
rats from the empty group died from unforeseen complications and
so were removed from the n number at the 12-week time point. One rat
from the BMP-2 gradient group at 12-week time point was also re-
moved, as it was deemed a statistical outlier using the Grubbs’ test.

Preparation of bioinks

Low-molecular weight sodium alginate (58,000 g/mol) was prepared
by irradiating sodium alginate (196, 000 g/mol; Protanal LF 20/40,
Pronova Biopolymers, Oslo, Norway) at a gamma dose of 50,000 gray,
as previously described (45). RGD-modified alginate was prepared
by coupling the GGGGRGDSP to the alginate using standard car-
bodiimide chemistry. All bioinks were prepared by dissolving the
RGD y-irradiated alginate in growth medium, which consisted of
alpha minimum essential medium (¢MEM) (GlutaMAX; Gibco,
Biosciences, Ireland), 10% fetal bovine serum (FBS) (EU Thermo
Fisher Scientific), penicillin (100 U/ml; Sigma-Aldrich), and strep-
tomycin (100 g/ml; Sigma-Aldrich) (pen-strep) to make up a final
concentration of 3.5% (w/v).

Evaluation of the printability of the bioinks

3D bioplotter from RegenHU (3DDiscovery) was used to evaluate the
printability of the generated bioinks. The printability of varying the
w/w ratio (2:1, 1:1, and 1:2) of methylcellulose to alginate was eval-
uated by measuring the spreading ratio as previously described (39)

Printed Filament Diameter
Actual Needle Diameter

Spreading Ratio =

Tailoring the growth factor release profile of the

vascular bioink

To establish whether increasing the viscosity of the bioink influences
growth factor release, methylcellulose (Sigma- Aldrich) was also added
at ratio of 1:2 (w/w) to a 3.5% alginate solution of RGD y-irradiated
alginate. To establish whether the addition of clay-based particles to
the bioink could further tailor the growth factor release profile of the
bioinks, a 3.5% RGD y-irradiated alginate solution was made, and
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either methylcellulose (2:1) (w/w) or a combination of both methyl-
cellulose and laponite (Laponite XLG, BYK Additives & Instruments,
UK) (6:3:1) (w/w) was added.

To establish whether the addition of nHA to the alginate would
facilitate the adsorption and immobilization of growth factors within
the hydrogel due to their strong electrostatic attraction between nHAs,
three bioinks were tested (21). nHAs were prepared following a pre-
viously described protocol (46). A 3.5% RGD y-irradiated alginate
solution was made, and either methylcellulose (1:2) (w/w) or a combi-
nation of methylcellulose and nHA (2:1:2) (w/w) particles was added.

For all the growth factor release studies, VEGF (100 ng/ml; Gibco
Life Technologies, Gaithersburg, MD, USA) was added to the solutions
using dual-syringe approach, before precross-linking with 60 mM
CaSO4 to make the bioinks as previously described (39). All con-
structs were cultured in growth medium in normoxic conditions, and
media from each sample were changed bi-weekly. For VEGF release
study, medium samples were taken (days 0, 3, 5, and 10) and snap-
frozen at —80°C. Hydrogels were also snap-frozen at —80°C on day
0 to quantify the concentration of growth factor present in the con-
structs directly after printing.

Generation of VEGF gradients using vascular bioink

To demonstrate the utility of the vascular bioink, two strategies were
compared to print implants containing a spatial gradient of VEGF.
The vascular bioink was prepared, cross-linked with 60 mM CaSOy,
and printed to generate three experimental groups: (i) Homogenous
VEGEF. Bioink loaded with VEGF (100 ng/ml) was used to print
constructs 8 mm in diameter and 4 mm high. (ii) Gradient 1. Bioink
loaded with VEGF (100 ng/ml) was used to print a central 5-mm
core with a VEGF-free bioink printed around the periphery of the
8-mm-diameter construct. (iii) Gradient 2. VEGF (80 ng/ml) was printed
into the core, and VEGF (20 ng/ml) was printed into the periphery.
Postprinting constructs were cross-linked again in a bath of 100 mM
CaCl, for 1 min. Constructs were cultured in growth medium in
normoxic conditions for 14 days in vitro. The center and periphery
of each construct were separated by coring out the center from the
periphery of the scaffold and then snap-frozen at —80°C, 1 hour after
printing, and after 14 days in vitro.

Tailoring the growth factor release profile

of the osteoinductive bioink

To investigate whether the addition of laponite can tailor the growth
factor release profile over a long culture period, a base bioink (Fast
BMP-2 Release) and a laponite bioink (Slow BMP-2 Release) were
compared. For both growth factor release profiles, a dual-syringe
approach was used to deliver BMP-2 (200 ng/ml; PeproTech, UK)
to the solutions before precross-linking with 60 mM CaSOj, to make
the bioinks. These were printed into a 100 mM CaCl, soak agarose
mold to generate final constructs of @ 6 mm by 6 mm high. In addi-
tion to comparing the growth factor release profile of the two bioinks,
the degradation rate of the bioinks was also investigated. These scaf-
folds were cultured in normoxic conditions for up to 35 days and
media from each sample were changed weekly. For BMP-2 release
study, medium samples were taken (days 0, 5, 7, 14, 21, and 35) and
snap-frozen at —80°C. Printed hydrogels were also snap-frozen at —80°C
on day 0 to quantify the concentration of growth factor present in
the constructs directly after printing. For the degradation study, sam-
ples were washed and snap-frozen at —80°C and each time point (days
0,5,7, 14, and 21). Samples were lyophilized by placing the samples in
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a freeze dryer (FreeZone Triad, Labconco, Kansas City, USA). Each
sample was then weighed using an analytical balance (Mettler Toledo,
XS205).

Enzyme-linked immunosorbent assays

An enzyme-linked immunosorbent assay was used to quantify the
levels of VEGF and BMP-2 (Bio-Techne, MN, USA) released by the
alginates. The alginate samples were depolymerized with 1 ml of ci-
trate buffer (150 mM sodium chloride, 55 mM sodium citrate, and
20 mM EDTA in H,O) for 15 min at 37°C. The cell culture media
and depolymerized alginate samples were analyzed at the specific time
points detailed above. Assays were carried out as per the manufac-
turer’s protocol and analyzed on a microplate reader at a wavelength
of 450 nm.

Cell isolation, expansion, and seeding

BMSCs were obtained from the femur of a 4-month-old porcine
donor as previously described (47). All expansion was conducted in
normoxic conditions, expanded in growth medium where the medium
was changed twice weekly. Cells were used at the end of passage 3.

Construct design and 3D printing process

A 3D bioplotter from RegenHU (3DDiscovery) was used to print all
of the scaffolds. Using a 30-gauge needle, constructs of @ 4 mm X
5 mm high with both lateral and horizontal porosity and a fiber
spacing of 1.2 mm were printed with PCL (Cappa, Perstop). The
printing parameters of the PCL were as follows: temperature of thermo-
polymer tank (69°C), temperature of thermopolymer head (72°C),
pressure (1 bar), screw speed (30 rpm), and feed rate (3 mm/s). Scaf-
folds were sterilized using ethylene oxide sterilization before hydro-
gel printing.

For the VEGF gradient study, the vascular bioink was prepared,
cross-linked with 60 mM CaSOy, and printed within the PCL frame-
work to generate three experimental groups: (i) No VEGF, bioink
not loaded with VEGF; (ii) Homogenous, bioink loaded with VEGF
(100 ng/ml) deposited (25 ng per construct) throughout the construct;
and (iii) Gradient, bioink loaded with VEGF (500 ng/ml) deposited
in the center (25 ng per construct) and VEGF-free bioink deposited
on the outside (see Fig. 1A). Postprinting constructs were cross-linked
again in a bath of 100 mM CaCl, for 1 min.

For the BMP-2 release study, both a fast and slow release bioink
were prepared and using the dual syringe approach, porcine MSCs
were (2 x 10%/ml) mixed to both bioinks to have an overall seeding
density of 500 x 10° porcine MSCs/construct before being cross-
linked with 60 mM CaSO,. Both bioinks were printed within the
PCL framework to generate two experimental groups: (i) Fast release,
fast release bioink loaded with BMP-2 (2 pg/ml; 0.5 ug per construct)
deposited only in the periphery with the fast release bioink not loaded
with BMP-2 in the center; and (ii) Slow release, slow release bioink
loaded with BMP-2 (2 pug/ml; 0.5 ug per construct) deposited only
in the periphery with the fast release bioink not loaded with BMP-
2 in the center (see Fig. 2A). Postprinting constructs were cross-
linked again in a bath of 100 mM CacCl, for 1 min.

For the rat femoral defect, the vascular bioink, the osteoinduc-
tive bioink, and a base bioink (3.5% RGD y-irradiated alginate and
1.75% methylcellulose) were prepared, cross-linked with 60 mM CaSOy,
and printed within the PCL framework to generate three experimental
groups: (i) VEGF Gradient, the vascular bioink loaded with VEGF
(500 ng/ml) in the center of the implant and base bioink in the pe-
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riphery; (i) BMP-2 gradient, the osteoinductive bioink loaded with
BMP-2 (10 ug/ml) in the implant periphery (2 pug per construct), with
the base bioink in the center; and (iii) Composite (VEGF+BMP-2),
the osteoinductive bioink in the periphery with the vascular bioink
in the center (see Fig. 3A). Postprinting constructs were cross-linked
again in a bath of 100 mM CaCl, for 1 min.

Animals and surgical procedures

Subcutaneous surgeries were performed on 20 8-week-old female
BALB/c OlaHsd-Foxn 1nu nude mice (12 mice for the VEGF gradi-
ent study and 8 for the BMP-2 gradient study) (Envigo, Oxon, UK)
as previously described (47). Scaffolds were 3D printed the morning
of surgeries and implanted that day. Constructs were implanted in a
balanced manner, such that each group contained an implant placed
at each of the two subcutaneous locations and samples were ran-
domly distributed across the operated animals.

For the rat segmental surgery, 72 12-week-old F344 Fischer male
rats (Envigo, Oxon, UK) were anesthetized in an induction box us-
ing a mix of isoflurane and oxygen, initially at a flow rate of isoflu-
rane of 5 liters/min to induce, followed by ~3 liters/min to maintain
anesthesia. Once anesthetized, the animal was transferred to a heat-
ing plate that was preheated to 37°C and preoperative analgesia was
provided by buprenorphine (0.03 mg/ml). Surgical access to the femur
was achieved via an anterolateral longitudinal skin incision and
separation of the hindlimb muscles, the vastus lateralis, and biceps
femoris. The femoral diaphysis was exposed by circumferential ele-
vation of attached muscles, and the periosteum was removed. Before
the creation of the defect, a PEEK plate was fixed to the anterolater-
al femur and was held in position using a clamp. Holes were created
in the femur with a surgical drill using the plate as a template. Screws
were then inserted into the drill holes in the femur to maintain the
fixation plate in position. A 5-mm segmental defect was created us-
ing an oscillating surgical saw under constant irrigation with sterile
saline solution. In the test groups, a scaffold was placed in the defect
after a thorough washout of the surgical site. In the case of the empty
defect group, the gap between bone ends was left empty. Soft tissue
was accurately readapted with absorbable suture material. Closure of
the skin wound was achieved using suture material and tissue glue.

pCT imaging

Eight weeks after surgery, the BMP-2 gradient scaffolds were ex-
tracted and incubated in paraformaldehyde for 24 hours before
being imaged via uCT scans on a MicroCT42 (Scanco Medical,
Briittisellen, Switzerland) as previously described (47).

Vascular-CT imaging

Two weeks after surgery, 24 rats underwent a vascular perfusion
protocol developed by Daly et al. (28). Briefly, the rat was sacrificed
using CO, asphyxiation, and the thoracic cavity was opened to insert a
20-gauge needle through the left ventricle of the heart. The inferior
cava was cut and solutions of heparin (25 U/ml), and then, phosphate-
buffered saline (PBS) was perfused through the vasculature using
a peristaltic pump (Masterflex, Cole-Parmer, Vernon Hills, IL, USA)
until the vasculature system was completely flushed clear. A solu-
tion of 10% formalin was then perfused for 5 min. Animals re-
ceived a final perfusion of 20- to 25-ml radiopaque contrast agent
MICROFIL (Flow Tech, Carver, MA, USA) and were left at 4°C
overnight. Explants were extracted and incubated in PBS for 24 hours
before being imaged via uCT scans on a MicroCT42 (Scanco Medical,
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Briittisellen, Switzerland) at 70 kVp, 113 pA, and a 10-um voxel size.
The volume of interest (VOI) was determined by positioning a
5-mm circle around the cross section of the femur with an overall
length of 6.26 mm. MICROFIL has the same threshold as bone min-
eral, and therefore, to segment perfused vasculature from mineral-
ized tissue within each construct, two scans were analyzed: calcified
construct versus decalcified construct. The calcified constructs were
scanned and postprocessed using a threshold value that accurately
depicted both the mineral content and the vessel volume by visual in-
spection of the 2D grayscale tomograms (Scanco Medical MicroCT42).
Noise was removed using a low-pass Gaussian filter (sigma = 1.2,
support = 2), and a global threshold of 210 was applied. Next, sam-
ples were decalcified in EDTA (15 weight %, pH 7.4) for 2 weeks with
the decalcification solution replaced daily (decalcified constructs).
After 2 weeks, these decalcified constructs were scanned using the
same settings and postprocessed at the same threshold as the calcified
constructs to determine mineral content. Mineralized tissue content
was determined by subtracting the bone volume of the decalcified
scans from the calcified scans. Next, the decalcified scans were post-
processed at a threshold of 99 that accurately depicted just the vessel
volume upon visual inspection of the 2D grayscale tomograms.

In vivo nCT imaging

UCT scans were performed on the rats using a Scanco Medical
vivaCT 80 system (Scanco Medical, Bassersdorf, Switzerland). Rats
(n=9) were scanned at 4, 8, 10, and 12 weeks after surgery to assess
defect bridging and bone formation within the defect. First, anes-
thesia was induced in an induction box using a mix of isoflurane and
oxygen, initially at a flow rate of isoflurane of 5 liters/min to induce,
followed by ~3 liters/min to maintain anesthesia. Next, the rats were
placed inside the vivaCT scanner, and anesthesia was maintained by
isoflurane-oxygen throughout the scan. Next, a radiographic scan
of the whole animal was used to isolate the rat femur. The animal’s
femur was aligned parallel to the scanning field of view to simplify
the bone volume assessments. Scans were performed using a voltage
of 70 kVp and a current of 113 pA. A Gaussian filter (sigma = 0.8,
support = 1) was used to suppress noise, and a global threshold of
210 was applied. A voxel resolution of 35 um was used throughout.
3D evaluation was carried out on the segmented images to determine
bone volume and density and to reconstruct a 3D image. Bone vol-
ume and bone density in the defects were quantified by measuring
the total quantity of mineral in the central 130 slices of the defect. To
differentiate regional differences in bone formation, three VOIs were
created. Concentric @2 mm, ¥4 mm, and @10 mm were aligned
with the defect and used to encompass bone formation. The VOIs
were aligned using untreated native bone along the femur. The core
bone volume was quantified from the inner @2-mm VOI. The an-
nular bone volume was quantified by subtracting the @2-mm VOI
from the @4-mm VOI. Ectopic bone volume was quantified by sub-
tracting the @4-mm VOI from the @10-mm VOI. The bone volume
percentages for each region were then calculated by dividing the cor-
responding bone volume (i.e., bone volume in the annulus) by the
total bone volume in the defect. The bone volume and densities were
then quantified using scripts provided by Scanco.

Histological analysis

For segmental defect samples, all constructs that were not being
processed for vascular-CT imaging, were decalcified in Decalcifying
Solution-Lite (Sigma-Aldrich) for 1 week before tissue processing.
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Once decalcified, all samples were dehydrated and embedded in
paraffin using an automatic tissue processor (Leica ASP300, Leica).
All samples were sectioned with a thickness of 8 um using a rotary
microtome (Leica Microtome RM2235, Leica). Sections were stained
with H&E for vessel infiltration, Safranin O to assess sulphated
glycosaminoglycans (sGAG) content, and Goldner’s trichrome for
bone formation. Quantitative analysis was performed on multiple
H&E-stained slices, whereby vessels (positive staining for endo-
thelium and erythrocytes present within the lumen), were counted
on separate sections taken throughout each construct and averaged
for each construct. Safranin O sections were evaluated for new
developing bone (positive sGAG content). Masson’s trichrome-stained
sections were evaluated for new bone formation. The percentage of
developing bone, new bone, and marrow per total area of construct was
measured in separate sections with the Deconvolution Image] plugin.

Immunofluorescence analysis

Immunofluorescence analysis was used to detect a-SMA and vWF as
previously described (47). Briefly, following blocking step, sections
were then incubated overnight at +4°C with goat polyclonal a-SMA
(1:250; ab21027, Abcam) in PBS with 3% of donkey serum (w/v) and
1% bovine serum albumin (BSA). After three washing steps with PBS
containing 1% w/v BSA, the sections were incubated with Alexa
Fluor 488 donkey anti-goat secondary antibody (1:200; ab150129,
Abcam) for 1 hour at room temperature in the dark. The samples
were washed three times in PBS with 1% w/v BSA, and the slides
were then incubated overnight at +4°C with rabbit polyclonal vWF
antibody (1:200; ab6994, Abcam) in PBS with 3% of donkey serum
(w/v) and 1% BSA (all from Sigma-Aldrich). After three washing steps
with PBS and 1% w/v BSA, the sections were incubated with Alexa
Fluor 647 donkey anti-rabbit secondary antibody (1:200; ab150075,
Abcam) for 1 hour at room temperature in the dark. Last, samples
were washed three times with PBS and 1% w/v BSA, and the sections
were mounted using 4',6-diamidino-2-phenylindole mounting media
(Sigma-Aldrich). Fluorescence emission was detected using a con-
focal laser scanning microscopy (Olympus FluoView 1000).

Statistical analysis

Results were expressed as means + SD. Statistics was performed us-
ing the following variables: (i) When there were two groups and one
time point, a standard two-tailed ¢ test was performed. (ii) When there
were more than two groups and one time point, a one-way analysis
of variance (ANOVA) was performed. (iii) When there were more
than two groups and multiple time points, a two-way ANOVA was
performed. All analyses were performed using GraphPad (GraphPad
Software, La Jolla, CA, USA; www.graphpad.com). For all comparisons,
the level of significance was P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/33/eabb5093/DC1

View/request a protocol for this paper from Bio-protocol.
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