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strations increase the
incorporation and retention of multiple growth
factors in mineralized collagen scaffolds†

Aleczandria S. Tiffany,a Marley J. Deweyc and Brendan A. C. Harley *ab

Trauma induced injuries of the mouth, jaw, face, and related structures present unique clinical challenges

due to their large size and complex geometry. Growth factor signaling coordinates the behavior of multiple

cell types following an injury, and effective coordination of growth factor availability within a biomaterial can

be critical for accelerating bone healing. Mineralized collagen scaffolds are a class of degradable biomaterial

whose biophysical and compositional parameters can be adjusted to facilitate cell invasion and tissue

remodeling. Here we describe the use of modified simulated body fluid treatments to enable sequential

sequestration of bone morphogenic protein 2 and vascular endothelial growth factor into mineralized

collagen scaffolds for bone repair. We report the capability of these scaffolds to sequester 60–90% of

growth factor from solution without additional crosslinking treatments and show high levels of retention

for individual (>94%) and multiple growth factors (>88%) that can be layered into the material via

sequential sequestration steps. Sequentially sequestering growth factors allows prolonged release of

growth factors in vitro (>94%) and suggests the potential to improve healing of large-scale bone injury

models in vivo. Future work will utilize this sequestration method to induce cellular activities critical to

bone healing such as vessel formation and cell migration.
1. Introduction

Craniomaxillofacial injuries – injuries of the mouth, jaw, face,
and related structures – can be caused by a wide range of
congenital abnormalities, oral cancer treatments, and trau-
matic injuries. Trauma related injuries experienced by civil-
ians1–5 and high-energy impact injuries experienced by
warghters6–8 present unique clinical challenges. These injuries
are oen large, complex in geometry, and cannot be repaired
with external xtures alone.9,10 Most clinical treatments use
autogras, bone taken from a secondary site in the patient with
the injury, or allogras, bone taken from a human donor.11–13

While autogras are considered the gold-standard and main-
tain osteo-conductive and osteo-inductive abilities, allogras
are a popular alternative because of their availability.14,15

However, there are limitations to the use of these bone gras.
Autogras are limited by the size of the injury site, and
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allogras raise concerns about disease transmission, transplant
rejection, and their purication methods are not uniform,
resulting in variability between gras.16–18 Thus, there is a clin-
ical need for alternative solutions to address critically sized
craniomaxillofacial injuries.

Regenerative medicine solutions commonly seek to combine
a biomaterial template with strategies to accelerate healing
such as the incorporation of biomolecule stimuli.19,20 Bone
healing is a multistep process with multiple cell types and is
coordinated through growth factor signaling.21–25 Briey,
inammatory cytokines such as tumor necrosis factor alpha are
released following injury and lead to the formation of a hema-
toma.26,27 These cytokines recruit macrophages and other
immune cells to the injured site and initiate new vessel
formation.27 Vascular endothelial growth factor (VEGF) and
angiopoietin-1 and 2 are critical growth factors for promoting
and maintaining angiogenesis.26,28–30 Immune cells then release
factors such as bone morphogenic protein 7 to recruit mesen-
chymal stem cells to the injury site.31 Mesenchymal stems cells
start depositing extracellular matrix components such as
collagen that lead to callous formation at the injured site.22,24

Bone morphogenic protein 2 (BMP2) and other signaling
molecules induce the differentiation of mesenchymal stem cells
into osteoblasts (bone depositing cells) and mineralization of
the callous occurs.31,32 As the injury continues to heal, growth
factors such as osteoprotegerin recruit osteoblasts and osteo-
clasts to form mechanically weak bone.33 This weak bone will
This journal is © The Royal Society of Chemistry 2020
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continue to be remodeled and will eventually be fully replaced
by mechanically robust bone.25

Due to the complexity of native bone healing, a wide range of
efforts have explored the use of these and other factors to
accelerate cell recruitment and regenerative activity. For
example, stromal derived factor 1 and platelet derived growth
factor have been delivered from bone-mimetic scaffolds to
increase cell migration in vitro34 and improve bone healing in
vivo.35,36 Incorporating BMP2 into scaffolds for bone repair is
very common and has shown to improve osteogenesis in
multiple systems.36–42 However, the need for doses of soluble
BMP2 larger than what's normally found in the body has led to
complications such as abnormal bone formation.43,44 Prolonged
release of VEGF from bone-mimetic scaffolds in small concen-
trations has been shown to promote vascularization of the
injury site and improve bone healing in vivo.45 However, delivery
strategies that result in quick release of high concentrations of
VEGF increase vascularization at the expense of bone quantity
in vivo46. Thus, it is critical to determine the optimal dose for
growth factor delivery, understanding that this dose will vary
based on the desired results, and develop strategies to control
the delivery and release of factors from biomaterial substrates
to accelerate healing.

Our lab has developed a mineralized collagen-
glycosaminoglycan scaffold capable of inducing osteogenesis
without the addition of exogenous factors,47 and these materials
have been used to heal sub-critical injuries in vivo.48,49 However,
as we move into larger injury models, we may require biomo-
lecular supplements to improve implant-bone integration, cell
recruitment, and vascular remodeling. Thus, we are interested
in exploring how growth factor supplementation can be used to
improve in vivo healing and integration with host tissue. Our
group has previously used strategies such as photo-
patterning,50,51 covalent immobilization,52–55 and sequestration
modulated by glycosaminoglycan content56 and small mole-
cules57 to add growth factors to non-mineralized and mineral-
ized collagen scaffolds. Recently, the Murphy lab has described
the use of modied simulated body uid (mSBF) to create
mineral coatings on material surfaces to deliver growth
factors,58–62 plasmid DNA lipoplexes,63 and condensed mRNA.64

We were particularly interested in the work by Clements et al. in
which they performed sequential sequestrations to layer inter-
leukin-1 receptor antagonist on nanoparticles to prolong in vivo
activity.62

In this manuscript, we describe the use of mSBF and
sequential sequestration to incorporate and retain BMP2 and
VEGF in three-dimensional mineralized collagen scaffolds.
First, we hypothesized that soaking mineralized collagen scaf-
folds in mSBF prior to sequestration would increase incorpo-
ration and retention of growth factors within our scaffolds.
Next, we hypothesized that sequential sequestrations would
increase incorporation and retention of growth factors within
our scaffolds compared to a single sequestration. We examined
the capacity for mineralized collagen scaffolds to sequester
growth factors from solution without additional crosslinking
treatments and the capability to increase incorporation and
This journal is © The Royal Society of Chemistry 2020
extend retention of single growth factors or multiple growth
factors via sequential sequestrations.

2. Materials and methods
2.1. Mineralized collagen scaffold fabrication and hydration

Mineralized collagen-glycosaminoglycan scaffolds were fabri-
cated via lyophilization from a mineralized collagen precursor
suspension as described before.47,65,66 The precursor suspension
was created by homogenizing type I collagen (1.9 weight per
volume, Sigma Aldrich, St. Louis, Missouri USA), chondroitin-6-
sulfate (0.84 weight per volume, Sigma Aldrich), and calcium
salts (calcium hydroxide and calcium nitrate, Sigma Aldrich) in
a mineral buffer solution (0.1456 M phosphoric acid/0.037 M
calcium hydroxide). The precursor suspension was stored at
4 �C and degassed prior to lyophilization.

Mineralized collagen scaffolds were fabricated via lyophili-
zation using a Genesis freeze-dryer (VirTis, Gardener, New York
USA) as described before.66 Briey, 100 mL of precursor
suspension was pipetted into a custom 144-well polysulfone
mold (6 mm diameter, 7 mm tall wells). The precursor solution
was frozen by cooling from 20 �C to �10 �C at a constant rate of
1 �C per minute followed by a temperature hold at �10 �C for 2
hours. The frozen suspension was then sublimated at 0 �C and
0.2 Torr, resulting in a porous scaffold network.

All scaffolds were hydrated for 2 hours in ethanol, cross-
linked for 2 hours in EDC-NHS, and washed in phosphate
buffered saline (PBS) for 48 hours prior to use in experiments.

2.2. Modied simulated body uid preparation

Modied simulated body uid (mSBF) was made according to
previous recipes.58–64 Briey, 1.41 mM sodium chloride (NaCl,
Sigma Aldrich), 4.0 mM potassium chloride (KCl, Sigma
Aldrich), 0.5 mM magnesium sulfate (MgSO4, Sigma Aldrich),
1.0 mM magnesium chloride (MgCl2, Sigma Aldrich), 5.0 mM
calcium chloride (CaCl2, Sigma Aldrich), 1.0 mM potassium
phosphate (KH2PO4, Sigma Aldrich), and 4.2 mM sodium
carbonate (NaHCO3, Sigma Aldrich) were dissolved in deionized
water and sterile ltered through a MilliporeSigma Stericup
with a 0.22 mm lter (Fisher Scientic, Hampton, New Hamp-
shire USA). mSBF was stored at 4 �C until use.

2.3. Sequestration of bone morphogenic protein 2 following
modied simulated body uid treatments

Following hydration, scaffolds were soaked in 50 ng mL�1 bone
morphogenic protein 2 (BMP2) or treated inmodied simulated
body uid (mSBF) for 1, 3, or 7 days and then soaked in 50 ng
mL�1 BMP2 (Fig. 1A). mSBF soaks were done at room temper-
ature under mild shaking and mSBF solution was changed each
day. BMP2 was diluted in 1% bovine serum albumin in phos-
phate buffered saline (1% BSA in PBS), and sequestration was
done for 1 hour at room temperature under mild shaking. Aer
sequestration, the BMP2 solution was saved and stored at
�20 �C and scaffolds were placed in PBS for 7 days at 37 �C. PBS
was replaced each day and stored at �20 �C. An enzyme-linked
immunosorbent assay (ELISA) (R&D Systems, Minneapolis,
RSC Adv., 2020, 10, 26982–26996 | 26983
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Fig. 1 Growth factor sequestration with varying modified simulated body fluid (mSBF) treatments. (A) Schematic of experiment. Hydrated
scaffolds and scaffolds soaked inmSBF for 1, 3, or 7 days were used to sequester BMP2. (B) Sequestration of BMP2 after varying treatment times in
mSBF. Mineralized collagen scaffolds are capable of sequestering BMP2 without mSBF treatments. Groups that share a letter are not significantly
different (p < 0.05). (C) Retention of BMP2 within scaffolds for 7 days. Mineralized collagen scaffolds had the highest retention compared to all
mSBF treated groups by day 7. Groups that share a letter within a day are not significantly different (p < 0.05). * indicates significant differences
between all groups within a day. Note: the y-axis starts at 90% to better show differences between groups. To see plots with the y-axis 0–100%
please see ESI Fig. 1.† DATA: boxplots overlaid with individual data points are used to represent data.
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Minnesota, USA) was used to quantify the amount of BMP2
sequestered and retained within the scaffolds. Retention is re-
ported as the percent of BMP2 remaining in the scaffold to
BMP2 initially sequestered into the scaffold.
2.4. Compression testing

Stress–strain curves of hydrated scaffolds, scaffolds soaked in
phosphate-buffered saline (PBS) for 7 days, and scaffolds
soaked in modied simulated body uid (mSBF) for 7 days were
generated with the Instron 5943 mechanical tester (Instron,
Norwood, Massachusetts USA) using a 5 N load cell; hydrated
scaffolds were not submerged in liquid during testing. Samples
were compressed at a rate of 1 mm min�1 with the Young's
modulus determined from the stress–strain curves using
26984 | RSC Adv., 2020, 10, 26982–26996
conventional analysis methods for low-density open-cell foam
structures such as the mineralized collagen scaffolds.67,68
2.5. Scanning electron microscopy

Critical point drying was done using a Samdri-PVT-3D (Tousi-
mis, Rockville, Maryland USA) to prepare hydrated scaffolds
(Mineralized), and scaffolds soaked in modied simulated body
uid (mSBF) for 1, 3, and 7 days (mSBF1, mSBF3, mSBF7) for
scanning electron microscopy (SEM) analysis of scaffold
morphology using previously described methods.57,69 Briey,
scaffolds were placed in formalin for 24 hours and then the
aqueous solution in the scaffolds was replaced with ethanol and
then liquid carbon dioxide. The specimens were then held
above 6.895 kPa and 31 �C to remove the carbon dioxide as a gas
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03872e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

11
:0

6:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
with minimal structural deformation. Dried scaffolds and
scaffolds cut into semi-cylinders were placed on carbon tape,
sputter coated with gold/palladium, and imaged using a Philips
XL30 ESEM-FEG (FEI Company) at 5 kV with a secondary elec-
tron detector.
2.6. Sequential sequestration of single growth factors

2.6.1. One treatment. Following hydration, scaffolds were
soaked in 80 ng mL�1 bone morphogenic protein 2 (BMP2) or
vascular endothelial growth factor (VEGF) (Fig. 3A). Growth
factors were diluted in 1% bovine serum albumin in phosphate
buffered saline (1% BSA in PBS), and sequestration was done for
1 hour at room temperature under mild shaking. Aer
sequestration, the growth factor solution was saved and stored
at �20 �C and scaffolds were placed in PBS for 7 days at 37 �C.

2.6.2. Sequential treatments. Following hydration, scaf-
folds were soaked in 10 ng mL�1 BMP2 or VEGF and put into
modied simulated body uid (mSBF) overnight at room
temperature under mild shaking. This was repeated for 7
consecutive days (8 total sequestrations) (Fig. 3A). Growth
factors were diluted in 1% BSA in PBS, and sequestration was
Fig. 2 Scanning electron micrographs of unseeded mineralized collagen
White arrow indicates angular structures observed during imaging. Mag
3000�, 3000�, 2500�.

This journal is © The Royal Society of Chemistry 2020
done for 1 hour at room temperature under mild shaking. Aer
each sequestration, the growth factor solution was saved and
stored at�20 �C. The solution frommSBF soaks were saved and
stored at �20 �C. Aer the nal sequestration, scaffolds were
placed in PBS for 7 days at 37 �C.
2.7. Sequential sequestration of multiple growth factors

2.7.1. One treatment. Following hydration, scaffolds were
soaked in 80 ng mL�1 bone morphogenic protein 2 (BMP2) and
10 ng mL�1 vascular endothelial growth factor (VEGF) (Fig. 4A).
Growth factors were diluted in 1% bovine serum albumin in
phosphate buffered saline (1% BSA in PBS), and sequestration
was done for 1 hour at room temperature under mild shaking.
Aer sequestration, the growth factor solution was saved and
stored at �20 �C and scaffolds were placed in PBS for 7 days at
37 �C.

2.7.2. Sequential treatments. Following hydration, scaf-
folds were soaked twice in 40 ng mL�1 BMP2 and once in 10 ng
mL�1 VEGF with overnight modied simulated body uid
(mSBF) soaks following each sequestration step (Fig. 4A). mBSF
soaks were done at room temperature under mild shaking.
scaffolds after exposure to modified simulated body fluid treatments.
nifications top: 50�, 50�, 50�, 40�. Magnifications bottom: 3000�,

RSC Adv., 2020, 10, 26982–26996 | 26985
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Fig. 3 Sequential sequestration of individual growth factors. (A) Schematic of experiment. Scaffolds soaked once in BMP2 or VEGF were
compared to sequentially sequestered BMP2 or VEGF groups. (B) BMP2 sequestration. The one-time BMP2 treatment and the modified
simulated body fluid (mSBF) sequentially sequestered groups had the same amount of BMP2 sequestered (p < 0.05). * indicates signifi-
cance between all groups within a day (p < 0.05). N.S. indicates no significance between groups within a day (p < 0.05). Groups that share
a letter are not significantly different (p < 0.05). (C) BMP2 retention. Scaffolds treated once with BMP2 had lower retention of the growth
factor in the scaffold compared to both sequentially sequestered groups. Groups that share a letter within a day are not significantly
different (p < 0.05). Note: the y-axis starts at 90% to better show differences between groups. To see plots with the y-axis 0–100% please
see ESI Fig. 3.† (D) VEGF sequestration. The one-time VEGF treatment had more VEGF sequestered than both sequentially sequestered
groups (p < 0.05). * indicates significance between groups within a day (p < 0.05). N.S. indicates no significance between groups within
a day (p < 0.05). Groups that share a letter are not significantly different (p < 0.05). (E) VEGF retention. Scaffolds soaked once in VEGF and
scaffolds sequentially sequestered with mSBF treatments have the highest retention by day 7. * indicates significance between all groups
within a day (p < 0.05). Groups that share a letter within a day are not significantly different (p < 0.05). Note: the y-axis starts at 90% to
better show differences between groups. To see plots with the y-axis 0–100% please see ESI Fig. 3.† DATA: boxplots overlaid with
individual data points are used to represent data.

26986 | RSC Adv., 2020, 10, 26982–26996 This journal is © The Royal Society of Chemistry 2020
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Growth factors were diluted in 1% BSA in PBS, and sequestra-
tion was done for 1 hour at room temperature under mild
shaking. Aer each sequestration, the growth factor solution
was saved and stored at �20 �C. The solution from mSBF soaks
were saved and stored at �20 �C. Aer the nal sequestration,
scaffolds were placed in PBS for 7 days at 37 �C.

2.8. Enzyme-linked immunosorbent assays

2.8.1. One-time treatments. PBS was replaced each day and
stored at�20 �C during growth factor release. An enzyme-linked
immunosorbent assay (ELISA) (R&D Systems) was used to
quantify the amount of BMP2 and VEGF sequestered and
retained within the scaffolds. Retention is reported as the
percent of BMP2 remaining in the scaffold to BMP2 initially
sequestered into the scaffold.

2.8.2. One-time treatments. PBS was replaced each day and
stored at�20 �C during growth factor release. An enzyme-linked
immunosorbent assay (ELISA) (R&D Systems) was used to
quantify the amount of BMP2 and VEGF sequestered and
retained within the scaffolds. Growth factor released during
mBSF soaks was factored into the nal concentration of BMP2
or VEGF sequestered into mineralized collagen scaffolds.
Retention is reported as the percent of BMP2/VEGF remaining
in the scaffold to BMP2/VEGF initially sequestered into the
scaffold.

2.9. Human umbilical vein endothelial cell culture and
preliminary transwell experiment

Human umbilical vein endothelial cells (HUVECs) (Lonza,
Basel, Switzerland) were expanded in T75 asks (Fisher Scien-
tic) and cultured in endothelial cell growth media (Lonza) at
37 �C and 5% carbon dioxide until conuent. Once conuent,
passage 4 HUVECs were seeded (62 000 cells per well) into the
lower chamber of the transwell plate and scaffolds were loaded
into the transwell insert. 300 mL of endothelial cell growth
media was used in the lower chamber and 700 mL of endothelial
cell growth media was used in the transwell insert. Cells were
cultured in endothelial cell growth media at 37 �C and 5%
carbon dioxide for 7 days.

Four groups were used for this preliminary transwell exper-
iment: (1) scaffolds soaked in PBS with no VEGF added into the
transwell insert (blank); (2) scaffolds soaked in PBS with 10 ng
mL�1 VEGF added into the transwell insert (soluble); (3) scaf-
folds that had been soaked in 5 ng mL�1 of VEGF, soaked in
mSBF overnight, and soaked in another 5 ng mL�1 of VEGF
(mSBF); (4) scaffolds soaked once in 10 ngmL�1 VEGF (one Trt).
The soluble groups had no additional VEGF added aer the rst
media change at day 3.

2.10. Human umbilical vein endothelial cell metabolic
activity

The metabolic activity of human umbilical vein endothelial
cells (HUVECs) seeded in transwells was measured using ala-
marBlue via uorescent spectrophotometer (Tecan Innite F200
Pro, Männedorf, Switzerland). HUVECs seeded in the bottom
chamber of a transwell were incubated in a 10% alamarBlue
This journal is © The Royal Society of Chemistry 2020
solution (Invitrogen, Carlsbad, California USA) for 90 minutes
at 37 �C under moderate shaking. The relative cell metabolic
activity was determined from a standard curve generated with
known cell concentrations. An experimental value of 1 indicates
the metabolic activity of the number of cells originally seeded
into the transwell.

2.11. Human umbilical vein endothelial cell gene expression

RNA was isolated from cell seeded scaffolds using TRIzol
Reagent (Invitrogen) following the provided protocol. Isolated
RNA was quantied using the NanoDrop Lite Spectrophotom-
eter (ThermoFisher, Waltham, Massachusetts USA) and reverse
transcribed using a QuantiTect Reverse Transcription Kit (Qia-
gen, Hilden, Germany) and a BioRad S1000 thermal cycler
(BioRad, Hercules, California USA).

Each real-time polymerase chain reaction (PCR) was carried
out in duplicate, using 10 ng cDNA and Taqman primers
(ThermoFisher). A Taqman PCR kit (ThermoFisher) along with
an Applied Biosystems 7900HT Fast Real-Time PCR System was
used to perform the real-time PCR. 18S ribosomal RNA (18S)
and peptidylprolyl isomerase A (PPIA) were used as house-
keeping genes. Gene expression proles were obtained for
platelet derived growth factor (PDGF), hypoxia inducible factor
1 alpha (Hif1a), angiopoietin 1 (Ang1), and angiopoietin 2
(Ang2) (details: ESI Table 1†).

2.12. Statistics

RStudio was used for all plotting and statistical analyses.
Sample size was six (n ¼ 6) for all experiments except
compression testing (n ¼ 12) and polymerase chain reaction
(PCR, n ¼ 8). PCR data have some groups with sample size less
than 8 due to undetermined threshold cycle values, but 90% of
groups have n$ 6. See ESI Tables 2 and 3† for details on sample
size for PCR data. Data in tables are presented as average �
standard deviation.

2.12.1. Plotting. The Rstudio data visualization package
“ggplot2” was used to plot all data. The graphs in this manu-
script display the data using boxplots overlaid with individual
observations.

2.12.2. Statistics on data with two experimental groups. A t-
test was used for data that were normally distributed and had
equal variance. A Welch's t-test was used for data that were
normally distributed and did not have equal variance. The
Mann–Whitney U test was used for data that were not normally
distributed and had equal variance. Experimental groups were
tested for normality using the Shapiro–Wilk test. Homogeneity
of variance was tested using the Levene test.

2.12.3. Statistics on data with three or more experimental
groups. The Kruskal–Wallis test (one experimental factor) was
used for data that were not normally distributed and had equal
variance, and signicance was determined using Dunn's post-
hoc test. One-way ANOVA (one experimental factor) or two-way
ANOVA (two experimental factors) was run for data that were
normally distributed and had equal variance, and signicance
was determined using Tukey's post-hoc test. Welch's one-way
ANOVA was used for data that were normally distributed and
RSC Adv., 2020, 10, 26982–26996 | 26987
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Fig. 4 Sequential sequestration of multiple growth factors. (A) Schematic of experiment. Scaffolds soaked once in a solution of BMP2 and VEGF
were compared to sequentially sequestered BMP2 then VEGF groups. (B) BMP2 sequestration. Both sequentially sequestered scaffolds had higher
concentrations of BMP2 compared to the one-treatment scaffolds. Groups that share a letter are not significantly different (p < 0.05). (C) BMP2
retention. Scaffolds treated once in BMP2 have the lowest retention compared to both sequentially sequestered groups (p < 0.05). * indicates
significant differences compared to the other two groups within a day (p < 0.05). Note: the y-axis starts at 85% to better show differences between
groups. To see plots with the y-axis 0–100% please see ESI Fig. 4.† (D) VEGF sequestration. Both sequentially sequestered scaffolds had higher
concentrations of VEGF compared to the one-treatment scaffolds. Groups that share a letter are not significantly different (p < 0.05). (E) VEGF
retention. Scaffolds treated once in VEGF have the lowest retention compared to both sequentially sequestered scaffolds. * indicates significant
differences compared to the other two groups within a day (p < 0.05). Note: the y-axis starts at 85% to better show differences between groups. To
see plots with the y-axis 0–100% please see ESI Fig. 4.† DATA: boxplots overlaid with individual data points are used to represent data.
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did not have equal variance, and signicance was determined
using Tukey's post-hoc test. Mood's median test (via a Monte
Carlo simulation, one experimental factor) was used for data
26988 | RSC Adv., 2020, 10, 26982–26996
that were not normally distributed and did not have equal
variance, and signicance was determined using a pairwise
median test. Residuals were tested for normality using the
This journal is © The Royal Society of Chemistry 2020
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Shapiro–Wilk test. Homogeneity of variance was tested using
the Levene test.
3. Results
3.1. Mineralized collagen scaffolds can sequester growth
factors without additional treatments

We rst determined whether extended soaking of mineralized
collagen scaffolds in modied simulated uid (mSBF) prior to
growth factor sequestration would increase incorporation and
retention of growth factors within our scaffolds. Our mineral-
ized collagen scaffold natively sequesters bone morphogenic
protein 2 (BMP2) better than mineralized collagen scaffolds
soaked in mSBF for 1 or 3 days (Fig. 1B). However, extended
exposure to mSBF (7 days) recovers this sequestration ability,
with no signicant difference in BMP2 sequestration compared
to the native mineralized scaffolds (Fig. 1B). All groups
sequestered greater than 80% of BMP2 out of solution (Fig. 1B).
The mineralized collagen scaffolds also retained the highest
percentage of sequestered BMP2 over 7 days compared to all
mSBF soaked scaffold groups, with the difference becoming
signicant by day 2 (Fig. 1C). Overall, mineralized collagen
scaffolds had the highest nal concentration of BMP2 at day 7
than scaffolds with extended mSBF treatments prior to
sequestration (Table 1). Scaffolds that were soaked in mSBF for
7 days both sequestered and retained BMP2 better than shorter
mSBF exposures (1 and 3 days); however, subsequent experi-
ments did not include mSBF pre-soaks because there was no
improvement in BMP2 sequestration or retention compared to
native mineralized collagen scaffolds. Summary statistics
(average � standard deviation) and full-scale retention data for
this experiment: Table 1, ESI Fig. 1.†

The scaffold microstructure was not noticeably affected by
mSBF exposure (Fig. 2). The porous network and collagen bers
are unchanged when viewed using scanning electron micros-
copy (Fig. 2). While we normally observe plate-like brushite
crystals in our mineralized scaffolds,69 we observed additional
deposits in scaffolds soaked in mSBF for 7 days (Fig. 2, white
arrow). We believe this may have been a result of the high salt
concentrations in the mSBF soaks, and tested the mechanics of
these scaffolds to dene mechanical consequences of mSBF
exposure. Mechanical analysis of the different scaffolds showed
the elastic modulus of scaffolds soaked in mSBF or PBS for 7
days is signicantly lower than immediately aer hydration (ESI
Fig. 2†). However, we observed no signicant differences in
elastic modulus between scaffolds soaked in mSBF or PBS for 7
Table 1 Sequestration and retention values for Fig. 1 (mSBF treatments)

Group BMP2 sequestered (ng mL�1) B

Mineralized 46.99 � 0.25 94
mSBF1 41.12 � 2.55 92
mSBF3 42.84 � 1.61 92
mSBF7 44.70 � 2.06 93

a Data is presented as average � standard deviation. The sequestration w

This journal is © The Royal Society of Chemistry 2020
days (ESI Fig. 2†), suggesting the loss of mechanical perfor-
mance is not a specic effect of mSBF exposure.
3.2. Sequential sequestration of individual growth factors
increases retention in mineralized collagen scaffolds

We subsequently examined the use of mSBF treatments and
sequential sequestrations to increase incorporation and reten-
tion of growth factors within our scaffolds compared to a single
sequestration (one-time treatment). BMP2 and vascular endo-
thelial growth factor (VEGF) can be sequentially sequestered
into mineralized collagen scaffolds, and more VEGF was
sequestered into mineralized collagen scaffolds than BMP2 for
all treatment groups (Fig. 3B and D). Notably, sequential
sequestrations with repeated mBSF soaks resulted in signi-
cantly higher nal concentrations of incorporated BMP2 than
sequential sequestrations with repeated PBS soaks (Fig. 3B).
One-time treatments and the sequentially sequestered mSBF
groups sequestered �72% and 66% of BMP2 out of solution,
respectively, while sequentially sequestered PBS groups had
signicantly lower sequestration (�63% BMP2 sequestered;
Fig. 3B). One-time treatments sequestered signicantly more
VEGF out of solution than both sequentially sequestered groups
(mSBF and PBS; Fig. 3D). One-time treatments sequestered
�91% VEGF out of solution while both sequentially sequestered
groups (mSBF and PBS) sequestered�82% VEGF out of solution
(Fig. 3D).

Next, we examined whether the mode of growth factor
sequestration into the scaffold altered factor release. Notably,
mineralized collagen scaffolds have higher retention of seques-
tered BMP2 when sequentially sequestered compared to a one-
time treatment for the entire release period (Fig. 3C). Sequen-
tially sequestered PBS groups have higher BMP2 retention than
sequentially sequestered mSBF groups by day 7 (97.02% and
96.77%, respectively; Fig. 3C). Although the sequentially seques-
tered groups have higher retention of sequestered BMP2, the nal
concentration of BMP2 in the scaffolds is highest in the one-time
treatment group (54.77 ng mL�1; Table 2). Mineralized collagen
scaffolds with a one-time treatment and sequentially sequestered
scaffolds with mSBF soaks have the highest retention of seques-
tered VEGF by day 7 (Fig. 3E), though all groups have greater than
98% of sequestered VEGF retained aer 7 days (Fig. 3E). Here, one-
time treatments have the highest nal concentration of VEGF (�72
ng mL�1) compared to the sequentially sequestered groups (�65
ng mL�1 VEGF for mSBF and PBS treatments; Table 2). Summary
a

MP2 retained (%, day 7) BMP2 retained (ng mL�1, day 7)

.74 � 0.03 45.72 � 0.01

.09 � 0.10 39.48 � 0.02

.94 � 0.09 41.30 � 0.02

.80 � 0.25 43.29 � 0.01

as done out of 50 ng mL�1 BMP2.

RSC Adv., 2020, 10, 26982–26996 | 26989
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Table 2 Sequestration and retention values for Fig. 3 (individual growth factors)a

Group

BMP2 VEGF

Sequestered
(ng mL�1) Retained (%, day 7)

Retained
(ng mL�1, day 7) Sequestered (ng mL�1) Retained (%, day 7)

Retained
(ng mL�1, day 7)

One Trt 57.90 � 2.85 94.59 � 0.03 54.77 � 0.02 73.50 � 0.44 98.79 � 0.01 72.61 � 0.01
PBS 51.06 � 0.46 97.02 � 0.02 49.54 � 0.01 66.33 � 0.16 98.42 � 0.01 65.28 � 0.01
mSBF 52.73 � 0.26 96.77 � 0.03 51.02 � 0.01 66.34 � 0.12 98.79 � 0.1 65.53 � 0.01

a Data is presented as average � standard deviation. The sequestration was done out of 80 ng mL�1 BMP2 or 80 ng mL�1 VEGF.
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statistics (average � standard deviation) and full-scale retention
data for this experiment: Table 2, ESI Fig. 3.†
3.3. Sequential sequestration of multiple growth factors
increases sequestration and retention in mineralized collagen
scaffolds

We then explored whether the sequential sequestration approach
provides an advantage for selectively incorporating multiple
growth factors within the scaffold. Scaffolds could be exposed to
a large dose of mixed factors (one-time treatments), or scaffolds
could be sequentially exposed to one factor, followed by a PBS or
mSBF treatment, then exposed to a second factor. Scaffolds that
sequentially sequestered BMP2 then VEGF had higher concentra-
tions of both growth factors compared to scaffolds that were
soaked once in a solution containing BMP2 and VEGF (Fig. 4B and
D). One-time treatments sequestered �60% of both BMP2 and
VEGF while sequentially sequestered groups sequestered�87% of
BMP2 and greater than 90% of VEGF from solution. Data show it's
possible to quantify growth factor sequestration following each
stage of exposure: (1) exposure to 40 ng mL�1 BMP2; (2) exposure
to a second dose of 40 ng mL�1 BMP2; (3) exposure to 10 ng mL�1

VEGF (Fig. 4B and D).
Sequentially sequestered groups (mSBF and PBS) also showed

higher retention of both growth factors over 7 days when compared
to one-time treatment scaffolds (Fig. 4C and E). Sequentially
sequestered scaffolds retained �98% and �95% of sequestered
BMP2 and VEGF by day 7, respectively. One-time treatments
retained �94% and �88% BMP2 and VEGF by day 7, respectively.
Scaffolds that sequentially sequestered growth factors from solution
had the highest nal concentration of BMP2 and VEGF by day 7
(�68 ngmL�1 and�9 ngmL�1, respectively; Table 3). Additionally,
scaffolds that sequentially sequestered growth factors were less
variable in their retention proles (indicated by a narrower boxplot).
Summary statistics (average � standard deviation) and full-scale
retention data for this experiment: Table 3, ESI Fig. 4.†
3.4. In vitro cell activity data suggest large growth factor
doses are required to illicit cell response

We subsequently examined the ability for 10 ng mL�1 seques-
tered VEGF to induce shis in human umbilical vein endothe-
lial cell (HUVEC) activity using a transwell assay (i.e. examining
the effect of released VEGF). We compared results for HUVECS
in the scaffold with no exposure to VEGF (blank), exposure to 10
26990 | RSC Adv., 2020, 10, 26982–26996
ng mL�1 VEGF supplemented in the media (soluble), a single
VEGF sequestration (one Trt), or sequential VEGF sequestration
with mSBF treatments (mSBF). We did not observe signicant
differences in HUVEC metabolic activity between treatment
groups in response to 10 ng mL�1 VEGF by day 7 (Fig. 5). While
we observed some short-term differences (days 1 and 4) in gene
expression for platelet derived factor (PDGF), hypoxia induced
factor 1 alpha (HIF1A), angiopoietin-1 (ANG1), and
angiopoietin-2 (ANG2), there was no signicant effect of VEGF
delivery method on long-term gene expression (day 7) (Fig. 6).
4. Discussion

Bone healing is a complex process coordinated through growth
factor signaling,21–25 and tissue engineers use these factors to
improve bone healing in bone-mimetic scaffolds.19,20 Bone
morphogenic protein 2 (BMP2),20,42 vascular endothelial growth
factor (VEGF),20 and platelet derived growth factor (PDGF)34 are
popular candidates for use in bone biomaterials. In this
manuscript, we described the use of modied simulated body
uid (mSBF) and sequential sequestrations to incorporate
BMP2 and VEGF into mineralized collagen scaffolds. This work
seeks to adapt promising results using mSBF to deposit
a mineral layer that can sequester growth factors onto
surfaces58–64 to selectively incorporate growth factors used for
bone repair applications into three-dimensional, porous
biomaterials. Our primary goal is to improve growth factor
incorporation and retention into mineralized collagen scaffolds
via sequential sequestration strategies to enhance in vivo bone
healing.

First, we hypothesized that extended exposure to mSBF prior
to sequestration would increase growth factor incorporation
and retention in mineralized collagen scaffolds. We found that
1 and 3 day mSBF treatments prior to sequestration reduced the
amount of bone morphogenic protein 2 (BMP2) incorporated
and retained in mineralized collagen scaffolds (Fig. 1B, C and
Table 1). This suggests the native mineral content of the
mineralized collagen scaffolds is enough to sequester growth
factors without additional treatments and that mSBF treat-
ments prior to sequestration do not improve retention. Our
mineralized collagen scaffolds are high in mineral content (40
weight percent65) and highly porous (>85%66), so it is likely that
these two properties allowed for the high sequestration effi-
ciency in our mineralized collagen scaffolds. We are able to
This journal is © The Royal Society of Chemistry 2020
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Table 3 Sequestration and retention values for Fig. 4 (multiple growth factors)a

Group

BMP2 VEGF

Sequestered
(ng mL�1) Retained (%, day 7)

Retained
(ng mL�1, day 7) Sequestered (ng mL�1) Retained (%, day 7)

VEGF retained
(ng mL�1, day 7)

One Trt 50.64 � 2.16 94.23 � 1.62 47.72 � 0.82 5.62 � 0.43 88.95 � 1.48 5.00 � 0.08
PBS 71.91 � 0.09 98.09 � 0.08 70.53 � 0.06 9.34 � 0.07 94.25 � 0.46 8.76 � 0.04
mSBF 69.58 � 0.06 98.04 � 0.16 68.22 � 0.11 9.24 � 0.07 94.59 � 0.18 8.75 � 0.02

a Data is presented as average � standard deviation. The sequestration was done out of 80 ng mL�1 BMP2 and 10 ng mL�1 VEGF.
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control the mineral content65 and pore size66 of our materials,
and future efforts will explore the effects of these characteristics
on the sequestration and retention capabilities of mineralized
collagen scaffolds.

Scaffolds soaked in mSBF for 1, 3 and 7 days exhibited no
signicant changes in the collagen network (Fig. 2). However,
scaffolds soaked in either mSBF or PBS for 7 days were signi-
cantly soer than hydrated scaffolds (ESI Fig. 2†), consistent
with prior data showing that the osteogenic nature of the
mineralized collagen scaffold is enhanced via release of mineral
ions into the media.47 While the porous nature of the scaffolds
is essential for biological activity (i.e. cell penetration, diffusive
biotransport), all scaffold variants show sub-optimal mechan-
ical performance. While beyond the scope of this project, we
have described methods to increase the mechanical stability of
a cell activity optimized scaffolds via the inclusion of 3D printed
polymeric meshes.49,70 Based on these results, we did not use
extendedmSBF treatments prior to sequestration in subsequent
experiments and instead focused on repeated mSBF treatments
during sequestration.
Fig. 5 Cell metabolic activity in response to vascular endothelial
growth factor released from scaffolds. Boxplots overlaid with indi-
vidual data points are used to represent data. There is no significant
difference in human umbilical vein endothelial cell metabolic activity
between groups by day 7. Groups that share a letter within a day are
not significantly different (p < 0.05). N.S. indicates no significant
difference between indicated groups (p < 0.05). * indicates signifi-
cance compared to the same group at day 1 (p < 0.05). # indicates
significance compared to the same group at day 1 and day 4 (p < 0.05).

This journal is © The Royal Society of Chemistry 2020
Second, we hypothesized that sequential exposure to mSBF
during growth factor sequestration would increase the incor-
poration and retention of growth factors in mineralized
collagen scaffolds. Clements et al. has previously identied
repeated mSBF treatments as a method to increase growth
factor incorporation, maintain protein activity,60 and prolong
the release of growth factors.62 One-time treatments and
sequentially sequestered mSBF groups showed equal ability to
incorporate BMP2 into the mineralized collagen scaffolds, but
sequestered BMP2 had higher retention in the sequentially
sequestered scaffolds (mSBF and PBS) (Fig. 3B, C and Table 2).
This suggests that the mSBF and PBS soaks between seques-
trations aid in the retention of BMP2 within mineralized
collagen scaffolds. However, one-time treatments sequestered
higher concentrations of VEGF out of solution than both
sequentially sequestered groups, and sequestered VEGF had the
highest retention in scaffolds with a one-time treatment and
scaffolds sequentially sequestered with mSBF soaks (Fig. 3D, E
and Table 2). This prolonged VEGF release may be useful for in
vivo implants, as suggested by previous work.45

VEGF (20–22 kDA; R&D systems catalog #293-VE) is approx-
imately 37% larger than BMP2 (15–16 kDA; R&D systems catalog
#355-BM), and this size difference might play a role in how
these two factors are incorporated and maintained inside our
mineralized collagen scaffolds. While we observed largely
consistent results between mSBF and PBS soaks, we plan to test
protein integrity and stability via circular dichroism71,72 or
differential scanning calorimetry.73,74 Future efforts will also be
needed to conrm protein bioactivity by evaluating the activa-
tion of receptors for the growth factor of interest in cells (e.g.
vascular endothelial growth factor receptor, VEGFR,75,76 and
platelet derived growth factor receptor, PDGFR77). VEGFR acti-
vation via phosphorylation has been used to evaluate the
bioactivity of VEGF,75,76 and PDGFR activation and the phos-
phorylation of Erk1/2 and Akt have been used to evaluate the
bioactivity of PDGF isoforms.77 Previous work utilizing mSBF
treatments during sequestration suggests that the mineral
coatings stabilize the growth factors and prolong their activity.62

The experiments described above will rene our understanding
of whether mSBF soaks are necessary for extended protein
activity in our scaffolds or if PBS soaks would be enough due to
the already high mineral content in our materials.65,66 Regard-
less, these results demonstrate that strategies to incorporate
growth factors within the scaffold may require different
RSC Adv., 2020, 10, 26982–26996 | 26991
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Fig. 6 Gene expression in response to vascular endothelial growth factor released from scaffolds. Boxplots overlaid with individual data points
are used to represent data. (A) Platelet derived growth factor fold change. (B) Hypoxia induced factor 1 alpha fold change. (C) Angiopoietin-1 fold
change. (D) Angiopoietin-2 fold change. Overall, there are no significant differences in human umbilical vein endothelial cell gene expression
between treatments groups by day 7. Groups that share a letter within a day are not significantly different (p < 0.05). N.S. indicates no significant
difference between indicated groups (p < 0.05).
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methodologies to maximize incorporation and retention. As
a result, it was essential to show the sequestration-based
approach reported here could be adapted to sequentially
incorporate multiple factors.

Third, we hypothesized that sequestering multiple growth
factors via sequential sequestration would result in higher
incorporation and retention of both factors. These results
appear most promising because scaffolds that sequentially
sequestered BMP2 then VEGF had signicantly higher incor-
poration of both growth factors than scaffolds treated in
a mixed solution of BMP2 and VEGF (Fig. 4B, D and Table 3).
Here, the one-time treatment group sequestered �60% of both
BMP2 and VEGF from solution while sequentially sequestered
groups sequestered �90% of BMP2 and VEGF from solution.
Retention of both factors and nal BMP2 and VEGF concen-
trations within the scaffolds was higher in the sequentially
sequestered groups (Fig. 4C, E and Table 3), meaning our
mineralized collagen scaffolds sequester high concentrations of
26992 | RSC Adv., 2020, 10, 26982–26996
multiple factors within a single construct and have those factors
retained for an extended period. We believe this sustained
release would be particularly useful for cell migration and new
vessel formation. Prolonged VEGF and platelet derived growth
factor (PDGF) presence has been shown to promote migration,
proliferation, and angiogenesis.45,78

Lastly, we evaluated cell activity in response to 10 ng mL�1

VEGF delivered through a transwell membrane (i.e. VEGF
released from the scaffolds). These preliminary results suggest
larger growth factors doses will be required to illicit extended
cell responses (Fig. 5 and 6). There are no signicant effects of
VEGF (soluble or sequestered) on human umbilical vein endo-
thelial cell metabolic activity (Fig. 5) and gene expression (Fig. 6,
ESI Tables 2 and 3†) compared to blank scaffolds (no VEGF)
aer 7 days. This is not surprising given the wide range of VEGF
doses used in vitro and in vivo for tissue engineering purposes
(25 ng mL�1 to 250 mg mL�1),45,79–82 suggesting future efforts are
required to dene the correct dose for our mineralized collagen
This journal is © The Royal Society of Chemistry 2020
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scaffolds. Immediate next steps are to determine the correct
concentration of released growth factor needed to illicit
a cellular response. However, we suspect that cells will be most
inuenced when cultured directly on the scaffolds due to the
high concentration of growth factors retained within the
material. Therefore, we will also culture cells within the scaf-
folds and analyze gene and protein expression to see how bio-
logically active retained growth factors are. In both cases,
released and retained growth factors, we are interested in
dosing our mineralized collagen scaffolds with PDGF to induce
cell migration and VEGF to induce vessel formation.

5. Conclusions

We have previously reported the use of covalent immobiliza-
tion, photopatterning, and supramolecular interactions using
cyclodextrins and glycosaminoglycans to incorporate growth
factors into non-mineralized and mineralized collagen scaf-
folds. Here we explored sequential sequestration and the use of
modied simulated body uid to incorporate growth factors
into mineralized collagen scaffolds and prolong growth factor
release in vitro. We report the native mineralized collagen
scaffolds can sequester growth factors (>90%) without any
additional treatments, and this is a feature of thesematerials we
have not previously explored. We show improved bone
morphogenic protein 2 (BMP2) retention in mineralized
collagen scaffolds using modied simulated body uid treat-
ments and sequential sequestrations (97% retention compared
to 94% for one-time treatments). Notably, we demonstrate
sequential sequestration can signicantly increase incorpora-
tion and prolong retention for multi-factor cocktails (BMP2 and
vascular endothelial growth factor, VEGF). Sequentially
sequestering multiple factors led to �90% of BMP2 and VEGF
being incorporated compared to only 60% when they were
sequestered in a one-time treatment. Sequentially sequestered
groups retained 98% of BMP2 and 94% of VEGF aer 7 days
while one-time treatments retained 94% of BMP2 and 89% of
VEGF aer 7 days. These methods provide an additional means
to add growth factors into our materials and add complexity to
aid in the healing of large bone injuries in vivo. Future work will
investigate growth factor activity aer sequestration and its
inuence on cellular activities critical to bone healing such as
cell migration and vessel formation.
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