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Angiogenesis in a tissue-engineered device may be induced by incorporating growth factors (e.g., vascular
endothelial growth factor [VEGF]), genetically modified cells, and/or vascular cells. It represents an important
process during the formation and repair of tissue and is essential for nourishment and supply of reparative and
immunological cells. Inorganic angiogenic factors, such as copper ions, are therefore of interest in the fields of
regenerative medicine and tissue engineering due to their low cost, higher stability, and potentially greater
safety compared with recombinant proteins or genetic engineering approaches. The purpose of this study was to
compare tissue responses to 3D printed macroporous bioceramic scaffolds implanted in mice that had been
loaded with either VEGF or copper sulfate. These factors were spatially localized at the end of a single mac-
ropore some 7mm from the surface of the scaffold. Controls without angiogenic factors exhibited only poor
tissue growth within the blocks; in contrast, low doses of copper sulfate led to the formation of microvessels
oriented along the macropore axis. Further, wound tissue ingrowth was particularly sensitive to the quantity of
copper sulfate and was enhanced at specific concentrations or in combination with VEGF. The potential to
accelerate and guide angiogenesis and wound healing by copper ion release without the expense of inductive
protein(s) is highly attractive in the area of tissue-engineered bone and offers significant future potential in the
field of regenerative biomaterials.

Introduction be required (usually in the order of pg) and growth factor

bioactivity may only last for a short period due to their in-

ANGIOGENESIS IS A MAJOR, but transitory, event during
the formation of wound tissue. Similar events also occur
on the surface and/or the interior of a scaffold used to repair
or replace a tissue defect. Prompt blood supply into a tissue-
engineered device can improve the survival of preseeded
cells and subsequent tissue integration, and enhance the suc-
cess rate of the implant/graft similar to that achieved using
an autograft."™ Angiogenesis is essential for osteoblast cell
survival and osteogenesis as well as for the regulation of
bone remodeling and fracture repair in the long term.>® Bone
wound healing may be stimulated by releasing growth fac-
tors such as bone morphogenetic proteins into the bone de-
fect.” Similarly, blood vessel development can be triggered
by angiogenic growth factors such as vascular endothelial
growth factor (VEGF) or fibroblast growth factor-2 (FGF-2)
released from an implant to induce and accelerate vascular-
ized tissue growth® as recently demonstrated in a bone
defect.” Because a high concentration of growth factor(s) may

herent instability, their full regenerative potential may not
always be reached. In response to these shortcomings dif-
ferent strategies have been proposed to provide sustained
release such as using biodegradable fibrin or collagen scaf-
folds, by mixing with polymers (e.g., polyglycolic and
polylactic acid) before processing, or by a preencapsulation
of growth factors in microspheres that were then incorpo-
rated into a scaffold.'®" However, the use of high doses of
recombinant protein is not ideal in terms of cost, preserva-
tion until use, and safety.

Copper has been shown to enhance proliferation of en-
dothelial cells and angiogenesis in vivo,'>* and is known to
modulate angiogenesis as demonstrated by its dietary elim-
ination being a potential antiangiogenic strategy in cancer
treatment.'® The copper content of wound tissue participates
in the mediation of the generation of free radicals in re-
generating tissues,'® and it is also essential for bone metab-
olism and turnover in normal growth and development of
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FIG.1. Design of the porous
DCPD scaffold with a large
and small open pore

(dashed circles and un-
marked, respectively) and a
closed pore (asterisk). A
1mol/L copper sulfate solu-
tion (5 uL) was deposited on
the closed branch (asterisks)
of a printed Y-shaped pore on
each 8-mm? DCPD half ma-
terial to visualize the diffu-
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sion of the solution through the microporous scaffold (A; scale bar =2 mm). Note that respective halves press-fit together,
aligned by two cubic anchors (X and double-head arrow). The materials were then sectioned transversally through the center
of the closed branch (arrow) (B, scale bar =1 mm). Color images available online at www liebertonline.com /ten.

the skeleton.!” Previously, copper has been complexed to a
crosslinked hyaluronic acid-based hydrogel that significantly
enhanced endothelial cell migration and chemoattraction
in vitro, compared with copper chloride alone.’® This com-
posite hydrogel was encapsulated by fibrotic tissue upon
subcutaneous implantation in which vascularity was in-
creased in the presence of copper.19 Recently, there have
been several reports demonstrating that VEGF-loaded scaf-
folds are able to accelerate bone repair in irradiated healing-
compromised models and in critical-sized defects.?**

The aim of this study was to further examine the angio-
genic potential of copper ions, this time adsorbed onto a de-
gradable osteoconductive macroporous scaffold and directly
compare it with VEGF. We present a detailed study of the use
of copper ions as angiogenic agents in brushite ceramics and
investigate the effect of doses of copper sulfate compared
with VEGF and combinations of copper ions and VEGF.

Materials and Methods
Scaffold design and manufacture

A Y-shaped hemicylindrical pore was designed in the x-y
plane of dicalcium phosphate dehydrate (DCPD) cuboids
with dimensions 8 x8x2 mm using a CAD drawing package.
Scaffolds were made in two mirror image halves that keyed
into one another to form a Y-shaped pore, closed at one of
the branched ends (Fig. 1A) that were designed to press fit
together to form a block containing the model macropore.
Three-dimensional printing was used to form DCPD com-
ponents as described previously.”® Briefly, a 3D powder
printing system (Z-Corporation, Burlington, MA) with a
55 wt% /45 wt% o Tricalcium Phosphate (TCP) powder and
20% phosphoric acid binder and an anisotropic scaling
x=y=2z=1.0 was used to print components using a layer
thickness of 0.1 mm. Printed components were stored in 20%
H;PO, for three times of 60s.

Copper sulfate adsorption and copper ion release

Copper sulfate solution was adsorbed onto Y-shaped
scaffolds at concentrations ranging from 0.35 to
0.035mmol/L (Table 1 and Fig. 1). Five microliters of the
solution was deposited on the center of the branched end of
each half of the scaffold followed by drying at room tem-
perature for 24h. To measure in vitro copper ion release,
one half scaffold was immersed in either 10 mL phosphate-
buffered saline (PBS) or bovine calf serum at 37°C (n =3 per

concentration). The solutions were refreshed daily and ana-
lyzed by ICP-MS (Varian, Darmstadt, Germany) against
standard solutions of 0, 50, and 100 ppb copper. Serum was
in contact with the scaffold during the whole incubation
period without any rinse; copper concentrations were mea-
sured in collected serum, and background copper concen-
tration obtained from fresh serum was subtracted to give the
amount of copper released (average of n=3).

Scaffold loading

Murine VEGF (R&D, Cedarlane Laboratories, Burlington,
Canada) was used at doses of 0.2 and 2 ng per scaffold dis-
tributed in 5 pL on each mating half over the closed macro-
pore branch. Similarly, 5 uL of copper sulfate (Sigma-Aldrich
Canada, Oakville, Canada) containing 5600, 560, or 56ng
was absorbed on each half of one scaffold. VEGF and copper
sulfate solutions were also combined at 0.2 pg and 56 ng per
scaffold, respectively. Control scaffolds were treated with the
vehicle solution (Hank’s balanced salt solution).

Implantation

All animal experiments were performed according to the
guidelines of the Canadian Council for Animal Care and
approved by our institutional Animal Care Committee.
Materials were sterilized by 70% alcohol bath followed by
a rinse in NaCl-HEPES buffer and then by Hank’s bal-
anced salt solution before angiogenic factor loading and

TABLE 1. IMPREGNATION OF BRUSHITE SCAFFOLDS WITH
CuSO, SoLuTION AT DIFFERENT CONCENTRATIONS

CuSOy concentration of CuSOy deposited per Cu*" load per
impregnation solution scaffold (ug) scaffold (ng)

0.35 mol/L 560 222,900
(56 mg/mL)

35mmol/L 56 22,290
(5.6 mg/mL)

3.5 mmol/L 5.6 2229
(0.56 mg/mL)

0.35mmol/L 0.56 2229
(0.056 mg/mL)

0.035 mmol/L 0.056 22.29
(0.0056 mg/mL)

Every scaffold was impregnated with a total volume of 10 puL (5 pL
per half). CuSO,, copper sulfate.
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implantation. In sterile conditions, each 8-mm?” implant half
was secured by a propylene thread around the implant.
Under anesthesia, an intraperitoneal implantation was per-
formed by insertion of the implant directly in the peritoneal
cavity (one scaffold per animal). The peritoneum and ab-
dominal muscle were sutured separately to the skin closure.
All animals were sacrificed by day 15. At least three animals
were used for each condition.

Observation

At sacrifice, the scaffold was retrieved and opened to ex-
pose the interior of the implant halves that remained tightly
sealed throughout implantation, and tissue response was
photographed. Removal of tissues from the pore (channel)
may have led to bleeding; thereby, the lengths of capillaries
were assessed in situ immediately after specimen retrieval.
Macroscopic examination (5x) of the newly formed tissue
invading the Y-shaped pore was used to provide information
on the extent of vascularization. Red areas of tissue were
screened to determine whether they were clots or vascular-
ized areas, based on the observation of multiple specimens
and their corresponding histological sections and immuno-
histochemistry. Microvessel invasion along the pore struc-
ture was directly measured on the magnified macro views by
tracing the extension of blood-filled microvessels visible
from the main open pore toward the closed end pore for each
scaffold half. Blinded measurements were performed in
triplicate and separately.

After fixation in zinc fixative (10 mmol/L TRIS buffer, pH
7.4; 3mmol/L calcium acetate; 22.8 mmol/L zinc acetate; and
36.7 mmol/L zinc chloride), newly formed wound tissues in
the macropore branches and in the main pore were excised.
Histological sections were processed through paraffin em-
bedding, and stained with hematoxylin-phloxin—saffran.

Immunohistochemistry

Unstained zinc-fixed tissue sections were deparaffinized
and rehydrated. Tissues were treated with 3% hydrogen
peroxide, and then blocked with a blocking reagent con-
taining rat serum in PBS (Chemicon International, Cedarlane,
Ontario, Canada). After a brief wash, primary antibody to-
ward murine CD31 (rat anti-mouse CD31 monoclonal anti-
body; BD Pharmingen, Invitrogen, Ontario, Canada) was
applied at 1/50 dilution. After 3-h incubation at room tem-
perature, tissues were rinsed (3x TRIS-buffered saline [TBS]
solution containing 0.1% Tween20) and a secondary anti-
body (Biotin-conjugated goat anti-rat Ig polyclonal antibody;
BD Pharmingen, Invitrogen) was applied at a 1/50 dilution.
After incubation, tissues were rinsed again (3xTBS), and
a solution of streptavidin-horse radish peroxidase was
applied, followed by a final rinse (3xTBS). A fresh solution
of 3,3 diaminobenzidine in TBS was applied to reveal the
antibody reactivity. Negative control sections were pro-
cessed in parallel, except that the primary antibody incuba-
tion was replaced by PBS solution. Slides were washed in
water and observed under microscopy without counter stain.

Statistical analysis

One-way analysis of variance was used for statistical an-
alyses, and the multiple comparisons among the different
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groups were made using the Duncan’s method. A proba-
bility value <0.05 was considered to denote statistical sig-
nificance.

Results

Copper sulfate—impregnation and copper ion release
from DCPD scaffolds

To visualize the impregnation of a 5pL copper sulfate
solution into the microporous cement, a high dose that was
visibly blue was loaded at the closed end of the macropore
on the surface of DCPD materials. Adsorption and penetra-
tion of copper sulfate appeared diffuse and uniform around
the pore (Fig. 1A) as well as in the interior of the materials
after sectioning (Fig. 1B).

Copper release profiles for different concentrations of
copper sulfate in PBS and serum are illustrated in Figure 2. In
PBS, although the concentration of the impregnation liquid
and therefore the total amount of deposited copper varied
over a range of four orders of magnitude, the released
amounts were found to be only marginally different (Fig. 2A).

FIG. 2. Cumulative copper ion release from DCPD scaf-
folds loaded with different amounts of copper sulfate with
immersion time in (A) PBS and (B, C) in serum.
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Only the lowest concentration of 35 pmol/L led to the release
of the majority of copper ions after 6 days; in contrast, with
the highest concentration of 350 mmol/L (four orders of
magnitude higher), the total release was found to be only
0.03% of the total (68 ng or 42 umol/L). However, in serum
most of the copper was released within 7 days for all samples
and the release correlated well with the quantities adsorbed
(Fig. 2B, C).

Macroscopic and histological observation

DCPD control scaffolds. Upon retrieval, the unloaded
DCPD control scaffolds (n=6) had little wound tissue
present either within the opening of the main open pores or
within the smaller branches (i.e., closed and/or open pores)
(Fig. 3A). Figure 3 shows the macroscopic appearance of
tissue in the end of the closed pore postretrieval and a high
magnification histological section of tissue removed from the
end of the closed pore. This tissue was very fragile; hence,
only a small amount was retrieved intact from the pore for
histological analysis. Histological sections demonstrated
poor vessel development after 15 days with tissue that re-
sembled an aged fibrin clot (reddish pink); many rounded
cells were found showing morphological characteristics
suggestive of inflammatory cells (Fig. 3A).

DCPD scaffolds loaded with angiogenic factors. Scaf-
folds loaded with copper sulfate (Fig. 3B-D) also appeared to
contain inflammatory cells, but microvessels were observed
at low and intermediate doses (Fig. 3B, C). The tissue from
the closed pore of the scaffold with an intermediate dose also
contained cells with elongated nuclei and cytoplasm, sug-
gestive of fibroblasts (Fig. 3C). At high copper doses (Fig.
3D) no vessels were observed and fibrin appeared to be
present as was observed in the control. Histology of tissue
removed from the end of the closed pore of scaffolds loaded
with VEGF revealed rounded cells and microvessels, and no
fibrin was observed. There appeared to be more vessels ap-
parent in scaffolds loaded with 2pg of VEGF than with
200ng (Fig. 3F and 3E, respectively). After a 15-day im-
plantation period scaffolds loaded with 0.2pg VEGF and
56 ng of copper were infiltrated with vascularized tissue (Fig.
3G) that was histologically similar to tissue retrieved from
scaffolds treated with VEGF alone.

Immunohistochemistry. Wound tissues retrieved from
the closed pore of the unloaded control scaffolds did not
reveal any obvious microvessels as confirmed by the absence
of CD31-positive cells (Fig. 4A). However, numerous mi-
crovessels were observed in samples treated with low and
intermediate doses of copper sulfate (Fig. 4B, C) and with
VEGEF (Fig. 4D).

Tissue ingrowth and microvessel migration. Scaffolds
containing angiogenic factors, especially 560ng of copper
and the copper-VEGF combination, were observed to have
a greater degree of wound tissue ingrowth than the con-
trol. However, attempts to quantify this were not success-
ful mainly because of the practical difficulty in removing
and mounting these tissues intact. Indeed, wound tissue
was never removed in one piece, but rather two or more
fragments. An additional confounding factor was tissue
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shrinkage during processing. Nevertheless, this finding was
consistently observed in between five and eight replicate
scaffolds per condition examined.

In the control scaffolds, migration of microvessels was
mainly limited to the first 1-3mm from the opening of the
main open pores, and in some instances into the small pore
branch opening (Fig. 5). In the presence of all angiogenic
factors, microvessels had migrated significantly further to-
ward the closed pore end compared with control scaffolds
(p <0.05) (Figs. 5 and 6). When loaded with 0.2 pg of VEGF,
the microvessel invasion was significantly different than that
of the control and the 5.6 ug copper sulfate-loaded scaffolds.
The higher dose of VEGF (2 ug) significantly increased the
microvessel migration compared to control and scaffolds
loaded with 5.6 ug and 560 ng copper sulfate; similar results
were also found with the combination of low doses of copper
sulfate and VEGF.

Discussion

Using a DCPD material designed with localized adsorp-
tion of VEGF or copper ions in the interior of a 3D fabricated
macroporous scaffold, it was possible to induce wound tis-
sue infiltration and guidance of vascularization. The cumu-
lative release of copper ions from the DCPD scaffolds after 1
week of immersion in PBS was much reduced except in the
lowest doses (Fig. 2 and Table 1) compared to serum. The
limited release of copper was unexpected because copper
sulfate is highly water soluble and might be explained by
a reaction with the brushite matrix that forms both
CaS0,4-2H,0 and Cuz(POy),. Cuz(PO,4), and has a solubility
product of 10-37 mol°’L >, which corresponds to a copper ion
concentration of 2.98x10 °g/L in a saturated copper phos-
phate solution.** This concentration of 2.98 ug/L (2.98 ppb) is
approximately 30ng in 10mL PBS and fits well with the
released amounts from the matrices (Fig. 2). This chemically
bound copper is thought to be only released in higher con-
centrations when the brushite matrix is degraded after longer
implantation in vivo; this was confirmed by release data
collected in serum (Fig. 2B, C). Previous studies have con-
firmed the higher solubility of brushite cements in serum, so
dissolution of the matrix is thought to be the mechanism of
copper release in this case, and inhibition of insoluble apatite
formation was thought to be the reason for this effect. In
addition, elevated doses (5.6 mg) of copper penetrated deep
into the DCPD scaffolds and diffused beyond the region of
initial application (Fig. 1A). Figure 2 shows that DCPD ce-
ment scaffolds provided sustained copper release rather than
a burst release that may cause tissue toxicity, especially
in vitro where medium volumes are low. This system there-
fore has interesting potential for tissue engineering applica-
tions in which seeded cells can survive in the presence of an
insoluble copper ion matrix.

In this study, we found that copper sulfate deposited at
levels of 56 and 560ng per scaffold elicited an angiogenic
response; this corresponded to 22 and 220 ng of copper ions,
which were considerably lower than those reported in pre-
vious studies using hydrogels made of crosslinked hya-
luronic acid." In this prior study, a range of 24 ug copper
ion concentration stimulated endothelial cell growth in cul-
tures, and 75ug/g of scaffold had an angiogenic potential
upon implantation of hyaluran—copper composite hydrogels.
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FIG. 3. Retrieved scaffolds after 15 days of intraperitoneal
implantation. A macroscopic view of the tissue found in the
closed pore of the scaffold is shown on the left and a histological
section (hematoxylin—phloxin-saffran staining) on the right.
Scaffolds were untreated brushite control (A) DCPD and loaded
with 56 ng (B), 560 ng (C), and 5.6 pg (D) copper sulfate, and
0.2 pg (E) or 2 ng (F) murine VEGEF, and a combination of 56 ng
copper sulfate with 0.2 ug VEGF (G). No microvessels were ob-
served in the closed pore end of the untreated control scaffold
(A), whereas wound tissue with distinct microvessels (circles)
was observed with scaffolds loaded with 56 ng (B) and 560 ng (C)
copper sulfate, but not with 5.6 pg (D). Relatively dense wound
tissue with microvessels (circles) were seen with VEGF-loaded
scaffolds (E-G). Arrow indicates bioceramic particles released
during scrapping the wound tissues from the pores. Color
images available online at www liebertonline.com /ten.
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FIG. 4. Immunohistochemical staining with CD31 anti-
body for endothelial cells of tissue excised from the end of
the closed pore of an unloaded control scaffold (A), 56 ng
copper (B), 560ng of copper (C), and 0.2 pg VEGF and 56 ng
Cu combined (D). Color images available online at www
Jliebertonline.com /ten.

Additionally, the angiogenic property of copper was also
demonstrated in the corneal pocket assay in which 1-
100 pmol/L copper sulfate induced neovascularization in
vivo.'? A high dose (ie., 500pumol/L) was also used to
demonstrate in vitro that proliferation of human endothelial
cells was stimulated by copper ions independently of the
presence of any angiogenic growth factor.'® Our results
suggest that low doses, in the order of ng, of copper sulfate
are more than enough to be efficient in stimulating angio-
genesis, possibly due to localization in the pores within the
interior of DCPD scaffolds.

Among different doses of copper, very low doses of cop-
per sulfate, such as 56 ng per scaffold, optimized angiogen-
esis during tissue ingrowth; whereas a 10-fold increase in the
dose (i.e., 560ng per scaffold) enhanced wound tissue in-
growth. Copper sulfate in the closed branch may have had a
chemotactic capacity for wound tissue as the tissue was
highly localized in this branch, and the ability of copper to
induce endothelial cell migration and proliferation in vitro
has been reported previously.”>*® Although there was no
evidence of inflammation at these low copper doses, the
possibility that the induction of blood vessel formation
was not through physiological angiogenesis cannot be dis-
counted. Sometimes inflammation can cause localized blood
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vessel formation as has been observed during the degrada-
tion of polymeric a-hydroxyl acid implants and hydro-
gels.””?® However, practically speaking, this makes little
difference because the goal was to accelerate blood vessel
ingrowth into the porous implants. Further study may elu-
cidate the precise mechanism by which copper induces blood
vessel formation.

Similarly, VEGF loaded at the closed branch also in-
duced wound tissue ingrowth from outside the scaffold.
However, the formation of microvessels within the pore
loaded with copper sulfate did reach the same extent as that
obtained by VEGF (Fig. 6). Fibrin was routinely present in
control scaffolds, with little vascular ingrowth; therefore,
these observations demonstrate the bioactivity of the an-
giogenic compounds introduced in the closed pores. It has
been previously demonstrated that copper sulfate-induced
VEGF expression in vitro in keratinocytes and endothelial
cells and in vivo in a skin flap model by enhancing cell vi-
ability, angiogenesis, and skin flap survival.'** Further,
copper allows the release of growth factors (e.g., FGF-1,
FGF-2, Interleukin (IL)-o, and probably VEGF) from pro-
ducing cells by binding to proteins of the cell membrane
releasing complex.30 This suggests that copper acts as co-
factor to amplify endothelial cell activity. Thus, another ac-
tion of copper will be to trigger, for example, endothelial
cells preseeded in the porosity of a scaffold in which an-
giogenesis can be activated.

Loading DCPD scaffolds with VEGF at a specific site (i.e.,
closed branch) enhanced angiogenesis and guidance of mi-
crovessels, probably by forming a gradient from the large
and small open pore toward the closed branch in the
Y-shaped channel. Although the presence of VEGF did en-
hance wound tissue ingrowth, the response appeared limited
compared to the response with 560ng copper sulfate, the
latter being significantly greater than that of the control
scaffold. It was only when VEGF was combined to copper
sulfate, at least at low doses, that a significant effect on
wound healing and angiogenesis was observed (Figs. 3G and
6). To our knowledge, the combination of VEGF and copper
into a scaffold has not been previously investigated. It may
be a very interesting concept because low doses can be used
and each component seems complementary toward vascu-
larized wound tissue formation. In addition, collagenase
activity has been found to increase in the presence of copper
and this may assist endothelial cells to migrate through ex-
tracellular matrices.>" Both concepts are interesting in bone
repair and tissue engineering design in which cells (e.g.,
vascular endothelial cells) seeded into reconstituted extra-
cellular matrix such as collagen gel can enhance tissue re-
modeling.

Conclusions

In comparison with previous studies using a crosslinked
hyaluronic acid hydrogel to bind copper,'® our study dem-
onstrates that it is possible, using about 1000-fold lower
doses, to guide a vascularized wound tissue during its mi-
gration into a porous structure. Because high levels of copper
may be toxic, this significant reduction in the amount of
copper exposed to cells and biological tissues without a
compromise in the proangiogenic, and healing effect is an
important finding. In addition, the presence of wound tissue



FIG. 5. Representative macroscopic views of one half of bioceramic implant at
retrieval. The conditions are control implant (A); implants loaded with 56 ng (B),
560ng (C), and 5600ng (D) copper; loaded with 0.2 pg (E) and 2 ug (F) VEGEF;
and loaded with a combination of VEGF and copper (G). From these views,
migration of the vascularized tissue was quantified as presented in Figure 6.
Color images available online at www.liebertonline.com /ten.
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FIG. 6. Mean distance of micro-
vessel ingrowth from the main pore
opening to the closed end pores
(dashed circle and asterisk in Fig.
1A) after 15 days of implantation.
Control implants (Ctrl; n=6), scaf-
folds loaded with 56 ng (Cu 56;
n=>5), 560ng (Cu 560; n =4), and
5.6 ug (Cu 5.6; n=4) copper sulfate
per scaffold. Other scaffolds were
preloaded with 0.2 pg (V0.2; n=6)
and 2ug (V2; n=3) and with a
combination of 0.2 ug VEGF and

56 ng copper sulfate (V4+Cu; n=5).
Error bars indicate standard errors
of the mean. *Control condition
significantly different (p <0.05)
compared with the other conditions;
fcompared with Cu 5.6; and *com-
pared with Cu 560.
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in the whole Y-shaped pore of the copper-loaded DCPD
scaffolds suggests a chemotactic effect of copper sulfate.
Thus, copper-loaded DCPD scaffolds not only provided di-
rectional vascularization but also enhanced wound healing.
Further, the strategies demonstrated here are useful for the
design of a wide range of tissue-engineered systems in which
angiogenesis and vasculogenesis as well as osteogenesis can
be preestablished before implantation and therefore en-
hancing bone regeneration and repair. The use of stable and
low-cost inorganic copper ions to induce a regenerative re-
sponse within scaffolds offers a complementary approach to
the use of recombinant or concentrated protein or peptide
growth factors.
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