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ARTICLE INFO ABSTRACT

Keywords: Background: Copper has already been widely used in the modification of biomaterials because it possesses
Copper multifunctional biological effects like osteogenic, angiogenic and antibacterial activities. However, it is still not
Antibacterial clear how different cell lines and bacteria will respond to different concentrations of Cu?*, which is very critical
Osteogenesis to the application of copper-doped implants.

Angiogenesis

Methods: This study aimed to explore the dose-response relationships of Cu?>* and its biological effects in vitro.
Rat bone marrow mesenchymal stem cell (rBMSCs), mouse osteoblastic cell line (MC3T3-E1), and human um-
bilical vein endothelial cells (HUVECs) were used to evaluate cellular behaviors. Staphylococcus aureus (S. aureus)
and Escherichia coli (E. coli) were used to evaluate bacterial behaviors.

Results: Results showed that the HUVECs exhibited significantly higher tolerance to copper ions than MC3T3-E1
and rBMSCs. The ICsq values of copper for HUVECs, MC3T3-E1 and HUVECs were approximated to 327.9 uM,
134.6 uM, and 0.7 uM, respectively. Besides, the threshold concentration of copper for effective inhibition
against bacteria growth is 37 uM. When the concentration exceeded the threshold value, antibacterial activity
could increase dramatically.

Conclusions: These results altogether establish a technological foundation for the application of copper-doped

Dose-response relationship

biomaterials in bone growth and remodeling.

1. Introduction

Nowadays, orthopedic and dental implants are considered to be
reconstructive treatments for bone or tooth replacements. Although
there has been a great progress in their clinical success rates, failures
continue to occur. Inadequate integration and bacterial infections are
generally believed to be the main factors for implant failures [1].
Therefore, implanted biomaterials were required to possess multi-
functionalities to promote the bone remodeling process and prevent
bacterial infections [2,3]. At present, many physical and chemical
methods were used for modifications of materials to improve their
bioactivities. One of the most effective modification methods is doping
essential elements such as zinc [4,5], calcium [6,7], manganese [8],
and copper [9-12] into biomaterials. Recent studies have provided
strong evidences for the involvement of these elements in bone meta-
bolism, while excessive amounts of released ions could lead to cyto-
toxicity. Hence, the dose-response relationships between elements and

their biological effects should be explored to avoid adverse effects.
Increasing evidence in the literature indicates that angiogenesis and
osteogenesis are coupled for bone function and fracture healing
[13,14]. Among all essential elements, copper has drawn particular
attention for its various fascinating roles in bone formation and pos-
sessing antibacterial activity [15]. For example, copper ions have been
reported to enhance angiogenesis by stabilizing hypoxia-inducible
factor (HIF-1a) and stimulating vascular endothelial growth factor
(VEGF) expression [16,17]. Another recent study revealed that HIF-1a
signaling in bone-building osteoblasts is central to the coupling of an-
giogenesis and bone development in mice [18]. Moreover, copper was
shown to increase the ability of mesenchymal stem cells (MSCs) to
differentiate into osteogenic lineage and can inhibit osteoclast activity
[19,20]. These results showed that copper potentially has a positive
impact on bone metabolism. Besides, it is well established that copper
has demonstrated excellent antimicrobial activities against Gram-posi-
tive and Gram-negative bacteria, including methicillin-resistant
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Staphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE)
and fungi [21,22]. In this context, copper is widely doped to bioma-
terials such as bio-ceramics [23-25], bio-glasses [10,26,27], metal-or-
ganic framework-hydrogel system [28], biomedical titanium alloys
[29-34], Mg alloys [35], etc., to endow them with osteogenic, angio-
genic and antibacterial activities.

The multiple biological functions of copper are ascribed to its in-
volvement in many aspects of cellular metabolism as a cofactor or ac-
tivator [36]. Thus, Cu homeostasis is tightly regulated through Cu
transporters and metallochaperones [37]. Excess copper may cause
metabolic dysfunctions and is associated with severe neurodegenerative
diseases [38]. This raises concerns about whether the amount of doped
copper might be safe in designing biomaterials. However, there is little
information on the dose-response relationship between copper and its
biological effects. For instance, Liu et al. prepared Mg-Cu alloys with
different contents of copper [35]. The results showed that Mg-0.03Cu
could improve the cell viability, osteogenic and angiogenic activities,
while these were inhibited by increased amount of copper (Mg-0.57).
Wang et al. reported that copper-containing mesoporous bioactive glass
(Cu-MBG) showed a dose-dependent cytotoxicity of copper on 3T3 fi-
broblasts [39]. Guo et al. revealed that 0.05% CCPP (Cu-containing
calcium polyphosphate) scaffolds exhibited better cytocompatibility
and ability to stimulate osteogenesis and angiogenesis compared to
those scaffolds doped with higher amounts of copper (0.1% CCPP, 0.2%
CCPP, and 0.5% CCPP) [40]. Although all these in vitro experiments
have revealed that higher amount of doped copper could compromise
its efficiency in promoting biological effects or induce cytotoxicity, they
are not directly applicable to copper doping in designing different
biomaterials. Because different amounts of copper are generally pre-
sented as discrete and scattered data points in these works, which
cannot provide a clear trend towards dose-response relationship. Thus,
the present study was undertaken to identify a dose-response relation-
ship between copper and its biological effects.

In this work, we systematically studied the dose-response relation-
ship of Cu?* by evaluating the osteogenic, angiogenic, and anti-
bacterial activities. Three kinds of cells, human umbilical vein en-
dothelial cells (HUVECs), mouse osteoblastic cells (MC3T3-E1), and rat
bone marrow mesenchymal stem cells (rBMSCs), are chosen to evaluate
cellular behaviors. S. aureus and E. coli are chosen to evaluate anti-
bacterial activity.

2. Material and methods
2.1. Preparation of Ct?™ solution

Copper chloride (CuCl,2H,0, AR) was selected as the copper
source. The preparation process of Cu?® solution as follows:
CuCl,2H,0 was dissolved in phosphate buffered saline (PBS) to prepare
100 mM CuCl,, solution, and then the solution was filtered with 0.22 pM
filter and stored in refrigerator at 4 °C before using. The solvent of Cu®*
solution for bacteria culturing was physiological saline solution. The
CuCl;, stock solutions were diluted to a series of concentrations by cell
culture medium or physiological saline solution, respectively, for cel-
lular or bacterial experiments.

2.2. Cell culture

HUVECs was cultured in Endothelial Cell Growth Medium (ECM)
with 5% fetal bovine serum (FBS), 1% penicillin and streptomycin
(ScienCell, CA), and 1% cell growth supplement (CGS) at 37 °C in in-
cubator of 5% CO,. MC3T3-E1 and rBMSCs were cultured in a-
minimum essential medium (a-MEM, Gibco, USA) with 10% FBS
(Gibco, USA), 1% penicillin/streptomycin (Gibco, USA). Cell culture
medium was replaced with fresh culture medium every 3 days. For cell
seeding, the cells were detached from culture plate by culturing with
trypsin/EDTA (0.25% trypsin, 0.02% EDTA, Gibco, Invitrogen) solution
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for 3min at 37 °C. Then, the detached cells were collected and cen-
trifuged for 5 min at 1000 rpm. Finally, the cells were resuspended with
culture medium and seeded in cell plates.

2.3. Cell viability test

Cell viability was assessed by alamarBlue™ (Invitrogen, USA) ac-
cording to the manufacturer’s instructions. Before seeding cells, a series
of culture medium with different concentrations of Cu®>* were pre-
pared. The concentrations of Cu®* included 0.0056uM, 0.017 uM,
0.051 M, 0.15uM, 0.46pM, 1.37uM, 4.12uM, 12.34uM, 37 uM,
111 uM, 333puM, and 1 mM for all three kinds of cells. The other two
concentrations (222 M and 666 uM) were extra added for HUVECs.
Three kinds of cells were seeded into 96-well plates with density of
1 x 10* cells/well, respectively. The plates were incubated at 37 °C in
an incubator of 5% CO, for 24 h. Then culture medium was replaced
with fresh culture medium containing different concentrations of Cu®",
and the plates were cultured for another 3 days. At the time point,
culture medium was discarded, and fresh culture medium with 10%
alamarblue and without Cu®* was introduced and cultured for another
2 h. Finally, Cytation 5 Multi-Mode Reader (Biotek, USA) was used to
measured fluorescence intensity of culture medium with wavelength of
560 nm (Ex)/590 nm (Em). Inhibition ratio was calculated according to
following formula:

F 0 Eamplc
Fy — Foiank

Inhibition ratio =

F, was the fluorescence intensity of culture medium without Cu®*
in cell culture.

Fsampie Was fluorescence intensity of culture medium containing
Cu?* in cell culture.

Fpiank Was fluorescence intensity of 10% alamarblue solution.

2.4. Cell migration assay

HUVECs were seeded on cover glasses in 24-well plates with a cell
density of 2 x 10° cells/well. After monolayer cells had formed on
cover glasses, a scratched line was made across cover glass by 200 puL
pipette tips. Then, the cells were washed twice by PBS and cultured
with fresh culture medium containing different concentrations of Cu®*
for another 6 h. After that, cells were fixed with 4% paraformaldehyde,
penetrated with 0.1% TritonX-100, and blocked with 1wt% BSA.
Finally, cell’s nucleus and cytoskeleton were stained with DAPI and
Rhodamine-phalloidin, respectively. The images were taken by an
Olympus fluorescence microscope in dark.

2.5. Alkaline phosphatase (ALP) activity assay

rBMSCs was seeded into 24-well plates with cell density of 1 x 10*
cells/well. After culturing for 24 h, the culture medium was replaced
with fresh culture medium containing different concentrations of Cu®*.
Culture medium was replaced every 3 days. For ALP qualitative assay,
at each time point, the culture medium was discarded, and the cells
were rinsed twice with PBS. Then, the cells were fixed by citrate buffer,
and then stained by dye mixed with fast blue RR in dark. Images were
taken by fluorescence microscope (Olympus GX 71, Olympus, Japan)
under brightness field. For ALP quantitative assay, the cells were lysed
by lysis buffer with 1% lgepal CA-630, 10 mM Tris-HCI (pH 7.5), 1 mM
MgCl,, and 1% protease inhibitor. After that, the cell lysis buffered
solutions were centrifuged, and the supernatant was collected. Finally,
the collected supernatant was cultured with p-nitrophenyl phosphate
and glycine buffer at 37 °C for 30 min. Then stop the reaction by adding
50 uL. of 1M NaOH to each well and measure the absorbance of the
reaction solution using Cytation 5 Multi-Mode Reader (Biotek, USA) at
405nm. The total protein content was determined by Pierce” BCA
Protein Assay Kit according to instructions. The relative ALP activity
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Fig. 1. Inhibition ratio curves of copper ions responses to three kinds of cells: (a) HUVEGs, (b) MC3T3-E1, and (c) rBMSCs after culturing for 4 days.

was showed as a ratio of ALP value divided by total protein content.

2.6. Intracellular ROS levels

DCFH-DA (sigma, USA) was chosen to assay Intracellular reactive
oxygen content. DCFH-DA could pass through cell membrane and hy-
drolyzed by esterase into DCFH. The ROS in cell could oxidize DCFH
into DCF which could show fluorescence with wavelength of 488 (Ex)/
525 (Em). Three kinds of cells were seed into 96-well with a density of
1 x 10* cells/well, respectively. After culturing 1 day, the old culture
medium was replaced with new culture medium with different con-
centrations of Cu®>* solution and culturing for another 24 h. Then the
cells were orderly stained by DCFH-DA solution and DAPI solution.
Finally, fluorescence intensity of DCF and DAPI was measured by
Cytation 5 Multi-Mode Reader with wavelength of 360 nm (Ex)/460 nm
(Em) for DAPI and 488 nm (Ex)/525nm (Em) for DCF. The ratio of
fluorescence intensity of DCF/fluorescence intensity of DAPI was re-
presentative ROS levels.

()

2.7. Antibacterial activity assay

Staphylococcus aureus (S. aureus, ATCC 25923) and Escherichia coli
(E. coli, ATCC 25922) were chosen to assess antibacterial activity of
Cu®* by bacterial colony counting method and SEM morphology ob-
servation. The preparation of a series of Cu-containing solutions is
mentioned above. The concentrations of Cu?* included S1 (0.017 uM),
S2 (0.05 uM), S3 (0.15 puM), S4 (0.45 M), S5 (1.37 M), S6 (4.12 uM),
S7 (12.34uM), S8 (37uM), S9 (111uM), S10 (333uM), and S11
(1 mM), respectively. The SO was represented as saline without cu?t.
The procedures of seeding bacteria as follows: 100 uL of bacterial so-
lution at a concentration of 1 x 107 cfu/mL was added into 15mL
centrifuge tubes with 5mL of different copper-containing saline solu-
tions. After brief vortex-mixing, 60 pL of bacterial solutions for each
copper concentration was introduced onto cover glasses in 24-well
plates. Then all 15mL centrifuge tubes and 24-well plates were in-
cubated at 37 °C. After culturing for 12 h, the bacteria on cover glasses
in 24-well plates were fixed with 2.5% glutaraldehyde (Gibco, USA)
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Fig. 2. Image of the created wound gap in HUVECs monolayer (a); cell numbers in the gap after culturing at different concentrations of Cu®>* for 6 h (b); HUVECs
migartion after culturing at different concentrations for 6 h (c). 0 uM, 0.01 uM, 0.1 uM, 1 uM, 10 uM, and 100 uM are represented concentrations of Cu>* co-culturing

with cells, respectively.
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solution, and then dehydrated with a series of gradient alcohol solution
(30, 50, 75, 90, 95, and 100 v/v%) for 10 min each. Morphology of
dehydrated bacteria were observed by SEM (S-3400, Hitachi, Japan). As
for bacterial colony counting method, 400 pL of bacterial solution was
fetched from 15 mL centrifugal tubes and diluted 10 times with phy-
siological saline solution. Then, 100 uL diluted bacteria solution was
transferred to standard agar culture plate (Luria Bertani for E. coli and
Nutrient Broth NO.2 for S. aureus) and spread evenly to re-culture for
another 16h at 37 °C. The images of colony counting were taken by
FlourChem M (Protein simple). Antibacterial rate was calculated as
follows,

- B

Antibacterial rate X 100%

(%)
where A is the number of bacterial colonies of SO and B is the number of
bacterial colonies of Cu?* solutions (S1-S11).

2.8. Statistical analysis

Test results were analyzed using GraphPad Prism software and
showed as the mean * standard deviations (SD). Statistical analysis
was performed using the one-way analysis of variance (ANOVA) fol-
lowed by Tukey Kramer Multiple comparison post-test using GraphPad
Instant Software (GraphPad Software, Inc., USA) with p < 0.05 being

(8) o gllM
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considered to be statistically significant.

3. Results and discussion
3.1. Responses of cells

Cell inhibition ratio was a vital indicator to assess the cytotoxicity of
biomaterials. Fig. 1 showed cell inhibition ratio curves of Cu®* re-
sponding to three kinds of cells including HUVECs (Fig. 1a), MC3T3-E1
(Fig. 1b), and rBMSCs (Fig. 1c). According to Fig. 1a, the results showed
that proliferation of HUVECs was promoted when concentration of
Cu®* was lower than 222puM. It was worth noting that cytotoxicity
increased sharply when concentration of Cu?* exceeded 222 uM. The
half maximal inhibitory concentration (ICsy) was about 327.9 uM and
the inhibition ratio was approximating to 100% when concentrations of
Cu®* rose to 666 UM. According to the Fig. 1b, at a concentration of
10 uM lower, Cu®" is safe for MC3T3-E1 and beneficial for its pro-
liferation. The half maximal inhibitory concentration (ICsy) was about
134.6 UM and the inhibition ratio rapidly rose to 100% when con-
centration of Cu®>* ranged from 111 uM to 333 uM. Similar results were
reported in other Cu®*-doped materials which also exhibited cyto-
toxicity with the increase of Cu [41]. According to the Fig. 1c, rBMSCs
was very sensitive to Cu®*. It showed cytotoxicity at a very low

Relative activity of ALP

7

14

Culture time (days)

Fig. 3. Qualitative ALP staining images of rBMSCs after culturing 7 days and 14 days (a). 0 uM, 0.01 pM, 0.1 uM, 1 uM, and 10 uM are represented concentrations of
Cu?* co-culturing with cells, respectively. Red circle regions are represented as ALP-positive areas; Quantitative osteogenetic-related ALP expression of rBMSC after
culturing 7 days and 14 days (b). *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 4. Intracellular ROS level of HUVECs (a), MC3T3-E1 (b), and rBMSCs (c) after culturing for 1 day.

concentration of Cu®>* and ICs, was about 0.7 uM. However, the in-
hibition ratio curve was changed gently with the variation of con-
centration of Cu?>* when compared to HUVEGs and MC3T3-E1. It was
reported that 10uM Cu?* inhibited proliferation of rBMSCs [42],
which was close to our results. In summary, Cu®* tolerance for these
three kinds of cells decreased as follows: HUVECs > MC3T3-E1 >
rBMSCs.

Cell migration of endothelial cell should be taken into account for
surgical implantations, because it is very important to wound healing.
The scratch assay is a useful and low-priced method to measure cell
migration in vitro [43]. All of the scratch gaps were obviously narrowed
down after culturing for 6 h as showed in Fig. 2a and c. It was obviously
that high concentrations of Cu®>* were beneficial to cell migration
compared with low concentrations as showed in Fig. 2b. It was a po-
sitive relationship between cell migration and concentrations of Cu®*
at low concentrations (0-1 uM). When the concentrations of Cu?t ex-
ceeded 1M, the effect of Cu®* to cell migration was changed insig-
nificantly.

As an early marker of osteogenic differentiation, ALP activities of
rBMSCs were assessed after culturing for 7 and 14 days, respectively.
Fig. 3a qualitatively demonstrates ALP staining of rBMSCs incubated
with Cu?*-containing culture medium, and ALP-positive rBMSCs are
identified by blue staining (red circles). It is obvious that, compared to
control (0 uM Cu?*), the number of ALP stained cells was significantly
increased in the culture medium containing 0.01 uyM Cu®*, remained at
the same level incubated with 0.1 and 1 pM Cu?*, and decreased in-
cubated with 10 uM Cu®*. However, the numbers of viable cells gra-
dually decreased with the increasing Cu®?* concentrations. For the
quantitative results, the ALP activities showed a positive correlation
with the rise in concentration of Cu®* at day 7, suggesting that higher
concentration of Cu®>* could augment the ALP activity of rBMSCs in the
earlier days. However, after culturing for 14 days, the trend had clearly
changed. The relative ALP activities incubated with high concentrations
(0.1 uM, 1uM, and 10 uM) were significantly decreased compared to
those incubated with 0.01 uM Cu®* and control medium. These results
demonstrated that copper diminished the proliferation rate of rBMSCs,
but increasing their ability to differentiate into the osteogenic lineages,
especially in lower concentration.

(a) 150
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Antibacterial rate
o
<

-50 T T T
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As mentioned above, results showed that Cu®>* had a great influence
on the cellular behaviors, and a quite different susceptibility in three
kinds of cells was observed. As illustrated in Fig. 1, rBMSCs exhibited
higher susceptibility to Cu?* exposure compared to MC3T3-E1 and
HUVEGs. The different cytotoxic potential of Cu®>* in different cells
might be correlated with excessive production of reactive oxygen spe-
cies (ROS) [44]. Many studies revealed that Cu toxicity caused by
participating in the formation of ROS modifies the structure and/or
function of essential biomolecules [45]. For instance, Pourahmad et al.
demonstrated that there is an immediate and rapid increase in ROS
production when hepatocytes are incubated with Cu, and the Cu®*-
induced cytotoxicity occurs as a result of a mitochondrial ‘ROS’ for-
mation [46]. In this study, we explored the potential of copper to in-
duce oxidative stress by measuring the ROS levels of different cells.
Quantitative data exhibited that copper promoted ROS generation in a
dose-dependent manner in rBMSCs and MC3T3-E1, and a sharply in-
creased ROS level was induced at the concentration of 0.1 uM for
MC3T3-E1 and 1uM for rBMSCs (Fig. 4). Comparatively, copper had
little effect on ROS production in HUVECs. This may be ascribed to the
important role of ROS in angiogenesis in endothelial cells [47]. It has
been reported that ROS mediate a number of angiogenic responses and
elevated ROS level can induce the expression of angiogenic factors such
as vascular endothelial growth factor (VEGF) and angiopoietin-1
(Angl) [48].

3.2. Antibacterial assay

The Gram-negative E. coli and Gram-positive S. aureus were used to
evaluate antibacterial activities of different concentrations Cu®* solu-
tion. Bacterial antibacterial rate curves of E. coli and S. aureus were
presented in Fig. 5. For E. coli, it is clear that antibacterial activity was
enhanced accompanying with the rise of concentration of Cu®* solution
as showed in Fig. 5a. When concentration of Cu®>* was lower than
37 uM, it wouldn’t show significantly antibacterial activity to E. coli.
Once the concentration of Cu?>* over 37 uM, inhibition ratio suddenly
increased and approached to 100% at 111 pM. Fig. 5b showed that the
antibacterial rate curve of S. aureus which had a similarly trend in-
creasing with the increasing concentrations of Cu?>* compared with E.

(b)1so

S.aureus

100

Antibacterial rate
[
s

-50 T T T
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Fig. 5. Antibacterial rate curves of cu?®t responses to bacteria: (a) E. coli and (b) S. aureus.
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Fig. 6. Bacterial colonies of re-cultivated E. coli on agar culture plates (a). SEM morphologies of E. coli cultured with different concentrations of Cu®>* (b). S0, S1, S2,
S3, S4, S5, S6, S7, S8, S9, S10, and S11 were represented as concentrations of Cu2+, 0uM, 0.017 uM, 0.05 uM, 0.15 uM, 0.45 uM, 1.37 uM, 4.12 uM, 12.34 pM, 37 uM,

111 puM, 333 uM, and 1 mM, respectively.

coli. The antibacterial rate was about 90% at concentration of 37 uM
and approached 100% at concentration of 111 uM.

The results of bacterial colonies and SEM morphologies of E. coli
were presented in Fig. 6. Those results were consistent with the anti-
bacterial rate curves. When the concentrations of Cu?* were lower than
37 uM (S8), bacterial colonies and SEM morphologies of E. coli showed

132

it grew well and didn’t vary with the concentrations of Cu®>* (S0-S7). In
contrast, once the concentration of Cu?™ over 37 UM (S8), bacterial
colonies of E. coli decreased sharply. SEM morphologies showed that
bacterial numbers were significantly reduced. At the high magnifica-
tions, it showed that there were filamentous connections among bac-
teria at low concentrations, but those filaments vanished with the



K. Li, et al

Journal of Trace Elements in Medicine and Biology 55 (2019) 127-135

Fig. 7. Bacterial colonies of re-cultivated S. aureus on agar culture plates (a). SEM morphologies of S. aureus cultured with different concentrations of Cu®>* (b). SO,
S1, S2, S3, S4, S5, S6, S7, S8, S9, S10, and S11 were represented as concentrations of cu?*,0 uM, 0.017 uM, 0.05 uM, 0.15 uM, 0.45 uM, 1.37 uM, 4.12 uM, 12.34 uM,

37 uM, 111 uM, 333 uM, and 1 mM, respectively.

increase of concentrations of Cu?*. Particularly, the bacterial mem-
branes were deformed badly when the concentrations of Cu®>* exceeded
111 puM. The results of colony and SEM morphologies of S. aureus were
shown in Fig. 7. Those results showed similar trend as E. coli.

As mentioned above, our results showed that there was a threshold
concentration for Cu?* to perform antibacterial activity. Parmar et al.
provided us with a mathematical model to analysis copper uptake
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kinetics which showed that bacteria would lose controllability of
copper once beyond the threshold concentration [49]. It could also
explain our results. It wouldn’t show antibacterial properties when
concentrations of Cu?>* below the critical value, because bacteria are
good at control of copper levels. On the contrary, the concentration of
Cu?* exceeds critical value resulted that bacteria lose control of copper
levels. The antibacterial activity would be enhanced very soon.
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From the above results, combined analysis of cell and bacterial
studies identified a threshold concentration at which the material
shows outstanding antibacterial properties without significantly af-
fecting the viabilities of bone cells and HUVECs. This key outcome sets
Cu doping as a promising strategy for biomaterials design and en-
courages further investigation on similar systems toward the develop-
ment of multifunctional biomaterials.

4. Conclusion

In this study, we discussed different doses of Cu>* responding to three
kinds of cells (HUVECs, MC3T3-E1, and rBMSCs) and two kinds of bacteria
(E. coli and S. aureus) in vitro. According to analyses mentioned above,
differential toxicity of Cu?* in different cells was observed, and their
susceptibility increased as follows: HUVECs (ICso = 327.9 uM) > MC3T3-
El (ICso = 134.6 uM) > rBMSCs (ICso = 0.7 uM). Moreover, there was
also a threshold concentration (37 M) of copper to exhibit excellent an-
tibacterial activities against E. coli and S. aureus. Therefore, the results
performed on cells and bacteria yields good osteogenic, angiogenic and
antibacterial activities.
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