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Abstract

To achieve polymer-free and controllable drug-eluting system, there have been many efforts to
modify the surface composition and topography of metal stent. Recently, calcium phosphate is
commonly applied to metallic implants as a coating material for fast fixation and firm-implant bone
attachment on the account of its demonstrated bioactive and osteoconductive properties. In the
present study, the release of sirolimus could be controllable because of immobilization of sirolimus
during the process of biomimetic CaP coating forming. A completely new concept is the drug car-
rier of biomimetic CaP coating with sirolimus for an absorbable drug eluting system, which in turn
can serve as a drug reservoir. We here describe the characteristic, mechanisms and drug release
in vitro of new drug-eluting system in comparison to conventional system equivalent. Nano-struc-
tured calcium phosphate (CaP) coating was formed on the cobalt-chromium (Co-Cr) alloy sub-
strate. By immersing coated sample in solution with sirolimus (rapamycin), the sirolimus could be
immobilized in the newly formed CaP layer. The morphology, composition and formation process
of the coating were studied with scanning electron microscopy, energy dispersive spectrometer,
X-ray diffraction and X-ray photoelectron spectroscopy. The results showed that a uniform CaP

coating incorporated with sirolimus was observed on Co-Cr alloy.
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Introduction

Cobalt—chromium (Co-Cr) alloys occupy an important place as me-
tallic biomaterials. Co-Cr alloys, according to ASTM standard, have
been used for several decades [1] and recently have been used for
making coronary stents. One of the important advantages for this
material is to make ultra-thin struts with increased strength [2].
Currently, paclitaxel or sirolimus are used as the drug for avail-
able drug-eluting stents (DES). The earliest medical use for sirolimus
is in 1975 as a macrolide antibiotic, which is also called rapamycin.
Sirolimus has potent antifungal, immunosuppressant and antitumor
properties [3, 4]. It is a potential therapeutic agent for the remedy of
choroidal neovascularization and diabetic macular edema [5, 6].
One of the problems of metal surface for drug loading is that the
surface is too smooth. However, porous surface provides the possi-
bility of loading more drugs than the smooth metal surface because

©The Author(s) 2016. Published by Oxford University Press.

of the larger surface area and the stronger absorption ability. Drug
delivery through biodegradation is the general method, and it has
been extensively reviewed in the research for orthopedic [7], ocular
[8] and cardiovascular applications [9]. Extensive research confirms
a significantly reduction in the rate of restenosis compared to con-
ventional bare metal stents [10]. At present, metal stent with poly-
mer coatings is widely used. Nevertheless, it has been frequently
reported that the traditional polymer coatings are not entirely inert,
and hypersensitivity reactions against the polymer [11, 12]. Multiple
data display long-term harmful effect, e.g. increased inflammation
of the vascular wall, a thrombogenic response, and induced apop-
tosis of smooth muscle cells [13]. In order to reduce the inflamma-
tory reaction and balance drug release, which is partially caused by
the polymer, CaP coating is developed. It is good for extended re-
lease of sirolimus in DES. Biomimetic CaP coating is a proverbial
and excellent bioceramic that is similar to biological apatite of bone
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[14, 15]. Otherwise, it is biocompatible, bioactive and bioresorbable
[16]. The rate of degradation is controllable according to the morph-
ology, structure and crystallinity [17, 18]. In addition, the porous
structure of biomimetic CaP coating for the drug carrier is not de-
pendent on the use of the polymer, which is named polymer-free
drug-eluting system.

We here report on a novel drug-eluting system to control release
of sirolimus. Kim et al. [19] reported Co-Cr alloys could not form a
layer by means of NaOH treatment, and therefore did not form a
CaP-coating layer in SBF. It is first time to form CaP coating on Co-
Cr alloy by biomimetic method and immobilize sirolimus.

Materials and methods

Pre-treatment of Co-Cr substrate

The composition of Co-Cr alloy (Genoss Co, Korea) used in this
study was ASTM 90, C 0.079, Si 0.18, P < 0.010, S < 0.002, Mn
1.20, Ni 10.57, Cr 20.52, Fe 0.69, Co BAL., W 14.80. Co-Cr alloy
samples were chopped into disk-type samples with 2 mm of thick-
ness and 10 mm of diameter. The surface of the samples was pol-
ished by 600# waterproof abrasive paper, and then was cleaned in
acetone for 10 min, in alcohol for 10 min, in deionized water for
10 min by ultrasonic. And then all the discs were etched in mixed
acid (HNO3:HF:H,0,=1:1:1) for 1hour in ultrasonic bath. The
cleaned Co-Cr alloy discs were batched for alkali treatment at a con-
centration of 1 M NaOH solution for 6 hours. The treatment tem-
perature of 140°C was used in autoclave. Following this
management, the samples were thoroughly washed with deionized
water, and then were dried at 37°C in an electric oven.

Preparation of the CaP coating

Biomimetic mineralization solution (BMS) was prepared by dissolv-
ing reagent grade CaCl, (100 mg/L) in Dulbecco’s phosphate buf-
fered saline (DPBS, Calcium/Magnesium free; Gibco-brl Life
Technologies). Each sample was fully immersed into BMS solution
at 37°C for 12 hours to form CaP coating.

For biodegradation test of CaP coating, the coated samples were
immersed in a 10-ml normal saline solution at 37°C for up to 20
days in a water bath. Reagent grade NaCl (142 mM) was dissolved
in ultra-pure water to prepare the normal saline, which is buffered
to PH 7.4 at 37°C using TRIS (50 mM) and 1 M HCI.

Immobilization of sirolimus

Sirolimus (rapamycin) was obtained from Genoss Co. For immobil-
ization of sirolimus in the coating, each sample was incubated in so-
lution at 37°C similar to the temperature of body. The samples were
first immersed in BMS for 12 hours, and then incubated in a 5.0-ml
solution with sirolimus concentration of 0.1 mg/ml for 12 hours.
This solution containing siralimus was prepared by dissolving siroli-
mus into dimethyl sulphoxide, and then was diluted with 5-ml BMS.
So SD is short for this solution containing siralimus. After incuba-
tion, all the samples were washed with deionized water, and then
were dried at 37°C in an electric oven.

Analysis of samples and solution

The sample surfaces were observed by scanning electron micros-
copy (SEM, S-4200; Hitachi, Japan). At the same time, the Ca/P
ratio of the CaP coating was investigated by energy dispersive spec-
trometer (EDS) equipment. X-ray diffraction (XRD; Rigaku,
Tokyo) were used to evaluate the structure of the coating. In

addition, X-ray photoelectron spectroscopy (XPS; PHI 5700,
Netherlands) with Al Ka X-rays were used to analyze the compos-
itional of samples before and after immersion into SD solution. The
photoelectron take-off angle was set at 45°.

The concentration of sirolimus after soaking with samples was
measured by high-performance liquid chromatography. The number
of sirolimus was calculated on the basis of the reduced sirolimus con-
centration of the solution incubation with coatings. The changes of
calcium ion (Ca®") concentration at different time intervals were
measured by a QuantiChrom™ calcium assay kit (DICA-500; BioAs-
say Systems). In order to study, 200 pl of work reagent was added to
aliquots of 5 pl of sample on 96-well plate. The plate was read at
595 nm using a micro-plate reader (Tecan Sunrise, Switzerland) at
room temperature. A standard curve was set up by serial dilutions of
CaCl, (0-200 pg/ml). Depending on the concentration of Ca>" in the
solution, the reducing quantity of calcium could be determined.
Certainly, it was assumed that the reduction of calcium in the solution
was not deposited in any place except for the substrate.

Result

Morphology of coating

Figure 1 shows the morphologies and the homological EDS analysis
of the surface of Co-Cr alloy. The polished and etched surface by
mixed acid is shown in Fig. 1a. As shown in Fig. 1b, a highly rough
topography was obtained after alkali treatment, which was good for
nucleation and the following growth of coating. Lamellate-like crys-
tal morphologies shaped CaP coating was formed on the alloy after
immersion in BMS for 12 hours (Fig. 1c). The crystals had <100 nm
of thickness, ~400 nm to 2 pm of width and around several microm-
eters of length. The composition of the coating was analyzed by
EDS. Ca peak, P peak and O peak could be observed clearly.
Moreover, the EDS results also showed the Ca/P ratios was ~1.99
after 12-hour immersion, which was higher than that of HA (1.66)
increasingly after prolonged immersion (Table 1). Typical morph-
ology of biomimetic CaP coating retained after incubation in SD so-
lution for 12 hours at a temperature of 37°C as shown in Fig. 1d.

Composition and structure of the coatings

The crystal structures of the coating were displayed by XRD pat-
terns (Fig. 2). All the XRD patterns show peaks of Co-Cr alloy sub-
strate. The CaP-coating crystal structure was showed on the other
samples except the substrate control. Strong peaks near 25.3° and
weaker ones near 32° were showed on both coated sample and
sirolimus-incorporated sample corresponding to the reflection for
CaP coating. Adsorption of sirolimus in SD solution for 12 hours
did not affect crystal structure of CaP coating.

Based on the wide span of XPS spectra, the elemental compos-
itions of surfaces before and after incubation in SD solution are
shown in Table 2. Carbon is usually derived from unavoidable
hydrocarbon contamination. The presentation of N contents re-
flected successful loading of sirolimus in the CaP coating as nitrogen
exited only in sirolimus among the reagents used in this study.
Nitrogen-to-carbon (N/C) ratio on immobilization in SD is 0.021,
which is close to the theoretical N/C of 0.022 for sirolimus.

Immobilization of sirolimus

Amount of sirolimus incorporated with samples

After incubation in SD solution for 12 hours, new formative well-
distributed layer was noticed by SEM on the surface as shown in
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Figure 1. SEM morphologies of the surface of Co-Cr alloy (a) control substrate after etching by mixed acid, (b) after alkali-treatment, (c) immersion in BMS for

12h (d) then incubation in SD solution for 12 hours.

Table 1. EDS results of the surface of Co-Cr alloy after immersion
in BMS for 12 hours

Element Mass % Atom%
(@) 4.56 13.82
P 7.38 11.55
Ca 19.09 23.09
Cr 17.93 16.71
Co 38.24 31.45
M 12.80 3.37

Fig. 1d. After the sample was incubated for 12 hours at 37°C, the
concentrations of sirolimus in the solutions decreased obviously.
Based on the above inference, the reduction of sirolimus in the solu-
tion was assumed to be completely incorporated with coatings. The
amount of sirolimus incorporated with one sample in SD solution
(total drug in solution is 500 pg) is 42.1 *= 7.4 pg. The ratio of suc-
cessful drug loading reached >9.9%.

Changes of morphology after release

Figure 3 shows the changes in morphology of the CaP coating and
the sirolimus incorporated CaP coating after 3-, 11- and 20-day im-
mersion in the normal saline solution. The changes show the biodeg-
radation of the coating of the sample. The morphology of sirolimus-

incorporated sample remained similar to that of only CaP-coating
coated sample in physiological salt solution. Although the coating
degraded, sirolimus was expected to release correspondingly.

Discussion

New drug-eluting system

It has been already proved that the formation of biomimetic coating
on the surfaces of Si, Ti, Zr, Nb and Ta can be reproduced in supersa-
turated calcium phosphate solutions [20]. It is reported Co-Cr—-Mo
alloys could not form CaP coating in SBF. In this study, however,
Co-Cr alloy was demonstrated to have CaP coating-forming abilities
through alkali treatment and biomimetic process.

Due to the proven biocompatibility, bioactive and bioresorbable,
combined with the ability to tune porosity, porous CaP coating now
are explored for drug retention and elution. CaP coating is con-
sidered to be a valuable alternative to the polymer. The present
XRD patterns show obvious coating structure. Ca/P ratios of EDS
after 6 hours is higher than that of HA (1.66) and increase after pro-
longed immersion. The coating would be degraded in physiological
fluids, and it was confirmed by the immersion test iz vitro in the pre-
sent study (Fig. 3). Furthermore, its microporous structure is benefi-
cial for immobilization of sirolimus.

According to the result, the first 12 hours in BMS, it is the pro-
cess for the growth of CaP coating on alloy. And the following
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12 hours in SD solution, it is the process for the continuous growth
of CaP coating with sirolimus encapsulation at the same time.
Sirolimus was immobilized during the process of CaP coating form-
ing. Sirolimus encapsulation was accompanied with CaP growth,
not only through absorption, which is the outstanding of this new
polymer-free drug-eluting system. As shown in Fig. 4, the sample
incubated in the SD solution, Ca>* concentration initially increased
to a maximum value 37.79 ug/ml after 1 hour, then began to de-
crease with incubation time, as calcium and phosphorus ions were

apatite

apatite
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Figure 2. XRD patterns of the apatite coating formed on Co-Cr alloy (a) sub-
strate control sample after alkali treatment (b), after immersion in BMS solu-
tion at 37 °C for 12-hour (c) incubation in SD solution for 12 hours.

Table 2. Elemental compositional at the surface of coated samples
before and after incubation in SD solution containing sirolimus
determined by XPS

Surface C% N% Ca% P%

CaP coating 58 0
Immobilization in SD 76.66 1.58

23.46 18.54
11.93 9.83

Percentages computed based on the C, N, Ca and P contents only.

BMS

SD

od  3d

deposited on the surfaces gradually as CaP coating. The maximum
value of Ca®* concentration indicated the amount of Ca** dissolved
from the coating was larger than deposition onto the surface.
Actually, Ca**began to deposit meaningfully on the surface after
the time corresponding to the highest point of the curve.

Analysis of the coating

The crystals formed on the Co-Cr alloy were straight with sharp
edges, altering from the morphology of nucleation to the morph-
ology of growth after 12-hour immersion. The CaP-coating crystals
formed with sirolimus on the coated surface were slightly curved
and smaller. Furthermore, the morphology of nucleation did not
change even after 12-hour incubation. Formation rate of CaP coat-
ing in BMS solution was faster than that in SD solution. The samples
immersed in SD solution retained sharp edged lamellate-like crystal
morphology and XRD patterns showed the CaP coating structure
even incubation in SD solution. The sirolimus in the SD solution
existed mainly as a free monomer or a complex with CaP coating.

After a period of deposition, it is difficult to form new crystal in the
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Figure 4. Ca" concentrations in SD solution for immersion after different
time intervals. (0.5, 1, 3, 6, 12, 24, and 48 hours).

W

11d B 20d

Figure 3. SEM micrographs of surfaces of samples after immersion in BMS for 3, 11 and 20 days at 37 °C. (a—d) Apatite coated samples, (e-h) incorporated with

sirolimus after incubation in SD solution. All the scales are 1um in length.
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original BMS solution. When the coated sample was incubated in
SD solution, parts of the formed crystal served as apatite nuclei or
precursors of apatite. Then new deposition, nucleation and spontan-
eous growth process would occur again. Because the SD solution is
supersaturated relative to apatite and apatite has a lower solubility
[21], the sirolimus is easily to be encapsulated and to form siolimus—
apatite complexes. In the coprecipitation stage, sirolimus affected
the growth and morphology of CaP coating. Therefore, the immo-
bilization of sirolimus reduces the rate of CaP-coating formation,
but may not inhibit CaP-coating formation.

The rate of biodegradation can be tuned by alkali treatment, and
immersion time during the formation of CaP coating [17, 18]. In
addition, the drug release profile can be controlled by adjusting the
biological degradation of CaP coating. With this method, drug could
release persistently and steadily.

CaP coating formed by the biomimetic technique serves as a de-
livery system to control the release of sirolimus on Co-Cr alloy.
Therefore, when implants are used, sirolimus would be released and
exert an influence as EDS.

Conclusions

This study shows that (i) after immersion in BMS solution at 37°C,
biomimetic CaP coating formed on the alkali-treated Co-Cr alloy
substrate and (2) sirolimus was successfully immobilized on poly-
mer-free and biomimetic CaP coating. The immobilization of
sirolimus did not influence the morphology of the CaP-coating for-
mation and biodegradation.
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