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In this paper, icaritin film was prepared by low-energy beam electron beam
deposition (EBD). The material test showed that the structure and composition
of icaritin were not changed after electron beam deposition. Then, the film was
sliced and immersed in simulated body fluids, it can be seen that the film was
released quickly in the first 7 days. With the extension of soaking time, the release
rate gradually slowed down, and the release amount exceeded 90% in about 20
days. In vitro cytotoxicity test showed that the relative cell viability rate of the
film was still 92.32+1.30% (p<0.05), indicating that the film possessed excellent

1. Introduction

Metal-based implant materials have excellent
mechanical properties, machinability and favor-
able stability, which are often used in bone tissue
engineering to repair or replace human bone tis-
sue [1], accounting for about 70—-80% of the total
implant materials [2]. Among them, titanium and
titanium alloy material has good biocompatibility
and osseointegration [3—4], corrosion resistance,
excellent mechanical properties, low density, high
strength, the modulus of elasticity is closest to hu-
man bone, high tensile strength, yield strength and
fatigue strength, etc. [2, 5-9], and they are now
widely used implants medical metal materials.

However, these implants themselves lack the
ability to form or induce osteogenesis. Before im-
plant implantation, loading these medical metal
materials for bone tissue engineering with highly
effective bioactive factors can promote tissue heal-
ing, bone remodeling and bone repair around the
scaffold [10]. Catherine D. Reyes et al. coated the
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surface of the implant with bioactive factors, and
compared with the unmodified implant, the coat-
ing effectively improved the bone formation and
repair around the implant [11]. Jeroen J.J.P. van
den Beucken et al. prepared DNA coating on ti-
tanium substrate using electrostatic self-assembly
technology, and the results showed that compared
with the uncoated control group, the coating ef-
fectively increased the proliferation of primary rat
dermal fibroblasts [12]. These studies have proved
that the loading of bioactive factors on the surface
of implants has positive effects on tissue healing
and bone repair. In order to make the implant have
better osteointegration ability, it is also important
to promote the accumulation ability of osteoblasts
on the surface of the implant. Some studies have
also enhanced the cell adhesion ability by covering
the surface of the titanium substrate. Dan-li Fu et
al. synthesized the nanostructured HA and Sr-HA
coatings by electrochemical method on the surface
of a titanium substrate, and the Sr-HA coating ev-
idently enhanced the adhesion of rat MSCs [13].
Min-Chul Kim et al. applied the Avidin-Biotin
Binding System to the surface of the scaffold to
promote cell adhesion [14].

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



78 Study of Icaritin Films by Low-Energy Electron Beam Deposition

Bone marrow stromal cells (BMSCs), a type
of stem cells located in bone marrow [15], have
the potential to differentiate into osteoblasts and
adipocytes [16], and which are the most popular
seed cells for bone tissue engineering. A balance of
osteoblastic and adipocyte differentiation is key to
maintaining skeletal integrity and bone homeosta-
sis [17]. Imbalanced bone formation, reduced bone
formation, accompanied by increased bone mar-
row fat formation, which can lead to osteoporosis
and necrosis of the femoral head [18-21]. Bone
morphogenetic protein (BMP) is a growth factor
that promotes bone formation activity and can in-
duce bone marrow stromal cells to differentiate
into osteoblasts [22]. As one of the effective active
components of Epimedium, a traditional Chinese
medicine commonly used in orthopedics and trau-
matology, icaritin (ICA) can promote the differenti-
ation of bone marrow stromal cells into osteoblasts
by up-regulating the expression of the bone mor-
phogenetic protein, and also inhibit the differentia-
tion of bone marrow stromal cells into other cells,
such as adipocytes or skeletal muscle cells [23-25].
Herein, icaritin has become an effective drug for
the prevention and treatment of femoral head ne-
crosis and osteoporosis [26—29]. Traditional Chi-
nese medicine Epimedium has a long history in the
treatment and prevention of a variety of orthopedic
diseases. Epimedium, one of its effective compo-
nents, was able to enhance the differentiation and
proliferation of osteoblasts, has a variety of bio-
logical activities and pharmacological effects, and
has a good value in clinical application [30-31].

At present, icaritin is mostly used orally or by
irrigation, which requires long-term use to work.
The application of icaritin to the affected area on
the surface of the scaffold with coating loading is
still lacking. In this study, we attempted to deposit
icaritin films on the substrate surface by low-en-
ergy electron beam deposition, and to explore the
novel application direction of icaritin in bone tissue
engineering. Our group has successfully prepared a
variety of bioactive films by EBD method, which
has a certain theoretical support and experimental
basis for the subsequent research on the prolonged
release and degradation of film. Icaritin has a va-
riety of pharmacological effects and high activity
towards cardiovascular, immune system, bone me-
tabolism and sexual function, and has been widely
used in clinical practice. However, its shortcom-
ings such as poor water solubility and low oral bio-
availability limit its clinical application. This study
aimed to deposit icaritin film on the surface of the

implant by EBD method, so that the biologically
active icaritin could directly act on the target site,
this may help solve the problem of low oral bio-
availability.

2. Materials and methods
2.1. Materials

Icaritin was purchased from Yuanye Biotechnol-
ogy Co., Ltd (Shanghai, China). Ti sheet (100+10
um) was provided by Qianchui Metal Products
Co., Ltd (Wuxi, China), single crystal silicon wa-
fer (50010 pm) was supplied by Ruicai Semicon-
ductor Co., Ltd (Suzhou, China), KBr salt tablets
(1000+10 um) was obtained from Botianshengda
Co., Ltd (Tianjin, China), MC3T3-E1 cells were
purchased from the Chinese Academy of Sciences
Shanghai Cell Bank, PBS (CNM20012) was pur-
chased from Wuhan Boster Biological Technology
(Wuhan China), Dimethyl Sulfoxide-d6 was sup-
plied by Energy Chemical (Shanghai, China).

In this paper, titanium wafer, silicon wafer, KBr
salt wafer as the substrate. Titanium sheet, silicon
sheet as the substrate before use, after repeated ul-
trasonic cleaning with anhydrous ethanol and de-
ionized water, drying in 70 °C oven for reserve,
KBr salt sheet can be directly used in the coating.
Pure Ti foil is selected as the substrate because of
its non-toxic and good biocompatibility character-
istics. Besides, compared with alloys, its compo-
sition is simple which is easy to characterize and
analyze in subsequent research.

2.2. The coating deposition technique

The low-energy electron beam deposition equip-
ment used in this paper is independently developed
by the Chinese-Belarusian Scientific laboratory
on Vacuum-Plasma Technology. The coating was
deposition by means of vacuum continuous expo-
sure of a low-energy electron beam on the target.
In the deposition process, the operating current and
voltage parameters fluctuate in a specific range:
Accelerating Voltage = 0.68+0.1 kV, Cathode
Current = 6.6+0.1A. If the current and voltage are
too low. The target material cannot be excited. If
the current and voltage are too high, it may lead to
sputtering of the target material and uneven film
deposition. Under the condition of a high vacuum,
the tungsten filament in the electron gun is heated
and then emits hot electrons. The hot electrons are
accelerated to gain kinetic energy and bombarded
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Fig. 1. Schematic diagram of EBD deposition principle:
1 —electron gun; 2 — electron beam; 3 — substrate support;
4 — substrate; 5 — target material; 6 — vacuum chamber.

to the target material. The target material converts
the kinetic energy into heat energy and gasifies it
to form an active gas phase, which is deposited on
the substrate at last [32—-33]. The power of the elec-
tron beam can be adjusted and the evaporation rate
of the target material can be controlled by adjust-
ing the working current and voltage of the electron
beam. The schematic diagram of film deposition
by EBD method is shown in Fig. 1. It should be
noted that the whole process is carried out in the
chamber with a high vacuum (5x10* Pa) whose
temperature depends on the room temperature
(25 °C in normal) and the temperature of the elec-
tron beam area depends on the values of voltage
and current.

Compared with the traditional method of prepa-
ration of thin film materials, EBD method in the
preparation of thin films can be a step in the process
of synthesis, solvent-free, and avoid contamination
by impurities in the environment [34], the adhe-
sion between the prepared film and the substrate
is strong, EBD prepared film also has features of
thickness control and good repeatability, condu-
cive to industrial production applications [35].

2.2. Characterization
2.2.1. Composition and structure of films

In this paper, the structure of icaritin film and
powder was analyzed by liquid nuclear magnetic
resonance spectrometer (Bruker AVANCE III 500
MHz), Deuterium dimethyl sulfoxide was used as
deuterium reagent. Fourier transformed infrared
spectrometer (Bruker Vertex-70) was used to study
the molecular structure of thin films deposited on

KBr salt sheets. The scanning range was 4000—
300 cm’', and the resolution was 4 cm'. The el-
emental composition of the composite film was
qualitatively analyzed by X-ray photoelectron
spectroscopy (Phi QUANTERA II). Al Ko was
used as the X-ray source (Hv =1486.6eV). The spot
size was 200%250 pm?.

2.2.2. Analysis of film surface properties

The Contact Angle Meter (FCA2000A2, Shang-
hai AFES Precision Instrument Co., Ltd) is used in
this paper. The contact angle measuring range is
0°-180°. Contact Angle display accuracy: +0.01°;
Contact Angle measurement accuracy: £0.1°. Sur-
face morphology and roughness of a composite
membrane were measured using Dimension Icon-
type AFM (Bruker AXS). The scanning area was
5x5 pum, Tapping the sample surface in Tapping
mode. Finally, the surface roughness of the mem-
brane was assessed using root roughness (RQ).

2.2.3. Morphological characterization

SEM (FEI Quanta 250FEG) was used to ob-
serve the surface morphology of the film. Since
the sample is not conductive film, the sample must
be sprayed with gold before testing to improve
its conductivity, so as to obtain a high-definition
image. Spray gold using a gold spray instrument
(Quorum Technologies Ltd).

2.2.4. Release characteristics of thin films

In this paper, the sample of icaritin film was
studied and tested by UV-Vis spectrophotometer
(Thermo Fisher EVOLUTION220). The wave-
length range was 190~1100 nm. The maximum ab-
sorption peak of Icaritin was 225 nm.

2.2.5. Cytotoxicity test

MTT assay was used to detect the cell viability
changes of MC3T3-El cells after 168 h co-culture
with the sample. MC3T3-E1 cells in the logarith-
mic growth phase were taken for cell count; cell
concentration was adjusted and inoculated into 24-
well plate according to 1x10* cells/well. The cells
were cultured overnight in a constant temperature
incubator at 37 °C and 5% CO, to make the cells
adherent. According to the group treatment above,
the culture time was 168 h. Remove the culture
medium containing the sample. The Wells were
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cleaned three times with PBS and cultured in an
incubator at 37 °C for 4 h with 500 uL. medium
containing 0.5 mg/mL MTT, 5% CO,. The medium
in the pore was carefully absorbed, 600 uL DMSO
was added, and placed in a shaker at room tempera-
ture and low speed for 10 min to fully dissolve the
crystals. The absorbance at 570 nm was measured
with a full-wavelength microplate instrument.

Cytotoxicity and cell viability were calculated
as follows:

Cytotoxicity = [(ODconroi-OD1reated)/ODconirot]l X
100

Cell viability = (OD+yeaea/ODcontror) * 100

ODiyvot = Optical density of control and
ODyyeqeq = Optical density of composite films. Cell
viability greater than 75% can be considered non-
cytotoxic [36].

3. Results and discussion
3.1. 'THNMR

The '"HNMR spectra of icaritin film and icaritin
powder prepared by EBD method were compared
and analyzed. To evaluate the effect of EBD on the
molecular structure of icaritin.

The 'HNMR liquid NMR spectra of icaritin
powder and icaritin film prepared by EBD method
are shown in Fig. 2. The "THNMR spectra of icar-
itin powder can be roughly divided into aliphatic
region (6 = 1-6.5 ppm) and aromatic region (& =
7—-13 ppm). The '"HNMR spectra of icaritin powder
were analyzed based on chemical shift: 12.30 ppm
and 10.59 ppm were Ar-OH. The peak values at
9.45, 8.17 and 7.05 ppm were AR-H. 6.25 ppm is
R-OH. 3.80 ppm is the signal of -O-CHj;. The signal

of -CH, was at 2.76 ppm and 1.53 ppm. The peak
of —R-CH; was found at 1.15 ppm. The 'HNMR
spectra of icaritin thin films and icaritin powder
were corresponding to each other by low power
electron beam evaporation deposition. The charac-
teristic peaks contain all kind of hydrogen atoms in
icaritin film without chemical shifts. Meanwhile,
there are no redundant peaks, which indicated that
the composition and structure of icaritin were not
changed after the evaporation deposition of icaritin
by the electron beam.

3.2. FT-IR

In the FTIR spectrum of icaritin powder (Fig.
3(2)), the special absorption peak of the ketone
hydroxyl group was found at 1650.84 cm™. The
1599.15 cm™' region is the absorption peak of the
aromatic ring. The absorption peaks of aromatic
ethers were at 1309.08 cm™ and 1075-1020 cm™'.
The coupling of C-O stretching vibration is ob-
served at 1300 cm™. The bending vibration of the
phenolic hydroxyl group is at 1251.64 cm™. The
characteristic absorption peak of the hydroxyl
group in tertiary alcohol was 1156.86 cm™. The
peak at 3468.81 cm™ and 3299.36 cm™ is the O-H
stretching vibration. The stretching vibration of
C-H is observed at 2966.21 cm™. Generally, the
place where the hydroxyl absorption peak is high
in frequency (greater than 3000 cm™), so the ab-
sorption peak greater than 3000 cm™ usually indi-
cates the presence of hydroxyl in the molecule.

In the FTIR spectra of icaritin film (Fig. 3(1)),
the absorption peak of the ketone hydroxyl group
was 1653.30 cm™'. The region of aromatic ring

R—CH,
—0—CH,

) ‘

—CH,—

T T T
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Fig. 2. "HNMR of icaritin powder and icaritin film: 1 — icaritin powder; 2 — icaritin film.
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Fig. 3. Infrared spectra of icaritin powder and icaritin film: 1 — icaritin film; 2 — icaritin powder.

absorption peak was 1604.83 cm'. The bending
vibration of the phenolic hydroxyl group is at
1260.65 cm!. The characteristic absorption peak of
the hydroxyl group of tertiary alcohol is at 1163.81
cm'. The stretching vibrations of O-H are evident
at 3470.50 cm™ and 3304.82 cm™'. The stretching
vibration of C-H is observed at 2969.88 cm.

Through the above analysis and comparison, it
is shown that the FTIR spectra of icaritin powder
and icaritin film are the same, and the special func-
tional groups of icaritin can be found in the FTIR
spectra, which further verifies that the characteris-
tic functional groups of icaritin are not destroyed
after the evaporation deposition of icaritin into
film by EBD method, which agrees well with the
"HNMR results.

3.3. XPS

Figure 4 shows the results of XPS analysis of
icaritin powder and icaritin film prepared by EBD
method. According to the full spectrum (Fig. 4.
A-1, A-2), both icaritin powder and icaritin film
contain C and O elements, where the proportions
of C and O are 84.8%, 15.2% and 87.5%, 12.5%
respectively. According to the Cls spectrum of
icaritin powder (Fig. 4. B-1), The composite peak
of Cls can be fitted to three characteristic peaks,
which correspond to the C-C bond of the aliphatic
group at 284.76 eV, 286.37 eV should correspond
to C-O bond, 288.81 eV corresponds to the C=0
bond. The peak areas account for 68.78%, 22.78%
and 8.44% respectively. According to the Cls

spectrum of icaritin film (Fig. 4. B-2), The com-
posite peak of Cls can be fitted to three charac-
teristic peaks, which correspond to the C-C bond
of aliphatic group at 284.79 eV, 286.38 eV should
correspond to C-O bond, 288.62 eV corresponds to
the C=0 bond. The peak areas account for 77.41%,
20.65% and 1.94% respectively. In the Ols spec-
trum of icaritin powder and icaritin film (Fig. 4.
C-1, C-2), O element merged into one peak at
532.50 and 532.77, respectively. Compared with
the full spectrum of icaritin powder and icaritin
film, the content of elements is the same. The po-
sition and shape of the three characteristic peaks
of Cls are the same, and the characteristic peaks
obtained by fitting can also correspond to the struc-
ture of icaritin itself.

Figure 5 shows the XPS analysis results after
icaritin immersion in simulated body fluids for
7 days and 21 days. According to the Cls spec-
trum of icaritin film for 7 days (Fig. 5. E-1), The
composite peak of Cls also can be fitted to three
characteristic peaks, which correspond to the C-C
bond of the aliphatic group at 284.86 eV, 286.60
eV should correspond to C-O bond, 288.58 eV cor-
responds to the C=0 bond. The peak areas account
for 71.93%, 22.75% and 5.32% respectively. Ac-
cording to the Cls spectrum of icaritin film for 21
days (Fig. 5. E-2). The composite peak of Cls also
can be fitted to three characteristic peaks, which
correspond to the C-C bond of aliphatic group at
284.79 eV, 286.37 eV should correspond to C-O
bond, 288.51 eV corresponds to the C=0O bond.
The peak areas account for 68.14%, 23.87% and
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Fig. 4. XPS spectra: A — full spectrum; B — Cls spectra; C — Ols spectra 1 — Icaritin powder; 2 — Icaritin film.

7.99% respectively. In the Ols spectrum of icaritin
film for 7 days and 21 days (Fig. 5. F-1, F-2), O el-
ement merged into one peak at 532.56 and 532.47,
respectively. The results showed that icaritin still
existed on the substrate surface after 7 days and
21 days immersion of simulated body fluids, and
the characteristic peaks obtained by Cls fitting
were the same as those obtained before immersion,
which proved that the composition and structure of
icaritin film could remain stable after immersion of
simulated body fluids.

3.4. The contact angle

Figure 6B shows the contact angle test diagram
of icaritin film. The molecular formula of icaritin
contains both hydrophobic group -CH; and hydro-

philic group -OH. The measured results show that
the contact angle of pure icaritin film is 81.3°, and
the contact angle is less than 90°. By contrast, the
contact angle of the titanium substrate surface is
104.5° (Fig. 6A), which belongs to the hydrophobic
surface. The deposition of icaritin film improves
the wettability of the titanium substrate surface.
The wettability of the titanium implant surface will
affect the cell adhesion of the implant at the ear-
ly stage of implantation. Considering the interac-
tion between body fluids, cells and tissues and the
implant surface, the hydrophilic surface is more
suitable than the hydrophobic surface [37—40].
Therefore, the results indicate that the deposition
of icaritin film can improve the surface properties
of titanium substrate.
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Fig. 6. The Contact Angle Test: A — titanium substrate; B — Icaritin film.

3.5. AFM

Figure 7B is the AFM diagram of icaritin film;
the substrate used for deposition was Si sheet (Fig.
7A). The AFM shows that the surface of the film
is flat without large particles on the surface. The
root means square roughness R, of the film is

0.348 nm. The corresponding base has an R, of
0.166 nm. Even though the value of R, has in-
creased, the R, of the film is still at a low value.
The low roughness indicates that the icaritin film
prepared by the EBD method has uniform distribu-
tion and a smooth surface.
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Fig. 7. AFM diagram of icaritin film: A — Si substrate; B — icaritin film.

However, the limitation of AFM is that its probe
detection can only observe the morphology and
roughness of a very small area on the surface of
the sample, and other detection means are needed
to prove the overall morphology.

3.6. Surface morphology and thickness
Figure 8A, B shows the surface morphology

of the icaritin film based on titanium at different
magnifications. It can be seen that the surface of

10pum

icariin film is flat. Larger debris and smaller de-
bris are present in some areas. In the deposition
process, icariin powder is firstly evaporated into an
active gas phase component under the impact of
the electron beam and then deposited on the sub-
strate surface to form thin films. Therefore, the en-
ergy used by the electron beam evaporation is very
important. Slightly higher electron beam energy
will make the gas phase components too active and
form gas phase components crosslink, and then
this may lead to uneven deposition.

Fig. 8. SEM oficaritin film (A, B —icaritin film at different magnification; C —icaritin film for 7 days; D — icaritin film

for 21 days).
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Figure 8 C, D shows the surface morphology of
the icaritin film after immersion in simulated body
fluids for 7 days and 21 days. As can be seen from
the result, after 7 days of the film release, part of
the titanium substrate was exposed, a large amount
of film was released, and small particles of icaritin
were unevenly distributed on the surface, 21 days
after film release, the film is completely released,
and only a small part of icariin fragments remain.

We can learn from the results: the release of
icaritin film in prophase is fast, most of the icaritin
is released in about 7 days so that we can see that
the titanium base is bare. From 7 days to 21 days
of the process, the release of icaritin film is almost
completely. The result is consistent with our re-
lease curve test results.

3.7. The release curve

To study the release kinetics of icaritin, a film
with a diameter of 5 mm was soaked in 20 ml of
simulated body fluids and stored in a thermostatic
shaker at a temperature of 30 °C. The absorbance
of the solution was measured by UV-Vis spectro-
photometer, and the release curve of icaritin was
obtained. From the release curve of icaritin film
(Fig. 9), it can be seen that the release of icaritin is
faster in the 7 days before soaking, and the release
rate slows down gradually with the increase of im-
mersion time, and releases more than 90% in 20
days or so, and the release curve tends to flatten out
around 30 days. The results showed that the release
period of icaritin film could be about one month
even if it acted directly with the simulated body
fluids, which ensured its long-term effect.

Xue Peng et al. used 3D printing technology
to prepare B-tricalcium phosphate as the scaffold
loaded with icaritin. The results showed that the
release of icaritin became slow around 16 days and
was complete around 30 days [41].

3.8. Cytotoxicity test results

As a film loaded on the surface of the implant, it
should have excellent biocompatibility. Figure 10
shows the cell viability of MC3T3-E1 cells on the
icaritin film after 168 h. The cell viability of icaritin
film is about 92.32%. According to the toxicity rat-
ing of the United States Pharmacopoeia, according
to the mean value of RGR, the value-added rates
corresponding to toxicity grades 0, 1, 2, 3, and 4
were 100%, 80%-90%, 50%—79%, 30%—49%, and
0-29%. Our film has a toxicity rating of level 1.
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Fig. 9. Release curve of icaritin film.
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Fig. 10. Cytotoxicity test results.
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Fig. 11. Picture of cytotoxicity test: (a) — Blank control
group; (b) — Icaritin film.
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This proved that the film was non-cytotoxic.
Furthermore, after culturing with MC3T3-E1 cells
for 168 h, the cell morphology on the surface of
the icaritin film was observed. As can be seen in
Fig. 11, the MC3T3-EI cells on the surface of the
film maintained their normal fibroblast phenotype
and healthy spindle-like shape. Overall, the icaritin
film possessed good cytocompatibility.

4. Conclusions

In this study, icaritin film was deposited on the
substrate surface by the low-energy electron beam
evaporation method. The NMR, FTIR, XPS tests
proved that the composition and structure of icari-
tin did not change after the deposition by electron
beam evaporation, which ensured the feasibility of
application. The test results of the contact angle in-
dicate that the deposition of icaritin film improves
the wettability of the titanium substrate surface.
From the release curve of icaritin, it can be seen
that the release of icaritin is faster in the 7 days
before soaking, and the release rate slows down
gradually with the increase of immersion time, and
releases more than 90% in 20 days or so. Final-
ly, the cell viability of the icaritin film has good
biocompatibility. Based on the above results, this
work can provide a facile path to obtain the bio-
active film, which can be a promising application
direction of icaritin in bone tissue engineering.
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