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Preparation and characterization of nanoparticle
reinforced alginate fibers with high porosity for

potential wound dressing applicationf
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A novel fiber dressing was fabricated by blending nano-silica or hydroxyapatite with alginate via microfluidic

spinning, which demonstrated delayed degradation, greater mechanical performance and superior

bioactivity due to the reinforcing alginate fibers. The prepared fibrous dressings exhibited higher surface

area and porosity, which was conducive to cell growth. The addition of nano-silica and hydroxyapatite

particles in the alginates improved the mechanical properties and biomineralization on the surface of the

fibers. Besides, the degradation time scale and swelling behavior of the nanoparticle reinforced alginate
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fibers were delayed compared to the original alginate fibers, indicating a longer duration in contact with

the wound. The prompt proliferation of fibroblast and keratinocyte cells suggested no significant
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1 Introduction

Designable biomaterials play the central roles in the fields of
regenerative medicine and tissue engineering, as they can direct
the cellular behavior and repair capacity of the host."* Among
them, artificial wound dressings have some specific require-
ments: appropriate gelation properties, minimal immunoge-
nicity and the ability to facilitate cell growth and
differentiation.®® Compared with traditional dressings, novel
wound dressings prepared from a tissue engineering strategy
have eliminated most inflammation risks and thereby acceler-
ated the wound healing process.>'® As is well known, the raw
materials to fabricate wound dressings are synthetic polymers,
natural polymers and their mixtures." Although synthetic
polymers are intensively used in the current market, some
synthetic polymers are not considered as good candidates
because of their lack of biodegradability. It was also difficult to
clean the wound, as the wound surface is covered by the
undegradable wound dressing, which may easily induce
secondary trauma and inflammation."** Therefore, consider-
able research has been devoted to using natural polymers for
the fabrication of wound dressings.**

Alginate is a typical natural polymer that has been extensively
studied, owning to its high biocompatibility,”® low toxicity, rela-
tively low cost and the safe mild gelation condition with divalent
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cytotoxicity of the alginate containing silica and hydroxyapatite. Taken together, porous alginate fibers
reinforced by nano-silica and/or hydroxyapatite showed high potential for wound dressing applications.

cations such as Ca®* and Ba**,** which are preferred as candidates

for biomedical applications,"”*® as diverse as drug delivery,'**
tissue scaffold,*?** wound dressing,” et al. These highly porous
scaffolds are more conducive to cell growth and proliferation,
nutrient supplement and new tissue regeneration.”* A few studies
report the use of alginate to fabricate wound dressings for treat-
ment of diabetic feet,*2* which demonstrated excellent thera-
peutic effect. However, poor mechanical performance and the
uncontrolled degradation of alginate hamper the practical appli-
cation of these scaffolds.” To solve this problem, further research
on the fabrication of composite dressings show that, with
a combination of other materials, the mechanical limitations
could be avoided.*?*%

Recent progress in bone repair have shown that the addition of
nano-silica and nano hydroxyapatite particle can increase
mechanical performance and facilitated cell proliferation and
differentiation.** Hydroxyapatite is the mostly investigated addi-
tive for the fabrication of scaffolds, due to its close resemblance to
bone tissue inorganic phase,**” while silica is found to promote
biomineralization deposition on the surface of scaffolds, which is
beneficial to bone regeneration.*® Additionally, it can also increase
the surface area for the superior interface with the polymer matrix
and provide preferable mechanical performance.

Inspired by these studies, herein we reported the fabrication
of alginate-based wound dressings by the addition of nanoscale
silica and hydroxyapatite. Through microfluidic spinning,
alginate fibers having inorganic particles were acquired. The
characterization for prepared fibers confirmed that the incor-
poration of nanoparticles increased surface area and pore
volume. Fibers containing nano particles exhibited superior
mechanical performance and lower degradation, when
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compared to pure alginate fibers. In addition, the incorporation
of nano-silica into alginates was beneficial to the mineral
deposited on the surface of surface, which delayed the degra-
dation period. Cell culture results confirmed that the blended
fibers were conducive to cell growth. These results meant that
the concept of adding bioactive nanoparticles in alginate fibers
may hold great potential for healing and other biomedical
applications.

2 Materials and methods
2.1 Fabrication of biocomposite porous fibers

Three distinct core fluids were applied: sodium alginate solution
(3% (w/v)) was prepared by dissolving sodium alginate powder
(Sigma-Aldrich, St. Louis, MO, USA) in deionized water (DW):
0.10 mg of nano-silicon dioxide (SiO,) powder (Sinopharm
Chemical Reagent Co., Ltd. Shanghai, China) added into 1 ml
sodium alginate solution as the one core flow and the other one
was 0.10 mg of hydroxyapatite powder in 1 ml of 3% alginate
solution, the last one was above protocol being followed in which
the addition of inorganic particles were excluded. The sheath
flow contains 3% (w/v) calcium chloride (CaCl,) in ethanol (Ling
Feng Chemical Reagent Co., Ltd. Shanghai, China), which was
utilized in inducing the instant gelation of alginate solution. To
further solidify fibers, 8% (w/v) CaCl, was dissolved in ethanol as
the coagulation bath. The composite porous fibrous dressings
were fabricated by a self-developed microfluidic spinning
system.*® Three types of fibrous dressing were marked as: SA
(alginate fibrous dressings), SA-HAP (alginate-hydroxyapatite
composite fibrous dressing), SA-SiO, (alginate-silica composite
fibrous dressings) and listed in the Table 1.

2.2 Swelling behavior of alginate fibers

The swelling behavior of various fibers were measured based on
the solvent uptake by immersing a certain quantity of dry fibers
in PBS at room temperature. After a fixed time intervals, the
samples were taken out and blotted onto the filter paper to
remove excessive water on fiber surface. The weight change of
fibers was transformed to swelling ratio using the formula:

Swelling ratio (%) = [(Ws — W/ Wi x 100%

where W; is the initial starting weight of fiber, and Wy denotes
the weight of fiber reached swelling equilibrium. All experi-
ments were performed in triplicate.

Table 1 Core-sheath ingredient of three kinds of fiber

SA SA-HAP SA-Si
Core flow Alginate Alginate-HAP Alginate-SiO,
Sheath flow CaCl,-EA CaCl,-EA CaCl,-EA
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2.3 Degradation behavior of alginate fibers

The degree of degradation was characterized by immersing
a certain quantity of fibers in PBS at room temperature. After
a fixed time intervals, the alginate fibers were taken out and
dried in an oven at 60 °C, then weighed under ambient condi-
tions. The drying step was continued until a constant weight
was achieved. The degradation degree of fibers was represented
by the mass loss and then calculated with the formula:

Mass loss (%) = [(Wo — W)/ W] x 100%

where W, is the initial starting weight of fiber, and W; denotes
the weight of the partially degradative fiber. All experiments
were performed in triplicate.

2.4 Inductively coupled plasma-atomic emission detector
(ICP-AED)

The samples were prepared and measured according to the
detection standards of JY/T 015-1996 (ref. 40) using inductive
coupling plasma atomic emission spectroscopy. The element
content of calcium in three groups of fibers were determined
using ICP-AED (Leeman Prodigy, America). Measurements were
performed in triplicate.

2.5 In vitro biomineralization studies

The in vitro biomineralization of the prepared fibrous dressings
were investigated by incubating the dressings in PBS for 15 days.
Then the fibers were taken out and washed with deionized water
to remove the extra minerals. In order to investigate the deposi-
tion on the surface of fiber, the specimens were subjected to SEM
(HITACHI S-4800, Japan) analysis and XRD characterization.

2.6 The studies of surface area and pore size distribution

The Brunauer-Emmett-Teller (BET) surface area and BJH pore
size distribution of the prepared alginate fibers were detected by
N, adsorption—-desorption isotherms using a MICROMERITICS
ASAP2020 surface analyzer at 77 K. All samples were degassed at
393 K for 3 h before the measurement.

2.7 Mechanical characterization

The mechanical properties of various fibers were evaluated and
compared by tensile tests using a Tensile Tester (XQ-1C,
Shanghai, China). The measurement was carried out at room
temperature, using a gauge length of 10 mm and a stretching
speed of 20 mm min~'. The results were characterized as
a breaking stress and an elongation ration at rupture. All

experiments were performed with a minimum of six samples.

2.8 Fourier transform infrared spectroscopy

In order to investigate the difference in structure of distinct
fibers before and after incubation with 15 days in the PBS
solution. FT-IR spectrum was performed via a universal ATR
diamond accessory of Nicolet 6700 (Thermo Fisher, USA).
Transmission and ATR spectra were recorded with spectral

region between 500 and 4000 cm ™.

This journal is © The Royal Society of Chemistry 2017
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2.9 X-ray diffraction studies

To make a comparison of crystallinity of three types of fibers
before and after incubated in the PBS medium for 15 days, XRD
analysis was performed using a D/max-2500PC-ray diffractometer
(Rigaku, Japan) equipped with a Cu ko source.*** The one-
dimensional X-ray diffraction patterns with the intensity curves,
and a function of 26, were obtained from integrating the two-
dimensional scattering patterns of various fibers. The angle of
diffraction was varied from 10° to 55° to identify the difference in
the crystal structure of various fibers during the process of
degradation.

2.10 Cytotoxicity

2.10.1 Proliferation assay. In order to evaluate the cytotox-
icity of various dressings, the proliferation and migration assay
were carried out based on the HaCaT cells (human keratinocyte
cell line) and human dermal fibroblasts, respectively. 50 mg of
various alginate fibers were immersed in 50 ml DMEM and
incubated at 37 °C for 5 days, respectively. Thus, 1 mg ml™" algi-
nates extracted medium were obtained and filtered with a needle
filter. HaCaT cells (human keratinocyte cell line from ACTT) and
human dermal fibroblasts (a gift from Dr Mark A. Carlson,
University of Nebraska Medical Center, NE, USA)* were seeded in
96-well plates at a density of 5000 cells per well and incubated in
5% CO, at 37 °C for 12 h. After the attachment of cells, the
medium were replaced by the extracted medium in which they
were incubated with SA, SA-Si and SA-HAP, cells cultured with
DMEM served as the blank groups. At the fixed intervals, 10 pl of
5 mg ml~" MTT solution were added and cultured for another 3 h,
respectively. Then, the culture medium were removed and 100 pl
DMSO were added in the plates. Finally, the absorbance was
measured at 490 nm.” The relative growth rate of cells was rep-
resented by RGR and calculated with the formula

RGR (%) = (the absorbance of sample/the absorbance of negative
control) x 100%

2.10.2 Migration assay. Human dermal fibroblast were
seeded in 3 cm culture dishes at a density of 1 x 10° cells per
well and incubated in 5% CO, at 37 °C for 12 h, respectively.
After the cells grew to 90% confluence, an artificial scratched
wound were created with 20 pl-micropipette tips. The cell
culture medium were replaced by SA, SA-HAP and SA-Si
extracted medium and cultured for 12, 24 and 48 h, respectively.
At each fixed intervals, the artificial scratched wounds were
observed by a phase contrast microscope. For the HaCaT cells
(human keratinocytes cell line), the above protocol were fol-
lowed and the culturing time was set as 24, 48 and 72 h
respectively. Both cells were cultured with DMEM served as
blank control group.

2.11 Statistical analysis

All the measured data were expressed as mean =+ standard
deviation (SD). The data were analyzed by the Student's ¢ test,
and differences were considered significant at P < 0.05.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Swelling behavior of three types of fibers. These tests (n = 3)
were repeated three times. **p < 0.05.

3 Results and discussions
3.1 Swelling behavior of fibers

As exhibited in Fig. 1, SA experienced the maximum swelling
degree for all the incubation times and SA-Si displayed larger
swelling ratio when compared to SA-HAP. The weight incre-
ment of SA was 79.56 + 1.71% at day 30, whilst that of SA-HAP
and SA-Si was 67.53% =+ 1.10% and 71.78% =+ 0.58%, respec-
tively. In addition, the swelling degree among three types of
fibers increased slightly with the increasing of immersing
times. Moreover, it could be apparently observed that speci-
mens containing nanoparticles showed lower swelling degree,
suggesting that the incorporation of nanoparticles obstructed
the permeation of PBS, and thus weakened the swelling process.
Furthermore, the deposition of hydroxyapatite on the surface of
SA-Si specimen hindered the swelling behavior. Our previous
study found that the degradation of alginate fibers initiated
from the swelling process.*

3.2 Degradation behavior of fibers and the morphology
characterization of fibers

As well known, the crucial parameter to be considered in the
biomedical materials was the controlled degradation timescale of
fibrous dressings as it offered enough time for tissue ingrowth
and skin reparation, which was essential to tissue engineering
regenerative. The degradation behavior of the prepared fibers
incubated in the PBS solution were investigated as displayed in
Fig. 3. It could be clearly seen that SA indicated the maximum
mass loss for all the incubation times (Fig. 3), whilst SA-HAP
demonstrated the lower degradation rate compared to SA-Si.
Besides, it was found that all the specimens displayed an increase
in the weight loss with the increasing incubation times, which was
in accordance with the swelling profile. Ca** ions of the egg-box
structure in the alginates molecular chain exchanged with Na*
ions of the PBS solution when SA immersed in the PBS medium,
leading to the degradation process of fibers. However, the
degradation of fibers embedded nanoparticle were significantly
delayed, according to the degradation profile of SA-HAP and
SA-Si. As demonstrated in Fig. 2, it could be seen that SA-HAP

RSC Adv., 2017, 7, 39349-39358 | 39351
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Fig. 2 The morphological characterization of alginate-based fiber dressings before immersed in PBS.

and SA-Si showed some additive covered on the surface, whereas
SA displayed smooth surface. Under the larger magnification, SA
displayed tiny crack, which was triggered inevitably during the
preparation process. SA-HAP and SA-Si composite reinforced
fibers exhibited lots of small and round crystal-like homogeneous
particles attached to the fibrous surface. It demonstrated that the
addition of inorganic nano-silica or/and hydroxyapatite particles
into the alginate coated evenly on the surface of fibers. The
morphology characterization illustrated that the embedded inor-
ganic nano-hydroxyapatite and silica covered evenly on the
alginate-based fiber surface. Therefore, the delayed degradation of
SA-HAP and SA-Si was attributed to the low solubility deposition
on the surface on fibers, which weakened the ion-exchange
interaction. In order to verify the assumption, the quantification
of Ca and Na content in the fibers were investigated as follow.
Moreover, the insoluble deposition impeded the permeation of
PBS medium, resulting in the delayed degradation timescale,
which also had an impact on the mechanical performance. It was
essential to conduct in vitro biomineralization study, which was
applied to investigate the insoluble deposition on the surface of
specimens.

39352 | RSC Adv., 2017, 7, 39349-39358

3.3 ICP-AED

To further prove the inclusion of nanoparticle silicon dioxide
and hydroxyapatite obstructed the ion-exchange between Ca**
of the alginates and Na' of the PBS medium, we detected the Ca
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Fig. 3 Degradation profile of three kinds of fibers. These tests (n = 3)
were repeated three times. **p < 0.05.
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Fig. 4 Na (a) and Ca (b) content in the fibers with different core flow.

Fig. 5 SEM images of the fibrous dressings (a) SA, (b) SA-HAP and (c) SA-Si after immersed in the PBS solution for 15 days, inset shown the

mineral deposition of crystal and XRD patterns.

and Na content in the fibers after different incubation time. It
was concluded that the degradation degree was positive to the
Na content in fibers, but negative to the Ca content. As exhibited
in Fig. 4, SA exhibited the maximum Na content and minimum
Ca at all degradation time, suggesting that SA group experi-
enced the highest degradation. On the contrary, SA-HAP group
had the lowest degradation with the least Na content but the
largest Ca content. Since the amount of Ca and Na agreed with
the of nanoparticle incorporation, we speculated that the
addition of these particles could hinder the ion-exchange
interaction, and subsequently elongated the degradation.

3.4 Invitro biomineralization studies

In vitro biomineralization of various fibers were investigated by
immersing the fibers in PBS. Surface morphologies and mineral
deposition incubated in the PBS solution for 15 days were
observed by SEM (Fig. 5). The surface of SA-HAP and SA-Si were
covered with numerous round crystals, indicating the mineral
deposition on the fibers. The incorporation of nano-silica in
SA-Si was supposed to initiate the formation of the hydroxy-
apatite layer on the surface of fiber, which was ascribed to Si-O
units bind with Ca®* ions in the CaCl, solution. After which, the
positive charged calcium silicate would interact with the nega-
tive charged phosphate ions in the PBS solution, resulting in the
precipitation of calcium phosphate into the hydroxyapatite

This journal is © The Royal Society of Chemistry 2017

layer. In order to identify the amount of deposition, the bio-
mineralization of fibers were also subjected to the XRD for
demonstrating the phase of crystal. The inset XRD patterns after
incubation of 15 days proved the characteristic peak of
hydroxyapatite. This peak agreed well with standard card of
JCPDS # 09-0432 and strongly verified the deposition of
hydroxyapatite on fiber surface.

3.5 Surface area and pore size

The specific surface areas of three types of alginate fibrous
wound dressings were determined by BET method. The corre-
sponding surface area, pore size and total pore volume of
various fibers were tabulated in Table 2. It could be seen that the
minimum surface area and total pore volume of SA were
0.2177 m* g~ " and 0.000043 cm? g™, respectively whereas fibers

Table 2 The parameters obtained from N, absorption—desorption
isotherms

Surface area Pore size Total pore volume
(m> g (nm) (em® g7

SA 0.2177 0.7885 0.000043

SA-HAP 0.2520 6.50126 0.00041

SA-Si 0.4544 8.0504 0.000915

RSC Adv., 2017, 7, 39349-39358 | 39353
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Fig. 6 Elongation at rupture (a) and breaking stress of various fibers (b).

- ey o g
\ - \.’ Y ™\ | SA-Si
+--\ 7! Yo )\ o= SA-HAP
~ et Mo N er—iSA
NS T Y,
i - r e =\ T
\‘\_ ;- N
N . oy =
i \. / \.

the original fiber
— - —the fiber incubation with 15 days

T T T T T T T
3500 3000 2500 2000 1500 1000 500 0

Wavenumbers (cm_l)

4000

Fig. 7 FTIR spectrum of various fibers before and after soaking in the
PBS media for 15 days.

containing nano silica and hydroxyapatite particle showed
higher value in both them. The obtained BET surface area and
total pore volume indicated that the inclusion of nano particle
in the alginate fibers could improve the surface area, which was
believed to be beneficial for cell growth.

3.6 Mechanical properties

Fibrous materials for wound healing must provide enough
mechanical support for in vitro application. Therefore, the

Time/ days

elongation at rupture and breaking stress were measured to
characterize the effect of degradation on mechanical perfor-
mance over time. A descending trend was observed from the
mechanical curves in Fig. 6, which was ascribed to the degra-
dation. The breaking stress of SA-HAP ranged from 54.4 to
13.6 MPa throughout the incubation time and that of SA-Si
ranged from 47.4 to 10 MPa. Nevertheless, the elongation at
rupture of three types of samples showed opposite results to
breaking stress. This can be explained by the breaking stress of
alginate fibers relied upon the crosslinking between Ca®>" and
carbonyl group (-COOH) of alginates, the more crosslinking the
better breaking stress. On the contrary, more crosslinking
raised the stiffness of fibers and resulted in smaller elongation
at rupture. Therefore, it can be concluded that fibers with
higher Ca content exhibited preferable breaking stress whilst
poor stiffness. Quantitative results of Ca content in fibers also
indicated that SA-HAP had more Ca content than other groups,
which further proved that the incorporation of silica dioxide
and hydroxyapatite in the alginate wound dressings could
improve the mechanical performance.

3.7 Fourier transform infrared spectroscopy and X-ray
diffraction

FTIR analysis were conducted to evaluate the change of fiber
composition before and after incubated in PBS for 15 days. As
shown in Fig. 7, similar absorption bands were found in various

Intensity (counts)

b —— SA-HAP
——— SA-Si
—SA
-~
&a
=
s
S
&
2
&
‘2
=
2]
= N
=
l"“\'."
L T T T T T T T T T T T
10 20 30 40 50 60 70 10 20 30 40 50 60 70

Two theta (deg)

Two theta (deg)

Fig. 8 The XRD patterns of fibers before (a) and after (b) incubated in the PBS at 15 days.
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Fig.9 The effect of fibrous wound dressings on skin cell proliferation. The proliferation (a) and the relative growth rate (RGR/%) (b) of fibroblasts
treated with SA, SA—HAP and SA-Si fibrous wound dressings extracted medium for 1, 3 and 5 days. The DMEM medium served as a control.
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Fig. 10 The effect of fibrous wound dressings on skin cell proliferation. The proliferation (a) and the relative growth rate (RGR/%) (b) of kera-
tinocytes treated with SA, SA-HAP and SA-Si fibrous wound dressings extracted medium for 1, 3 and 5 days. The DMEM medium served as

a control.

fibers and no additional peaks or noticeable shifts were observed.
The peak at 3417 cm™ ', 1627 cm ™ and 1438 cm ™' were assigned
to vibrations of the hydroxyl groups (OH), the asymmetric and
symmetric ~COO stretching vibrations, respectively.

X-ray diffraction patterns of fibers were also conducted and
included in Fig. 8. The crystallinity of SA, SA-Si and SA-HAP
without immersing in the PBS were 9.02%, 21.08% and 36.43%
respectively. And the crystallinity of SA, SA-Si and SA-HAP after
incubated in the PBS at 15 days were 18.01%, 35.77% and
37.05% respectively. For pure alginates, it could be clearly seen
that fiber after degradation exhibited stronger peak intensity,
suggesting a drop in the fibrous amorphous area during the
process of degradation. A sharp difference of XRD patterns
before and after in PBS for 15 days was noticed in SA-Si group.
The X-ray patterns of SA-Si degraded at 15 days was similar to
that of SA-HAP. Characteristic peak of hydroxyapatite was
found in SA-Si, confirming the deposition of hydroxyapatite on
the surface of SA-Si during degradation.

3.8 Cytotoxicity

3.8.1 Proliferation assay. To ascertain any negative biolog-
ical influence of the prepared fibers, proliferation of dermal

This journal is © The Royal Society of Chemistry 2017

fibroblast and keratinocytes were examined based on the MTT
assay (Fig. 9 and 10). It could be concluded that SA, SA-HAP and
SA-Si had no effect of both fibroblast and keratinocyte cells.
Increase of cell proliferation on SA-HAP and SA-Si were faster
than that of the control group. The relative growth rates of
fibroblasts in SA, SA-HAP and SA-Si were 96.96%, 118.33% and
129.35% at 1 day, respectively, while the relative growth rates of
keratinocytes were 78.88%, 83.66% and 152.35%, respectively.
All these rates were higher than 75%, suggesting that all the
fibrous wound dressings had no significant cytotoxicity
according to the cytotoxicity grading criteria.*’

3.8.2 Migration assay. The in vitro scratch wound healing
assay was further used to characterize cell migration, which was
essential factor for wound healing. The artificial wound healing
assays were demonstrated by preparing and culturing kerati-
nocytes and dermal fibroblast, with the artificial cell-scratched
regions as displayed in Fig. 11 and 12. The artificial wound
were treated with SA, SA-HAP and SA-Si extracted medium and
DMEM medium to determine the influence on the cell migra-
tion. Apparently, the wound gaps showed a decreasing tendency
with an increase in time scales. For fibroblasts, it took 24 h for
the cells to cover 90% of the artificial wound area. This speed

RSC Adv., 2017, 7, 39349-39358 | 39355
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Fig. 11 The effect of fibrous wound dressings on skin cell migration. Fibroblast migration in the scratched fibroblast free area after treated with
SA, SA-HAP and SA-Si extracted medium incubated with 1, 3 and 5 days. The DMEM medium serves as a control.
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Fig. 12 The effect of fibrous wound dressings on skin cell migration. Keratinocyte migration in the scratched keratinocyte free area after treated
with SA, SA—HAP and SA-Si extracted medium incubated with 1, 3 and 5 days. The DMEM medium serves as a control.
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was equal to that of the control groups. The keratinocytes
needed 72 h to cover 90% of the wound indicating that the
treatment by SA, SA-HAP and SA-Si extracted medium took
almost same time to heal scratch wound. As such time is in
accordance to the control group, the treatment had no negative
impact on the migration of dermal cells.

4 Conclusions

In summary, porous wound dressings were prepared by
blending alginate with HAP and SiO,. Compared with pure
alginate dressings, the addition of inorganic nanoparticles
significantly improved the mechanical performances and
delayed the degradation time, while posed no obvious impact
on the proliferation and migration of dermal fibroblast
and keratinocytes. These results suggested that the concept
of adding bioactive nanoparticles in alginate fibers may
hold great potential for healing and other biomedical
applications.
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