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Abstract

Objective: The regeneration of periodontal bone tissue is a major obstacle in tissue engineering. We have recently

designed a compound nanofiber scaffold for the tissue repair of periodontal bone, which was composed of poly(lactic

acid) (PLA) and calcium alginate (CA). The obtained improvements in both physical properties and biological effects on

periodontal tissue were systematically evaluated and discussed.

Method: Neat PLA and PLA/CA nanofiber scaffolds were prepared by electrospinning technology. Scanning electron

microscopy was applied for the observation of surface morphology. Their mechanical properties were evaluated in

terms of elongation at break and elastic modulus. Hydrophilic/hydrophobic nature of the nanofibers was investigated by

a stereomicroscope, and their vitro degradation was tested as well. Cell proliferation and adhesion were detected in

order to evaluate the biocompatibility of nanofiber scaffolds. Expression of cell mineralization gene and formation

of mineralization knots were examined so as to assess scaffolds’ capability of regenerating bone tissues. The expression

of Toll-like receptor 4 (TLR4), IL-6, IL-8, and IL-1b was utilized to decide the possibility of tissue inflammation caused by

the nanofibers with the assistance of reverse transcription-polymerase chain reaction (RT-PCR) assay.

Results: The obtained nanofibers possessed uniform surface morphology. The elongation at break and elastic modulus

of PLA/CA nanofiber scaffolds were higher than those of neat PLA. CA could enhance the hydrophilicity of PLA fibers; in

the meantime, it promoted cell adhesion of periodontal ligament cells (PDLCs) and bone marrow stromal cells (BMSCs).

Addition of CA had raised the expression level of cell mineralization gene and the formation of mineralization knots

(BMSCs). On the other hand, both neat PLA fibers and PLA/CA fibers could induce higher expression level of inflam-

matory mediators and TLR4 of human periodontal ligament cells (hPDLCs).

Conclusions: The introduction of CA enhanced the mechanical properties of neat PLA nanofibers and increased its

hydrophilicity. Neat PLA nanofibers and PLA/CA scaffold could both facilitate BMSCs proliferation, while the addition of

CA promoted BMSCs osteogenic differentiation. The improved (or enhanced) expression of inflammatory mediators

caused by nanofibers might be regulated via TLR4 pathway.
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Introduction

Chronic periodontitis is a multi-factorial infectious dis-

ease characterized by slow but irreversible damage of

periodontal supporting tissue loss over time.1 The loss
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of periodontal supporting tissues in a period of time

can lead to more difficulties in denture repair and a

higher failure rate of implant repair. For patients

with advanced periodontal breakdown, periodontal

surgery has become increasingly essential to obtain sig-
nificant gain in attached gingiva and keratinized gingi-

va.2 Nevertheless, the regeneration of periodontal bone

tissue via such kind of surgery remains difficult. Guided

bone regeneration (GBR) has shown favorable advan-

tages in periodontal bone regeneration, and even fur-

cation area defects,3,4 and the advancements in related
biomaterials have further improved its therapeutic

effect,5 such as tricalcium phosphate, hydroxyapatite,

fresh-frozen bone allografts, etc. To date, there is not

yet any ideal option for the biomaterial that can con-

tinuously provide perfect clinical results with regard to

periodontal regeneration. Further extensive research is

required with focus on the improvement of biological
interface between graft materials and host tissues.5 A

good material structure is one of the most essential

factors, for it is conducive to cell proliferation, differ-

entiation induced by bone tissues, and sufficient

mechanical strength that meets the space requirement

for tissue growth.
Scaffolds made from the same material but with dif-

ferent structures may exhibit varied effects on bone

tissue growth, which is primarily because scaffold

structure can affect the adhesion and growth direction

of cells. It has been reported that the organized scaffold

architecture could provide topographic cues to the
adherent cells, thus they would proliferate along its

axes.6,7 The ability to guide cellular alignment on scaf-

folds in a specialized direction is advantageous for

tissue regeneration, such as the periodontal ligament.7

Via implanting cells on nanofibers and applying

mechanical stress, it was found that the cells could rec-

ognize the nanofiber orientation and align in parallel,
and the mechanical stress benefited cell alignment.8

Other experiments confirmed that composite nanofib-

ers were helpful to promote bone regeneration in fur-

cation defects, and could provide a basis for the

potential application as GTR/GBR membranes.9

Therefore, nanofibers were chosen as the scaffold struc-
ture in this study.

PLA, a biocompatible material, has been used in

tissue engineering for years as a very popular

option.10–12 However, its hydrophobicity along with

the acidic degradation products hinders its more exten-

sive usage. CA exhibits good ability to induce bone
regeneration as well as low cytotoxicity, high hydrophi-

licity, and high alkalinity,13–16 while it is mechanically

brittle and hardly exists with fibrous structure. By com-

bining PLA with CA, the pH value of the composite

material, its hydrophilicity, and its mechanical strength

might be tuned. A scaffold suitable for tissue growth

can thus be prepared.
In this study, neat PLA and PLA/CA nanofibers

were fabricated. The surface structure of the materials

was observed by scanning electron microscopy, and the
hydrophilicity, mechanical properties, vitro degrada-

tion nature of the nanofibers were subsequently mea-

sured. Cell adhesion and proliferation were tested to
determine their biocompatibility, while osteogenic dif-

ferentiation of BMSCs was examined to evaluate the

pro-regenerative capacity of the scaffolds. Finally, the
mRNA level of TLR4, IL-6, IL-8, IL-1b of periodontal

ligament cells was detected in order to study the pro-

inflammatory ability of the nanofibers.

Experimental

Materials

Preparation of PLA/CA nanofiber scaffolds. Firstly, SA
(sodium alginate)was dissolved in distilled water with

a concentration of 40mg/mL, and Span80 (0.3 g) was

added in 10mL of chloroform. Secondly, the obtained
SA solution with various amounts was added respec-

tively into the Span80/chloroform solution under a

high stirring speed of 7000 r/min for 10min. PLA
was then added into the mixed solution and the mixture

was further stirred at 240 r/min for 2 h to obtain uni-

form emulsions. Emulsions were placed in a horizon-
tally positioned plastic syringe (1mL) with a flat-end

metal needle (0.6mm in inner diameter), respectively.

Then, the syringe was operated with the assistance of a
syringe pump to feed solution at a rate of 0.5ml/h.

Besides, the needle was subjected to a high-voltage

DC power of 15 kV. The collector was placed 15 cm
clear of the needle tip, which was covered by a sheet

of aluminum foil for the collection of fibers.
Electrospinning of nanofibers with varied PLA/SA

ratios was subsequently carried out referring to the lit-

erature.17 Lastly, the obtained PLA/SA membranes
were transformed into PLA/CA ones via three methods

based on the ion exchange of Naþ with Ca2þ: (1) 1mL

of CaCl2 solution (0.2 g/mL) was sprayed to the PLA/
SA membrane (Sample 1);(2) 2mL of CaCl2 solution

(0.2 g/mL) was sprayed to the PLA/SA membrane

(Sample 2); (3)the PLA/SA membrane was immersed
into 100mL of CaCl2 solution (0.01 g/mL) (Sample 3).

Physical tests

Mechanical property test. The neat PLA and PLA/CA

nanofiber scaffolds were cut into strips with

30mm� 1mm in dimension and tested by an
YGOO4D Single Fiber Strength Tester (Changzhou

Second Textile Machines Co., Ltd, China) at ambient
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condition. At least 15 measurements were carried out
for each sample, and the average value was recorded as
the final result.

Hydrophilicity test. Water contact angle was examined to
evaluate the hydrophilic/hydrophobic nature of the
scaffold. Samples were dried overnight at 60�C in a
vacuum oven before 8 lL of water/ink was dropped
onto them. A stereomicroscope was placed in front of
the sample holder to capture the droplet geometry, and
the average value of 15 samples was recorded as the
final result.

Vitro degradation and pH value tests. Two methods were
utilized to measure the scaffold degradation. For the
first, 50mg of each sample (n¼ 15) was cut into small
pieces and immersed in 50mL of phosphate-buffered
saline (PBS, pH¼ 7.4) at 37 �C and a shaking speed of
120 r/min. During testing, the scaffolds were dried and
weighed while PBS was refreshed, and the pH change
of PBS was traced throughout the whole degradation
process. The second method is the same as that men-
tioned above except for no shaking.

Water absorption test. Water absorption of the scaffolds
was measured according to the British Pharmacopoeia
Monograph. To achieve a constant weight, all the sam-
ples were dried in a vacuum oven overnight at room
temperature. Then they were cut into appropriately-
sized strips and weighed to record the initial weights
(W0). For measurement, all samples were immersed
into distilled water of 37�C for up to 12 and 24 h.
The wet samples were picked out and hung up with a
pair of forceps for 30 s before weighed (W1). Then they
were weighed again after drying at 60�C for 24 h to
become completely dried samples (W3). The water
holding capacity (WHC) and water absorption capac-
ity (WAC) were calculated as

WHC ¼ W0–W3ð Þ=W3

WAC ¼ W1–W3ð Þ=W3

Biological tests

Morphologies of BMSCs. The electrospun fibers (neat
PLA, Samples 1, 2, and 3) were cut into small wafers
with diameter of 15.6mm. After sterilized with 75%
alcohol and ultraviolet (UV) light, the samples were
washed three times with PBS for 20min to eliminate
cytotoxicity caused by any residual solvent. Then the
fiber samples were mounted at one piece per well in a
24-well plate, while the cells were detached, counted,
and seeded on these samples. After co-culturing for

24 h, each piece of fibers with cells was fixed, washed

with PBS, and dehydrated. At last, all the samples were

air-dried and stored for further SEM test.

BMSCs proliferation and differentiation assay

BMSCs proliferation assay. The fibers and cells were

treated with the above-mentioned methods. MTT (4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium

bromide) test was applied to evaluate cell proliferation.

Cells were incubated for one, three, five, and seven -

days, respectively, followed by incubation for another

4 h at 37 �C after adding 50 lL of MTT aqueous solu-

tion (mg/mL). Then DMSO was added into each cul-

ture plate, which was shaken for 10min with protection

from light. Mixed solutions (150lL) from each well of

the 24-well plate were transferred separately to 96-well

plates, and a microplate spectrophotometer (model

680; Bio-Rad Laboratories, HerclLes, CA) was used

to examine each well at an absorbance of 490 nm. The

cells inoculated on a culture plate regarded as NC (nat-

ural control group).

BMSCs differentiation assay. The fibers and cells were

treated with the above-mentioned methods. Cells were

cultured for 14 days in an osteogenic medium and then

stained by Alizarin Red to determine the cell mineral-

ization degree. The scaffolds with cells attached were

washed with PBS for three times, fixed in 4% (v/v)

paraformaldehyde for 10min, and stained with 5%

Alizarin Red for 15min. Cells were rinsed off for obser-

vation with a microscope (Nikon TS-100, Japan). The

mRNA level of mineralization genes was tested by real-

time polymerase chain reaction (RT-PCR) and the

total cellular mRNA was obtained from cells using

trizol (Takara, Kyoto, Japan) according to manufac-

turer’s recommendations. Reverse transcription was

performed by the PrimeScriptR reagent kit (Takara,

Kyoto, Japan), while the cDNA levels were measured

by RT-PCR using the SYBRR Premix DimerEraserTM

kit(Takara, Kyoto, Japan). All genes were analyzed

using the Applied Biosystems 7500 Real-Time PCR

System (Applied Biosystems, USA).

hPDLCs proliferation and inflammation assay

Preparation and identification of hPDLCs. Primary

hPDLCs were cultured, identified, and utilized in this

study referring to the methods previously reported by

our group.16,18

Cytoactivity test of hPDLCs. Same operations as

those in BMSCs proliferation assay were carried out

except that hPDLCs were involved here instead

of BMSCs.
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hPDLCs inflammation assay. The fibers and cells were
treated with the above-mentioned methods. Detached
cells were centrifuged, counted, and seeded on the scaf-
folds for seven days. Tissue culture plate (TCP) was
utilized as a control group. The mRNA level of inflam-
mation genes was tested by RT-PCR, and the inflam-
mation genes including IL-6, IL-8, and TLR4 were test.

Results

Morphology of fibers

Figure 1 shows that PLA, PLA/SA, and PLA/CA
fibers were all continuous with uniform diameters.
After soaked in water, the surface structure of PLA/
SA fibers was damaged due to SA dissolution (Figure 1
(d)), whereas that of PLA/CA fibers remained intact
since CA could not dissolve in water (Figure 1(e)).

Figure 2 presents the SEM micrographs of neat PLA
and PLA/CA fibers made by three methods. It can be
seen that the fibers exhibited uniform diameters with-
out any beaded structure. The fiber diameters of neat

PLA fibers were (780� 200) nm, and those of PLA/

CA1, PLA/CA2, PLA/CA3 were about (250� 90) nm.

Physical properties of neat PLA and PLA/CA fibers

Mechanical performance of neat PLA and PLA/CA fibers. The

elastic modulus of PLA fibers was about (0.27� 0.02)

MPa. Ion exchange reaction raised this value of PLA/

CA fibers for about five times, reaching up to PLA/

CA1(1.34� 0.08) MPa, PLA/CA2(1.32� 0.31) MPa,

PLA/CA3 (1.78� 0.11).
Tensile stress of the initial PLA fibers was (0.25

� 0.03) MPa, while that of the PLA/CA fibers

increased more than five times. PLA/CA1 (1.36

� 0.10) MPa, PLA/CA2 (1.41� 0.34) MPa, PLA/CA3

(3.13� 0.24).
PLA fibers possessed an elongation at break about

(31.2� 4.7)%, and PLA/CA fibers showed a higher

value. PLA/CA1 (79.3� 7.6)%, PLA/CA2(85� 0.53)

MPa, PLA/CA3 (110.8� 10.9)%. Thus, the elastic

modulus, tensile stress, and elongation at break of

Figure 1. The morphology of neat PLA, PLA/SA, and PLA/CA fibers (SEM) (a) PLA; (b) PLA/SA (9:1); (c) PLA/CA and (d) PLA/SA
soaked in water; (e) PLA/CA soaked in water.
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PLA/CA were all enhanced when compared with the

original neat fibers.

Water absorption of neat PLA and PLA/CA fibers. Figure 3

demonstrates WAC and WHC of the scaffolds. It was

proved that both of them were improved by adding

CA. The WAC and WHC of PLA/CA1, PLA/CA2

and PLA/CA3 were found to be significantly higher

than those of pure PLA group. Nevertheless, there

was no noticeable difference observed between PLA/

CA1, PLA/CA2 and PLA/CA3.It is demonstrated

that PLA/CA fibers derived from applying the three

methods are effective in making substantial improve-

ment to the WAC and WHC of pure PLA fibers.

Water contact angle of neat PLA and PLA/CA fibers. Figure 4

gives the results for water contact angle measurement,

which reveals a significant reduction trend in water

contact angles by adding CA. This suggests the increase

in fibers’ wettability.

Degradation rate of neat PLA and PLA/CA fibers. Figure 5(a)

to (h) describes the morphology of neat PLA and PLA/

CA fibers during degradation. It can be observed

from Figures 5(b) and 6(a) that the scaffolds were

more likely to fracture into pieces when shaking

was applied.

Change of pH values during degradation of neat PLA and PLA/

CA fibers. As shown in Figure 7, adding CA did not

increase the pH values of PLA fibers during degrada-

tion in PBS. All scaffolds, including the neat one, had

hardly decreased pH values of PBS.

Biological tests of neat PLA and PLA/CA fibers

Histochemical staining of cells grown on fibers. Figure 8

shows the morphology of the actual native tissue of

periodontal tissues, such as alveolar bone and cemen-

tum. Figure (8a) shows the HE staining of periodontal

membrane, which can show the structure of cells and

surrounding microenvironment in periodontal mem-

brane. Collagen fibers are represented by red staining

in Figure (8b) and blue staining in Figure (8c). You can

see that the periodontal membrane is basically com-

posed of fibers of collagen. The staining of alveolar

bone with teeth is shown in Figure 8(d) and (e). It

can be seen that both bone tissue and periodontal

membrane growth microenvironment contain a lot of

fibers. Cells grow in microenvironments made up

of fibers.

Figure 2. The morphology of neat PLA and PLA/CA fibers (SEM) (a) PLA; (b) PLA/CA1; (c) PLA/CA2 and (d) PLA/CA3.
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Figure 5. Degradation of electrospun fibers: morphology of fibers (stereomicroscope� 6); (a) PLA, (b) PLA/CA1, (c) PLA/CA2, and
(d) PLA/CA3 fibers immersed in PBS for 24 h without shaking; morphology of (e) PLA, (f) PLA/CA1, (g) PLA/CA2, and (h) PLA/CA3
fibers immersed in PBS for 24 h with shaking.
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Scanning electron microscopy of cell growth in periodontal

tissue. In Figure 8, it can be observed that hPDLCs
and BMSCs grow in a fibrous environment filled with
collagen fibers. The scaffold structure shown in
Figure 9 is also fibrous, exhibiting similarity to the col-
lagen fibers derived from the cell.

SEM images revealed the morphologies of BMSCs
attached to scaffolds (Figure 9). The surface of scaf-
folds was covered by cells, while their uniform structure
was retained. Cells spread with pseudopodia, indicating
good adhesion and activity.

BMSCs proliferation assay. During the first three days,
OD value of the fiber group was significantly higher
than that of the blank control group (Figure 10), and
PLA/CA fibers possessed higher values than neat PLA
fibers did. However, the cell proliferation in the experi-
mental group was not clearly superior to that in the NC
group at days 5–7, when the cells in the experimental

group have a possibility to have experienced premature
growth. Due to insufficient space, growth was inhibited
in the experimental group.

Assessment of BMSCs osteoinductive capacity by alizarin red

staining. As demonstrated in Figure 11, cells cultured on
PLA/CA nanofibers exhibited clear matrix mineraliza-
tion with more intense ARS compared with the
PLA group.

Assessment of BMSCs osteoinductive capacity by mineralized

gene expression detection. Figure 12 illustrates the quan-
tification of mineralization-related genes by real-time
PCR, which suggested that PLA/CA nanofibers could
enhance the expression levels of mineralization genes
including Runx2, OPG, Collagen I, and RANKL.

hPDLCs proliferation assay. Similar to BMSCs prolifera-
tion, OD value of the fiber group was significantly

Figure 8. Histochemical staining of periodontal tissue (optical microscope): (a) HE, (b) Sirus Red, and (c) Masson staining of human
periodontal tissue (25�); Masson staining of rat periodontal tissue at (d) 25� and (e) 100� (1 alveolar bone; 2 periodontal ligament; 3
dentin and cementum; 4 dental pulp).
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higher than that of the TCP group during the first
three days, with PLA/CA fibers’ higher than neat
PLA fibers’. However, the OD value of fiber group
was not higher any more in the later stage
(Figure 13).

hPDLCs inflammation assay. Cells being seeded on scaf-
folds resulted in significant increase in the expression
level of TLR4, IL-6, IL-8, and IL-1bmRNA compared
to that of the control group (*P< 0.05) as shown in
Figure 14.

Figure 9. Morphology of BMSCs seeded on fibers (SEM): (a) PLA; (b) PLA/CA1; (c) PLA/CA2 and (d) PLA/CA3.
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Discussion

As previously reported by our group, PLA/chitosan

nanofibers could promote the early proliferation of

cells. However, when the content of chitosan was exces-

sively high, fibers’ surface structure was destroyed, incur-

ring negative effect on the cell adhesion and

proliferation.19 Since fibrous structure can guide peri-

odontal tissue regeneration, such structure is commonly

considered very important and therefore should be well

kept for the preparation of scaffold materials. It is easier

to fabricate SA into fibrous structure than chitosan, but

it is a soluble polymer. On the other hand, CA has the

solubility that better meets the requirements of regener-

ative scaffolds, and meanwhile, Caþ is an essential com-

ponent for the regeneration of bone tissue. Taking

advantage of easy conversion of Naþ into Caþ via ion

exchange, PLA/CA nanofibers were fabricated in this

study, aimed at the preparation of a kind of stable

fiber surface structure that can function as the matrix

to carry calcium ions and the scaffold to embed bioma-

terials rather than chitosan. However, CA is known as a

sort of material that has poor solubility and is present in

a solid state. When PLA solution was mixed with solid

CA, it is unlikely for uniform fibrous structure to devel-

op. The SA solution is mixed with PLA solution to

obtain a stable solution. The stable mixture is prepared
into fibers. PLA and CA will be evenly distributed
together. Therefore, PLA/CA fibers were not prepared
in this experiment straightaway. PLA/SA fibers were pre-
pared first and then a two-step process was followed to
convert them into PLA/CA fibers.

Periodontal membrane and alveolar bone are both
rich in fibrous tissue; meanwhile, cementum and dentin
also contain a certain amount of fibrous tissue. So
fibrous tissue plays an important role in periodontal
tissue. PLA, PLA/SA, and PLA/CA nanofibers are
similar to the collagen fibers of periodontal tissue
with fibrous structures. After soaking PLA/SA fibers
in water, SA degraded and the fiber surface was no
longer uniform. But the surface structure of neat
PLA was not significantly altered, which exhibited cer-
tain stability (Figure 1). PLA fiber and PLA/CA fiber
obtained from applying the three methods demonstrate
similarity in structure, with uniformity in fiber struc-
ture and absence of beaded structure. No difference
was discovered in PLA/CA fiber structures obtained
from applying the three methods.

The scaffold material should have sufficient strength
to support the cells’ growth space, which remains firm
enough during tissue regeneration. In the meantime,
sufficient elasticity is also required so that cells can

Figure 11. Formation of mineralization nodules of stereomicroscope (�6): (a) PLA; (b) PLA/CA1; (c) PLA/CA2 and (d) PLA/CA3.
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grow in a certain direction. Therefore, stress, elonga-
tion at break, and Young’s modulus are important
indexes to evaluate the applicability of scaffolds. The
mechanical strength possessed by PLA/CA fibers

prepared by our two methods is higher than that of
pure PLA fibers.17 In this study, PLA/CA fibers pre-
pared by three methods showed a high mechanical
strength as compared to pure PLA fibers. Former
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research showed that improved strength and modulus
could be obtained via adding CA into cellulose nano-
crystals isolated from cotton.20 The experimental
results herein is consistent with the previous ones,
meaning that addition of CA could enhance the scaf-
folds’ mechanical strength and thus provide enough
space for tissue regeneration. PLA/CA3 displays
more desirable mechanical properties as compared to
the former two materials. It is possibly due to that this
method is capable to provide more calcium ions, thus
enabling sodium ions to have full exchange with calci-
um ions. Moreover, chemical reactions are made
more robust.

Results of water absorption demonstrate the
increase in both WAC and WHC of fibers with
the addition of CA (Figure 3), which suggests that
the material could absorb more water and consequent-
ly form a more suitable environment for tissue regen-
eration. More tissue fluid would be stored, which could
supply essential nutrients and growth factors for tissue
regeneration. PLA is a hydrophobic material not easy

to store, while hydrophilic CA can contact with water
more extensively and hold more water within the scaf-
fold. In addition, CA exists with a colloidal form in
water, which can further increase the water absorption
and water storage performance of the material. These
facts are supposed to be the reason why CA can
improve the performance of PLA/CA material. There
was no stark difference between PLA/CA WAC and
WHC as prepared by the three methods.

As demonstrated by our prior research, PLA/CA
has superior hydrophilicity to pure PLA fiber.
Therefore, it was found in our study that PLA/CA
fibers prepared by the three methods are extremely
hydrophilic. Scaffolds’ hydrophilicity was found to sig-
nificantly increase when water was dropped onto the
fiber surface-droplets wetted the surface of PLA/CA
fiber immediately while kept the original shape on
PLA fiber (Figure 4). The hydrophilicity of PLA/CA
prepared by the three methods varied only insignifi-
cantly. In our previous study,19 hydrophilic chitosan
was combined with PLA to greatly improve the
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hydrophilicity of materials. In this experiment, CA was
applied and the hydrophilicity improvement was found
to be more obvious. Therefore, CA could be a material
more likely to change PLA’s hydrophilic energy than
chitosan. As hydrophilicity is an indicator of histocom-
patibility, the enhanced hydrophilicity in this study
demonstrated corresponding enhancement in tissue
regeneration ability, cell increment, as well as cell adhe-
sion of the obtained scaffolds.21–23 This result suggests
that PLA/CA fibers may be more conducive to tissue
growth than PLA fibers.

The degradation rate of PLA/CA fibers was found
to be increased by CA without shaking. There was no
significant difference in PLA/CA prepared by the three
methods. One reason may be that CA could increase
fibers’ hydrophilicity and thus enlarge the contact area
between scaffolds and water; the degradation rate was
increased resultantly. Hydrophobic PLA and hydro-
philic CA were immiscible, which exhibited evident
phase separation in an aqueous system. Another
reason can be that some CA formed hydrocolloid,
which also made the scaffolds degrade faster.
However, in the test of degradation rate with shaking,
an opposite result was observed—the degradation rate
of PLA/CA fibers was lower than that of neat PLA.
This could be due to the fact that PLA possessed
weaker mechanical strength and might easily be torn
into pieces under shaking. The contact area between
scaffolds and water was hence enlarged, raising scaf-
folds’ degradation rate. During the process of cell
growth, scaffold materials should degrade continuously
to provide tissue growth space and reduce foreign body
reaction. Therefore, the degradation rate is also an
index for evaluating materials’ performance.24 There
are many influencing factors, such as hydrophilicity,
surface area, and porosity. In order to determine
CA’s effect on scaffolds’ degradation rate, in vivo
experiments were needed to conduct on animals to
deduct the real situation in human body in future.

The degradation products of PLA, i.e. acid, may
limit its wide application. Nevertheless, PLA is still
proved a good biocompatible material according to
extensive researches.25,26 As reveled in this study, the
pH value of PBS solution was not significantly
decreased by PLA, neither in short-term nor in long-
term degradation. In the meantime, no significant
increase in the pH value of PBS solution was found
with the addition of alkaline molecule CA either. In
short, PLA and CA may not affect tissue growth via
changing pH.

BMSCs are good seed cells for transplantation and
have attracted increasing attention due to their unique
properties.27,28 Good therapeutic effects have been
demonstrated in stem cell transplantation and tissue
damage repair, such as osteoarthritis,29 skin tissue,30

cardiac diseases,31 etc. The regeneration of periodontal
tissue is dependent on BMSCs differentiation into
osteoblasts, but osteoblasts have limited ability to pro-
liferate as a terminal cell. As a kind of stem cell,
BMSCs’ proliferation ability is an important factor
affecting bone regeneration in periodontal tissue, so
the influence from material should be systematically
investigated. In our previous studies, the excessive
amount of chitosan was found to destruct fiber struc-
tures, resulting in the decrease of cell proliferation and
adhesion ability.19 Therefore, scaffolds’ surface struc-
ture should be kept intact when increasing their hydro-
philicity. As discovered by some scholars, the fibrous
scaffold plays a vital role in facilitating cell prolifera-
tion,32 and using fiber scaffolds can be an effective way
to mimic natural tissues, where fibrils are embedded in
a matrix.33 Herein, it was also observed that periodon-
tal tissue and the fiber scaffold did share certain simi-
larity of containing numerous fibers (Figure 8).
Therefore, ion exchange with calcium, increasing
hydrophilicity, and protecting the fibrous surface struc-
ture are the primary improvements compared to the
previous PLA/chitosan system.19 In this study, neat
PLA fibers were once again confirmed to enhance the
BMSCs adhesion and proliferation(Figure 10), and
the addition of CA could induce further promotion.
The increase in cell proliferation was consistent
with the results of chitosan-modified PLA,19 but such
positive effect only existed in the early stages. On the
seventh day, proliferation of the study group was not
higher than that of the control group any more. This
phenomenon has not been found in our previous stud-
ies.17 But OD value still exceeded 85%. Toxicity grad-
ing was either 0 or 1, which indicated nontoxicity of the
scaffold material in line with ISO 10993–5.In addition,
the proliferation curve of cells in natural state showed
the typical “S” shape as that of the control group, while
the cell proliferation curve was linear in the study
group. Therefore, cell proliferation rate of the study
group was significantly higher than that of the control
group before logarithmic stage. This phenomenon has
been fully demonstrated in the study of neat PLA,
PLA/CA, and PLA/chitosan.19 Consequently, it can
be concluded that fiber scaffolds promoted cell prolif-
eration possibly by inducing early arrival of cells in
logarithmic growth.

The regeneration of periodontal tissue originates
from BMSCs differentiation into osteoblasts, which
form new bone tissues to restore the periodontal
tissue height. The scaffolds in this study could guide
such process as one of the important approaches for
periodontal tissue regeneration. Stained mineralized
nodules can function as an indicator for the formation
of calcified substances and also an evaluation index for
the change of cell mineralization capacity. In this
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research, there were barely any nodular nodules

observed in neat PLA group. By contrast, PLA/CA

fibers were discovered to contain a large number of

red dyes with the mineralized nodules clearly distinct

from those in the neat PLA group. The red staining was

clearly visible in PLA/CA group, which indicated a

possible rise in the number of mineralized nodules.

CA is speculated to be conducive to the development

of cellular mineralized nodules. Besides, this widely

used biocompatible material was also proved having

good effect on bone regeneration.34,35 Experiments fur-

ther pointed out that CA could enhance the expression

of mineralization genes as well as collagen (an impor-

tant component of periodontal tissue).
hPDLCs are specific cells of periodontal tissue and

key elements for periodontal inflammation. The path-

ological manifestations of periodontitis include peri-

odontal membrane edema and inflammatory factor

release, with the latter often used to evaluate the sever-

ity of inflammation.36,37 In this study, hPDLCs were

applied as a model to inspect the inflammatory

response caused by materials. Results showed that

neat PLA and PLA/CA fibers all caused increase in

the expression level of inflammatory mediators. No sig-

nificant pH changes were observed in the one-month

degradation experiment, while scaffolds could induce

sharp increase to the expression level of cytoinflamma-

tory factors within just a few days. Therefore, it might

not be the pH changes that caused inflammation, but

the foreign body reaction due to material itself. Then

the expression of TLR4 was examined in order to find

out how to reduce the material inflammation. TLR4,

the surface receptor of cell membrane and an impor-

tant pathway of cell inflammation, also exhibited

increased expression. It has been found by our group

that blocking TLR4 expression can effectively reduce

cell inflammation,38 and animal studies are currently in

progress to check the material factor. Whether inflam-

mation can be reduced by blocking TLR4 expression

need to be confirmed in the later stage.
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