
R E S E A R CH A R T I C L E

The effect of alginate scaffolds on bone healing in defects
formed with drilling model in rat femur diaphysis

Arslan Kagan Arslan1 | Ali Aydo�gdu2 | Tolga Tolunay3 | Ça�gdaş Basat4 |
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Abstract

Alginate (ALG) is a biocompatible and biodegradable polymer. Mechanical weakness

is one of the main problems for the alginate-based scaffolds. Various plasticizer

additives or modifications tested to improve the mechanical properties. In the pre-

sented study, ALG plasticized with triacetin (TA), and tributyl citrate (TBC) than

tested on bone healing. In the presented study, the alginate modified with triacetin

or tributyl citrate. In-vitro, and in-vivo efficiency of the scaffolds tested on bone

tissue regeneration. Scaffolds fabricated by solvent casting, and physicochemical

characterizations performed. Monocytes (THP-1) cultured with scaffolds, and

macrophage-released cytokines was determined. In-vivo efficacy of the scaffolds

was tested in the rat drill hole model. Alginate and tributyl citrate-modified scaf-

folds have no cytotoxic effect on osteoblastic cells (MC-3T3). Tributyl citrate modi-

fication increased tumor necrosis factor-alpha (TNF-alpha) level but did not

increase interleukin -1 beta (IL-1 beta) level. In vivo studies showed that osteoblas-

tic growth was significant in alginate and triacetin-modified scaffolds. However,

the best values for osteoclastic activity and osteoid tissue formation seen in the

triacetin modification. The results demonstrated that the modified alginate scaf-

folds were more successful than non-modified alginate scaffolds and can used as

long-term bone repairing treatments.
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1 | INTRODUCTION

In treating orthopedic disorders, biodegradable scaffolds investigated

for years. The scaffold, as a matrix, is expected to be non-immuno-

genic, degradable, and non-toxic. During healing, scaffolds should

allow angiogenesis and osteoblastic activity.

Alginate (ALG) is a natural mucopolysaccharide with biocompatible

and biodegradable properties. Mechanical weakness is one of the main

problems for alginate-based scaffolds. To improve the mechanical prop-

erties, various plasticizer additives or modifications are being tested. For

instance, Connelly et al. modified alginate with arginine-glycine-aspartic

acid sequence.1 Fructose, glycerol, sorbitol, polyethylene glycol,2

pectin,3 and thermoplastic starch/glycerin4 were studied as a plasti-

cizer to increase mechanical features. Along with plasticizers, the

crosslinking procedure affects the mechanical and physicochemical

properties of scaffolds. Alginate can be crosslinked physically (ionic

bound) with divalent metal ions, such as calcium, and borax. In the

presented study, to ensure the stability of the scaffolds, alginate

sponges were crosslinked chemically (covalent bound) and used

epichlorohydrin.5

TA and TBC are derived from citric acid. Citric acid derivatives are

used in many areas as a plasticizer, such as cosmetics, food, medical
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plastics,6 and pharmacology.7 Singh et al. used triethyl citrate to plasti-

cize polylactic acid (PLA).8 Also, Ljungberg et al. used TA and TBC to

plasticize PLA film.9 TA was studied as a food additive for dogs and

determined no toxic effect.10 In cosmetics, it was determined that

concentrations range from 0.8% to 4.0% of TA safe.11 Segel et al.

expressed that 4.5 g/kg/day TA is safe for Canavan disease.12 Thus, in

the present study, % 5 (v/v) TA and TB were used as a plasticizer and

investigated the functionality of the alginate-based scaffolds for bone

tissue engineering.

In general, after the implantation of a biomaterial into a tissue, it

can surround by a large number of macrophages. This may fail implant

and, biomaterial-based inflammation. Macrophages are one of the

main humoral immune system cells and can release various pro-

inflammatory (M1 phenotype) and also anti-inflammatory

(M2 phenotype) cytokines and rule the inflation route by releasing

cytokines. Cytokines are peptides and have immunoregulatory effects.

Pro-inflammatory cytokines (IL-1, TNF-alpha) promote inflation and

anti-inflammatory cytokines (IL-4, IL-5, IL-10) suppress inflation.13

Osteoclasts are bone-resorbing cells. It demonstrated that while some

cytokines (IL-1, IL-6, IL-8, and TNF-alpha) up-regulate, the others

(IL-3, IL-4, IL-10, IL-12, IL-18) down-regulate the formation of osteo-

clast cells.14 Also, some reports indicated that TNF alpha induces

osteogenic activities,15 and promotes bone formation.16

The presented study examined the effect of TBC and TA as plasti-

cizers on bone healing. Hence, alginate spongious scaffolds containing

TBC, and TA were fabricated. The physicochemical characterizations

of the scaffolds were performed. The effects of cytokine-release mac-

rophages interacted with the scaffolds were determined. In in-vivo

studies, the scaffolds were evaluated in terms of bone healing, angio-

genesis, and osteoblastic activity by histologic studies.

2 | MATERIAL & METHOD

ALG, TBC, TA, nanohydroxyapatite (n-HA), and phorbol-12-myristate-

13-acetate (PMA) were purchased from Sigma-Aldrich Company

(USA). Cell culture media, fetal calf serum (FCS), Trypsin- Ethylenedia-

minetetraacetic acid (Trypsin–EDTA), flasks, and plates purchased

from Gibco Company (USA). 3-[4,5-dimethylthiazol-2-yl]-

2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO)

obtained from Across Organics (USA). All reagents were analytical

grades. In the presented study, ALG was used as the main matrix. TBC

and TA were used as the plasticizer. n-HA was used for osteointegra-

tion and PMA was used for differentiation of THP-1 cells to macro-

phages. MTT salt was used to determine the cytotoxicity of the

scaffolds. FCS, Trypsin–EDTA, and cell culture medium were used for

the cultivation of the cells.

2.1 | Fabrication of scaffolds

The scaffolds were fabricated by the solvent casting method.17 TBC

and TA (5%, v/v) was added to alginate solution (2%, w/v, in distilled

water), then nHA (50% w/v) was added to the solutions. The final

solutions were poured into a pre-cooled Teflon mold. Each well of the

Teflon mold is 5 mm in diameter and 6 mm long. Thus, cylindrical,

5 mm diameter, and 6 mm length scaffolds were fabricated. Same

dimension scaffolds were used in all in-vitro and in-vivo tests. For the

mechanic test, circular, 10 cm diameter, and 5 mm thickness of Teflon

plate mold was used. The molds were frozen overnight at �80�C and

lyophilized at �80�C under 0.1 mBar for 24 h.18 After lyophilization,

the scaffolds cross-linked with epichlorohydrin at 70�C for 24 h.19

The scaffolds were washed with PBS several times. Finally, Alginate-

nanohydroxyapatite (Alg-nHA), alginate-triacetin-nanohydroxyapatite

(Alg-TA-nHA), alginate- tributyl citrate-nanohydroxyapatite (Alg-TBC-

nHA) scaffolds obtained.

2.2 | Characterization of Scaffolds

Morphological analysis of the scaffolds was determined by scanning

electron microscopy (SEM, GAIA3 Tescan, Brno Czech Rep.) photo-

graphs. Before SEM analysis, scaffolds were coated with gold–

palladium with 8 nm thickness.

The swelling and degradation rate of the scaffolds were deter-

mined by gravimetric analysis (n = 8). The dry form of the scaffolds

was weighted. For dehydration, the scaffolds were soaked into 5 mL

PBS buffer and incubated for 1 h at 37�C. The wet form of the scaf-

folds was weighed and recorded. Then, the scaffolds were incubated

at 37�C. Once a week, the wet form of the scaffolds was weighed and

recorded for 3 weeks.

Chemical characterization of the scaffolds performed by infrared

spectra (Fourier transform infrared spectroscopy – attenuated total

reflectance (ATR-FTIR), Nicolet™ IS™ 50 spectrometer, Thermo Fisher

Scientific, USA). The scans were performed between 600–4000 cm�1,

and the resolution was 4 cm�1.

The thermal properties of the scaffolds were analyzed using a

thermogravimetric analyzer under a nitrogen atmosphere (Shimadzu

Difference Thermogravimetry-60, Perkin Elmer Pyris). The heating

rate was 10�C and the range of 25–300�C. An empty platinum pan

was used as a reference.

The tensile strength of scaffolds was measured in cells with a

10 N load in room conditions using a mechanical test analyzer (Zwick/

Z010). The crosshead speed was set to 10 mm/min. 10 mm width,

10 cm long strips shape scaffolds (n = 6) used in mechanical tests.

2.3 | Cell culture studies

Cytotoxicity of the scaffolds (n = 8) was evaluated using MC-3T3 cells

and results were presented as cell viability (%).20 The effects of pro-

inflammatory cytokine levels of the scaffolds (n = 6) on human acute

monocyte cell line (THP-1) cells were investigated. Murine calvaria

(MC-3T3) cells were cultured in Alpha-Minimum Essential Medium

(alpha-MEM), containing 10% FCS, and THP-1 cells were cultured

in Roswell Park Memorial Institute-1640 (RPMI-1640) medium,
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containing % 15 FCS. The cells were incubated at 37�C, in a 5%

carbon dioxide atmosphere.

MC-3T3 cells were seeded into 24 well plates at 10,000 cell/ml

concentration. The plates were incubated overnight. Then, scaffolds

were placed into the wells. After 24 h incubation, the MTT test was

performed. A fresh medium was used as a negative control, medium

containing 10% DMSO was used as a positive control.

THP-1 cells were pipetted into 24 well plates at 1 � 106 cell/well

concentration. For differentiation of THP-1 cells to macrophages,

3 μL of PMA (200 nM) was pipetted to the wells. The plate was incu-

bated for 3 days. Scaffolds were placed into the wells. After 2 days,

media were collected and IL-1 beta and TNF-alpha levels were mea-

sured by using commercial kits (Abcam, USA). Non-treated macro-

phage cells were used as a control.21

2.4 | Operations

In-vivo efficiency of the scaffolds in the drill defect model was investi-

gated by using histological assessment. The operations and animal

care were reviewed and approved by Kırıkkale University Animal

Research Ethics Committee with protocol number 14/06 07.08.2014.

Sprague–Dawley rats, 6-week-old with an average weight of 200–

300 g, were used. The rats were divided into four groups (n = 8) con-

trol, Alg-nHA, Alg-TBC-nHA, and Alg-TA-nHA. All operating proce-

dures were undertaken in sterile conditions. Rats were anesthetized

by intraperitoneal administration of ketamine hydrochloride (100 mg/

kg) and xylazine (5 mg/kg). The surgical site was wiped with

povidone-iodide. The midpoint at the rat's thigh between the

greater trochanter and distal surface of the lateral condole was

determined. Following a small incision from lateral and through

extensor and flexor muscle groups, the bone was reached, and

approximately 5 mm of periosteum was stripped from the bone sur-

face. The defect was formed using a 2 mm diameter Kirschner wire

attached to a low-speed perforator.22 The defect passed from both

cortices and the center of the medullary cavity while being perpen-

dicular to the long axis of the bone. Each scaffold with a 5 mm diam-

eter was implanted in these defects. The wound was closed with

non-absorbable sutures. It was observed that the rats tolerated the

operation well and were able to regain their normal activities. None

of the rats had an infection at the site of the defect. After the opera-

tions, rats were sacrificed for 3rd weeks to examine the early healing

and inflammation. It was sacrificed at 8th weeks for the late period.

The lethal dose of ether anesthesia was used. The femurs of rats

were dissected from all surrounding soft tissues except the perios-

teum for analysis.23

In histological assessment, the criteria were presented in Table 1.

Osteoblastic/osteoclastic activity, osteoid tissue formation, develop-

ment of blood vessels, scaffold degradation, and hard tissue response

were evaluated.24 After the third and eighth weeks of operation, the

femur bones were removed for proper sampling and fixed with a 10%

formaldehyde solution. Bones were decalcified with a 4% formic acid

solution. After decalcification, bones were monitored in Thermo

Fisher Scientific Tissue Processor Device's routine night programming.

Monitored tissues were blocked in paraffin using a Thermo Histostar

device. The obtained paraffin blocks were prepared as 5-micrometer

sections using a Leica RM2255 microtome device and then were eval-

uated under a light microscope after being stained with blue-purple

hematoxylin and eosin (H & E) dye.25 In the obtained images, while

hematoxylin dyed bone cells’ nuclei and calcium sediments, eosin

demonstrates the development of bone cells and tissues by staining

the protein content.

2.5 | Statistical analysis

Statistical analyze performed by using SPSS software version 18. The

conformity of the variables to the normal distribution was analyzed

using Kolmogorov–Smirnov/Shapiro–Wilk tests. Since the normal dis-

tribution was not observed in all groups, the groups were compared

using Kruskal-Wallis variance analysis. Comparisons were made using

the Mann–Whitney U test and evaluated with the Bonferroni correc-

tion.26 3 and 8-week results were analyzed with the non-parametric

Wilcoxon Test. A statistical significance level of P < .05 was consid-

ered significant, and evaluations were assessed from statistically sig-

nificant groups.

3 | RESULTS & DISCUSSION

3.1 | Morphological study of the scaffolds

The microscopic structure of the scaffolds was observed by using

SEM photographs (Figure 1). It was seen that all scaffolds have a large,

porous, and rough structure. The pore size of the Alg-nHA, Alg-TA-

nHA, and Alg-TBC-nHA scaffolds was measured by the Image J pro-

gram27 and determined as 65 ± 3, 55 ± 3, and 55 ± 5 μm, respectively.

It was seen that TA and TBC slightly decreased the pore size of the

scaffolds.

3.2 | Swelling and degradation rate of the scaffolds

The swelling rate (Figure 2A) and degradation rate (Figure 2B) of the

scaffolds were determined by the gravimetric method. While the

TABLE 1 Histological scoring of rat femur regeneration and
evaluation of scoring.

Histological parameters Scores

Osteoblast Not staining 0

Osteoclast Too few 1

Osteoid tissue Mild 2

Blood vessel Moderate 3

Scaffold degradation Severe 4
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highest swelling rate was observed in Alg-nHA scaffolds (P < .05) the

lowest swelling rate was observed in Alg-TA-nHA scaffolds (168.7

± 19.1). TA and TBC modifications were decreased, swelling rate of

the scaffolds. Meanwhile, there were observed statistical differences,

in the swelling rate of Alg-TA-nHA and Alg-TBC-nHA scaffolds

(P > .05). At the end of the 1st week, there is no statistical difference

in the degradation rate of the scaffolds. However, at the end of the

3rd week, Alg-nHA Alg-TA-nHA and Alg-TBC-nHA mass decreased

by an average of 9.3 ± 1.6%, 77.9 ± 3.7%, and 55.7 ± 7.8%, respec-

tively. It was observed that modification of alginate with TA and TBC

increased the degradation rate of the scaffolds (P < .05). Darabian

et al. expressed that TA decreased PLA scaffold degradation.28 Kuro-

wiak et al. demonstrated that the mass of alginate hydrogels cross-

linked with Ca-Ba was about 18%.29 Forster et al. expressed that in-

vivo degradation of the alginate began to be observed after

12 weeks.30

3.3 | Chemical characterization of scaffolds

Chemical characterizations of ALG, TA, TBC and modified scaffolds

were evaluated by ATR-FTIR. The spectra were presented in Figure 3.

At 1421 cm�1 the inorganic phosphor group of ALG-nHA was seen.31

-OH band was seen at 3382 cm�1 in the spectrum of ALG-nHA, how-

ever, the band was shifted to lower wavenumbers for ALG-TA-nHA at

3276 cm�1 and ALG-TBC-nHA at 3254 cm�1.32 C O band of TA

was seen at 1738 cm�1, while the C O band was observed at 1209

and 1049 cm�1, and the CO2 band was seen at 2960 cm�1. For

ALG-TA-nHA, the CO band of TA was shifted to 2944 cm�1. A

strong and wide OH band of ALG-TA-nHA was shifted to

3273 cm�1. The inorganic phosphor of ALG-TA-nHA was seen at,

1415 cm�1. CH stretching of TBC was seen at 2966, 2935, and

2873 cm�1. CH deformations of TBC were also seen at 1461 and

1344 cm�1. C O band of TBC was seen at 1750 cm�1 and the

CO bands were seen at 1181 and 1061 cm�1. For ALG-TBC-nHA,

while inorganic phosphor was seen at 1027 cm�1, aliphatic hydrocar-

bon bands were seen at 2938 cm�1. Besides, a wide OH peak was

seen at 3258 cm�1. Shifting of the bands indicated that there is non-

covalent interaction between TA, TBC, and alginate.33 Interpenetrat-

ing polymer fibers can exert blend characteristics during in vivo and

in vitro studies.34

F IGURE 1 Scanning electron
microscopy (SEM) and macroscopic
photographs of Alg-nHA (A, B), Alg-
TA-nHA (C, D) and Alg-TBC-nHA (E, F)
scaffolds.

F IGURE 2 Swelling (A) and degradation rate (B) of the scaffolds.
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3.4 | Thermal prosperities of the scaffolds

The thermal properties of the scaffolds were determined by TG

(Figure 4A) and DTG (Figure 4B) curves. It was observed that all sam-

ples had a gradual loss of weight with an increase in temperature, as

shown in TG curves. Around 200�C, there was a sharp decrease in the

weight of scaffolds. The decomposition of water, oligomers, TA,

and TBC was below 200�C. The plasticization of ALG-nHA with

TA and TBC increased the decomposition by approximately 10�C.

The DTG curves showed two-weight decrease intervals. Water

evaporation was detected below 110�C. Around 200�C, a sharp

fragmentation was observed in the samples. Phuong et al. deter-

mined the thermal stability of cellulose acetate plasticized with

triacetin, diacetin, or phthalate, and they showed that adding

plasticizer decreased degradation time.35 Zhu et al. also used tria-

cetin for starch ester films, and they observed that triacetin

decreased the thermal stability of starch film.36 Darabian et al.

reported that mixing TA decreased melting enthalpy of poly lactic

acid scaffold.28

3.5 | Mechanical properties of the scaffolds

The tensile stress and elongation at break values of the scaffolds

were determined by the universal mechanical testing machine.

ALG-nHA scaffolds have low tensile stress and elongation at the

break values found as 8.97 ± 1.8 kPa and 2.00 ± 0.8%, respec-

tively. The tensile stress and elongation at break values of ALG-

TBC-nHA scaffolds have been shown to reach 22.22 ± 1.8 kPa and

4.19 ± 1.2%, respectively. However, it was seen that tensile stress

and elongation at break of ALG-TA-nHA were 10.08 ± 2.6 kPa and

3.01 ± 1.9%, respectively. In the presented study, the ratio of TBC

or TA was 5% (v/v) in alginate scaffolds and the scaffolds were

crosslinked with epichlorohydrin. The addition of TA and TBC

greatly improved the mechanical properties of alginate scaffolds.

Hong-Ru Lin et al. fabricated alginate-HA scaffolds and deter-

mined that 50% HA content was optimum for mechanical proper-

ties.37 Yu et al. used acetyl tributyl citrate (ATBC) as the plasticizer

and poly (lactic acid) (PLA). They determined that adding ATBC

decreased the tensile strength and increased the elongation at the

break of their composites.38 Ghiya et al. also used triethyl citrate

and acetyl triethyl citrate as a plasticizer for cellulose acetate.

They reported that the addition of triethyl citrate and acetyl

triethyl citrate decreased the tensile strength and increased the

elongation at the break of cellulose acetate.39 Our results were

compatible with the literature.

3.6 | Cytotoxicity of the scaffolds

Cytotoxicity of the scaffolds on MC-3T3 cells was determined by the

MTT test and the results were presented as cell viability, in Figure 5.

Accordingly, cytotoxicity of the Alg-nHA, Alg-TA-nHA, and Alg-TBC-

nHA scaffold was determined as 3.54 ± 1.38% (P > .05), 34.77

± 7.04% (P < .05), 17.2 ± 4.97% (P < .05), respectively. It was reported

that 2.2 mg/mL concentration of triacetin was cytotoxic on Chinese

hamster cells.40 Meanwhile, Tsen et al. expressed that triacetin did

not affect astrocyte cell growth and promoted neural cell expansion.41

However, it was expressed that a little cytotoxic effect of acetyl tribu-

tyl citrate was seen on HeLa cells.42 Mochida et al. determined LC50

values of acetyl tributyl citrate in some cells as 39.9 ug/mL on Vero

cells and 42.1 ug/mL on Madin-Darby canine kidney cells.43 Our

F IGURE 4 TG (A) and DTG (B) curves of Alg-nHA, Alg-TA-nHA,
Alg-TBC-nHA scaffolds.

F IGURE 3 Fourier transform infrared spectroscopy – attenuated
total reflectance (ATR-FTIR) spectra of TA, TBC, Alg-nHA, Alg-TA-
nHA, Alg-TBC-nHA scaffolds.
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results demonstrated that the rate of cytotoxicity of TA was more

than TBC.

3.7 | Cytokine levels

Over-reaction of the immune response against scaffolds may cause

treatment failure. Therefore, IL-1 beta and TNF-alpha expression of

the macrophage, which interacted with the scaffold, was deter-

mined. Previously, monocyte (THP-1 cells) was differentiated into

macrophages, and differentiation was monitored by light microscopy

(Figure 6). Macrophages were incubated with scaffolds for 2 days,

and cytokines were determined. The levels of IL-1 (Figure 7A) and

TNF-alpha (Figure 7B) were presented. According to the results,

while Alg-nHA scaffolds did not increase pro-inflammatory cyto-

kines (P > .05), Alg-TA-nHA scaffolds increased both IL-1 beta and

TNF-alpha levels (P < .05). Besides, Alg-TBC-nHA scaffolds

increased only TNF-alpha levels (P < .05). Cornelia Wiegand et al.

demonstrated that alginate sponge reduced pro-inflammatory cyto-

kine levels.44 Also, Song Yi Seo et al. found similar results concerning

alginate sponge.45

3.8 | Histological studies

In-vivo efficiency of the scaffolds was investigated in the drill

defect model. A defect of 5 mm dimension was created, and the

scaffolds were placed into the defect. 3 and 8 weeks after opera-

tions, rat femurs were harvested, and the samples stained with

hematoxylin–eosin were examined under a microscope and scored.

Osteoblast and osteoid developments were observed significantly

F IGURE 6 THP-1 cells (A) were treated with PMA and transformed into macrophages (B), 20x magnification.

F IGURE 7 IL-1 beta (A) and TNF-
alpha (B) expression levels of
macrophages, interacted with the
scaffolds.

F IGURE 5 Cytotoxicity of the scaffolds on MC-3T3 cells.
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in the ALG-TA-nHA group 3 weeks after operations, and the

scaffolds showed a similar profile of degradation compared to other

groups. Likewise, in the 8-week groups, the highest score values were

still achieved in the ALG-TA-nHA group, and it seems preferable for

use of scaffolds in the other groups (Table 2). Photographs of histo-

logical examinations at the end of 3 and 8 weeks are presented in

Figure 8. The limitation of this study has not taken a photograph of

the control group.

At the end of 3 weeks, while there were no differences in osteo-

blast development between the Alg-nHA and Alg-TBC-nHA groups,

scores of the Alg-TA-nHA group were statistically higher (P < .05).

Besides, there was no statistically significant difference between the

groups in terms of osteoclast scoring (P > .05). On the other hand,

there were no differences in osteoid tissue scores between Alg-nHA

and Alg-TA-nHA groups but, the scores of the Alg-TBC-nHA group

were higher than the others (P < .05). In terms of blood vascularization

scorers, there were no differences between Alg-nHA and Alg-TA-nHA

groups, but the scores of the Alg-TBC-nHA group were higher than

the others (P < .05). There was no difference between Alg-nHA and

Alg-TA-nHA groups in terms of degradation scoring of scaffolds

(P > .05). However, the results of the Alg-TBC-nHA group were higher

than the others (P < .05). At the end of 8 weeks, while there were no

differences in osteoblast development scorers between the Alg-nHA

and Alg-TA-nHA groups, scores of the Alg-TBC-nHA group were

higher than those of the others (P < .05). In terms of osteoclast scor-

ing, there was no difference between Alg-nHA and Alg-TBC-nHA

groups, but the results of the Alg-TA-nHA group were higher than the

others (P < .05). Also, there were no differences in osteoid tissue

scores between Alg-nHA and Alg-TBC-nHA groups but, scores of the

Alg-TA-nHA group were higher than the others (P < .05). In terms of

blood vascularization score, there was no statistically significant dif-

ference between the groups (P > .05). Besides, there was no

TABLE 2 Mean and STD values of 3 and 8-week experimental groups.

Groups Histological parameters Mean STD Minimum Maximum

Alg-nHA Osteoblast 3th week 2.25 0.463 2 3

Osteoclast 3th week 1.75 0.463 1 2

Osteoid tissue 3th week 2 0 2 2

Blood vessel 3th week 2.25 0.463 2 3

Scaffold degradation 3th week 3 0 3 3

Osteoblast 8th week 3.5 0.535 3 4

Osteoclast 8th week 2 0 2 2

Osteoid tissue 8th week 2.5 0.535 2 3

Blood vessel 8th week 2 0 2 2

Scaffold degradation 8th week 3 0 3 3

Alg-TA-nHA Osteoblast 3th week 3 0 3 3

Osteoclast 3th week 2 0 2 2

Osteoid tissue 3th week 2.5 0.535 2 3

Blood vessel 3th week 2.5 0.535 2 3

Scaffold degradation 3th week 3 0 3 3

Osteoblast 8th week 4 0 4 4

Osteoclast 8th week 3 0 3 3

Osteoid tissue 8th week 4 0 4 4

Blood vessel 8th week 2.5 0.535 2 3

Scaffold degradation 8th week 4 0 4 4

Alg-TBC-nHA Osteoblast 3th week 2 0 2 2

Osteoclast 3th week 2 0 2 2

Osteoid tissue3th week 1.5 0.535 1 2

Blood vessel 3th week 1.5 0.535 1 2

Scaffold degradation 3th week 2 0 2 2

Osteoblast 8th week 2.5 0.535 2 3

Osteoclast 8th week 2 0 2 2

Osteoid tissue 8th week 2.5 0.535 2 3

Blood vessel 8th week 3 1.069 2 4

Scaffold degradation 8th week 2.5 0.535 2 3
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difference between the Alg-nHA and Alg-TBC-nHA groups in terms

of degradation scoring of scaffolds. But the results of the Alg-TA-nHA

group were higher than the others (P < .05).

When comparing 3- and 8-week results, osteoblastic develop-

ment was significant (P < .05) in 3 groups, and the most improvement

was seen in Alg-nHA and Alg-TA-nHA groups. In terms of osteoclastic

development, the change in the Alg-TA-nHA group is seen as statisti-

cally significant (P < .05). The osteoid tissue development was seen in

all groups (P < .05), but more growth was in the Alg-TA-nHA group.

ALG-TBC-nHA stimulated more neovascularization than other groups

(P < .05). ALG-TBC-nHA stimulated more neovascularization than

other groups (P < .05). For degradation scoring, Alg-TA-nHA and Alg-

TBC-nHA scaffolds were found to be significant in 8 weeks (P < .005).

Florczyk et al. fabricated an alginate scaffold containing bone morpho-

genic protein-2 (BMP-2). They tested the efficiency of the scaffold on

a 5 mm in diameter rat drill model and expressed that the scaffold

stimulated the reconstruction of critical size defects.46 Xing et al. fab-

ricated calcium-enriched gellan gum/alginate hydrogel, tested the effi-

ciency of the hydrogel on a 4 mm in diameter rat drill model, and

observed that calcium enrichment stimulated neo-vasculature in

8 weeks.47 Rotten Steiner et al. formed an alginate dialdehyde-gelatin

scaffold containing 0.1% nano-bioglass®, expressing the scaffold deg-

radation started after 4-week implantation in-vivo.48

4 | CONCLUSION

In this study, alginate scaffolds were plasticized with TA or TBC.

According to the FTIR spectra, the shifts in the bands state a non-

covalent interaction between TA, TBC, and alginate. It was

observed that TBC decreased the thermal stability of the scaffolds,

while TA has higher stability. This indicates that TBC does not

integrate well between alginate fibers compared to TA, while TA is

better integrated and cross-linked with epichlorohydrin. Cell cul-

ture studies stated that Alg-TA-nHA was cytotoxic. Alg-TA-nHA

and Alg-TBC-nHA increased TNF-alpha levels. Besides, Alg-TA-

nHA scaffolds increased IL-1 beta levels. Contrary to cytotoxicity

results, in vivo studies indicated that with the addition of TA in a

known amount, it is possible to obtain structures that allow both

cell invasion and adequate mechanical stability. TBC allowed less

cell invasion and bone formation in 8 weeks. It concluded that

both modified scaffolds, Alg-TA-nHA and Alg-TBC-nHA increased

F IGURE 8 Histology
photomicrographs of H&E staining of
bone defects for three groups after
3 and 8 weeks. Alg-nHA (A, B), Alg-
TBC-nHA (C, D), Alg-TA-nHA (E, F).
Abbreviations used: host bone (HB),
newly bone (NB), vascular tissue (VT),
implanted scaffold (IS), inflammatory
cell (IC), osteoblast (OB),

osteoclast (OC).
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bone healing. TA modification leads to more new bone formation

than others, and can use as long-term bone treatment.
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