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Abstract

Bone tissue engineering aims to develop bone graft structure that can heal bone defects without using autografts or allografts. The

current study was conducted to promote bone regeneration using a collagen type I hydrogel containing tacrolimus. For this

purpose, different amounts of tacrolimus (10 μg/ml, 100 μg/ml, and 1000 μg/ml) were loaded into the hydrogel. The resulting

drug-loaded hydrogels were characterized for their porosity, swelling capacity, weight loss, drug release, blood compatibility, and

cell proliferation (MTT). For functional analysis, the developed hydrogel surrounded by a film made of gelatin and

polycaprolactone (PCL) was administrated in the calvarias defect of Wistar rats. The results indicated that the hydrogel has a

porosity of 89.2 ± 12.5% and an appropriate swelling, drug release, and blood compatibility behavior. The in vitro results

indicated that the collagen hydrogel containing 1000 μg tacrolimus was adequate in terms of cell proliferation. Finally, in vivo

studies provided some evidence of the potential of the developed hydrogel for bone healing.
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Introduction

These days, medical expenses related to fracture, reattach-

ment, and replacement of hip and knee joint, among other

bone diseases, are significant [1]. Tissue engineering, as an

approach for bone reconstruction and regeneration, emerged

in the early 1990s [2, 3]. The objective of bone tissue engi-

neering is the development of bone graft replacements which

can heal bone defects without using allografts or autografts.

This objective faces two main challenges: first, scaffolds need

to have appropriate mechanical properties and biodegradation

and, second, they should provide a controlled release of the
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entrapped drug [4]. Among all types of scaffolds, hydrogel

systems are particularly attractive as they resemble the extra-

cellular matrix (ECM) and their porous structure enables cell

transplantation and proliferation [5]. Many natural and syn-

thetic hydrogels made of a variety of polymer including algi-

nate, chitosan, and collagen, among others, have been used in

tissue regeneration [6]. Alginate cross-linking rate [7] and

chitosan gelation time are difficult to control [8]. Collagen

(Coll), constituting more than one-third by weight of body

protein tissue, has been widely used for different biomaterials

applications, such as temporary scaffolds for tissue engineer-

ing [9, 10]. Among all types of collagen, type I collagen is the

most frequent type found in the ECM, particularly in tissues

such as tendon and bone [11, 12]. Collagen type I is the major

organic component of bone, improves mechanical strength,

and increases new bone formation by mineralization process

[13].

Information about bone pathogenesis and natural bone

healing cascades has led to the development of new therapeu-

tic strategies which involve the design of bone scaffolds that

can deliver bioactive molecules to the injury site [4]. Various

drugs such as tetracycline hydrochloride, doxycycline, and

metformin have so far been used to enhance bone healing

[14–16]. Tacrolimus (Tac) is a macrolide-type antibiotic pro-

duced in mid-1980 by Streptomyces tsukubaensis, which can

act as an immunosuppressant. It decreases the production of

IL-2, thus reducing the production and proliferation of T lym-

phocytes [17]. In addition, it is used as a calcineurin inhibitor

drug and used as a primary immunosuppressive agent in 85%

of people who receive kidney transplants [18]. Previous stud-

ies also reported that FK-506 (other name of tacrolimus be-

cause of FK506 binding protein) has the ability to improve

osteogenic differentiation [19–22]. Although the underlying

mechanism remains unclarified, some studies claim that tacro-

limus can enhance osteogenic differentiation by activating the

BMP receptors [20].

On the other hand, it has been shown that mixtures of

synthetic and natural polymers may lead to an improvement

of the biocompatibility and biological interaction of the hy-

drogel with the surrounding tissue [23]. Polycaprolactone

(PCL) is extensively used in medical fields because of its

properties such as biodegradability and biocompatibility

[24]. Gelatin is a natural polymer that is produced by acidic

or alkaline hydrolysis of animal collagen [25]. PCL/gelatin

membrane because of biocompatibility and non-immunity, it

is widely consumed in medical fields [26].

The in vivo evaluation of bone scaffols involves the ade-

quate selection of bone defect models that mimic the clinical

application. Calvaria defect is widely used specialy for long

bone or maxillofacial defects due to its simplicity and low

cost. This model may exhibit non-critical bone defects used

for testing osetocompatibility and, also, severe bone defects

used for testing osteogenesis [27, 28].

The objective of this study was to develop and characterize

a collagen type I hydrogel scaffold containing tacrolimus in

bone healing. For this purpose, different tests were used to

investigate the in vitro hydrogel properties. The rat calvaria

defect model was used to evaluate bone healing efficacy of the

fabricated hydrogels.

Materials and methods

Materials

The materials and solvents used in this study were bought

from Sigma-Aldrich (St. Louis, USA) and Merck

(Darmstadt, Germany) respectively unless otherwise noted.

Fabrication of collagen hydrogel scaffold

The rat tails (from Pasteur Institute, Tehran, Iran) were used to

make type I collagen hydrogel based on the method described

by Salehi et al. [6]. For sterilizing extracted collagen, ethylene

oxide (EtO) sterilization was used in accordance with EN ISO

11135-1_2007 standards (Sterigenics, Zoetermeer,

The Netherlands). In summary, at a relative humidity of 50%

at 33 °C, the extracted collagen was exposed to an EtO atmo-

sphere for 16 h, and then to 80% at 43 °C for 72 h. After

sterilization, for removing residual EtO, the extracted collagen

was aerated at atmospheric pressure with warm air flow

(35 °C) for 120 h [29]. The sterilized collagen was dissolved

in phosphate-buffered saline contained 0.60% autoclaved

acetic acid at a final concentration of 10 mg/mL. The

autoclaved 1 M NaOH was used to adjust pH of the prepared

solution on 7. The collagen/tacrolimus hydrogel was fabricat-

ed by adding the tacrolimus to the collagen solution at the

concentration of 10 μg/ml, 100 μg/ml, and 1000 μg/ml. The

prepared hydrogels were cross-linked with 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide powder (EDC; 10 mM)

in an incubator at 37 C for 5 min before using. The concen-

tration of 10 mM EDC was used because previous study in-

dicated that 10 mM EDC is optimal for maximal

cytocompatibility [30].

Fabrication of PCL/gelatin membranes

To make PCL /gelatin membranes, first, polycaprolactone/

gelatin polymers at a concentration of 12% w/v and a ratio

of 50/50 dissolve in pure acetic acid. This solution was stirred

for 24 h on stirrer with stirring rate about 500 rpm at 40 °C.

The fabricated solution was then transferred into the freezer −

80 °C for 12 h and after that, the frozen samples were freeze-

dried for 72 h and then the freeze-dried samples sectioned in a

thickness of 2 mm and a diameter of 9 mm. PCL/gelatin
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membrane was used to prevent hydrogel leakage in in vivo

study, and it was stitched to the skin of rat.

Characterization

Mechanical properties

A WDW-05 electromechanical tester (Time Group Inc.,

China) was used to measure the mechanical properties of fab-

ricated hydrogels at room temperature. The compression rate

was adjusted at 10 mm min−1, and the fabricated hydrogels

were cut into cylindrical shape (10 mm in diameter and 8 mm

in height).

Morphological properties

To evaluate ultrastructure of the hydrogel, it was freeze-dried

and then cut to the spherical shape (7 mm diameter and 2 mm

thickness). A sputter coater (SC7620, Quorum Technologies,

England) was used to coat freeze-dried hydrogels with gold

for 180 s, and then the scanning electron microscope (SEM

AIS2100, Seron Technology, South Korea) at 15 kV was used

to evaluate the morphology of the samples. The ImageJ

(National Institutes of Health, Bethesda, USA) and

OriginPro 2015 software (Origin Lab, Northampton, USA)

were used to measure average diameters of pores by analyzing

a total of 20 random points per image.

Swelling studies

The swelling behavior of prepared hydrogels was measured

with aid of Eq. 1:

Equilibrium mass swelling ¼
m1−m0

m0
� 100 ð1Þ

In the above equation,m0 andm1are the dried mass weight

and the mass swollen weight of the gel respectively. Avacuum

oven at 50 °C was used to dry fabricated samples until a

constant weight of the gel. In this test, the fabricated hydrogels

were immersed in phosphate-buffered saline (PBS) solution

(pH = 7.4) at 37 °C and allowed to swell for 72 h. The swelling

rate of the prepared samples was measured every 60 min for

the first 6 h and then every 2 h for 3 days.

Release of tacrolimus

To study the release of tacrolimus from the collagen hydrogel,

4 ml of cross-linked hydrogel with different concentrations of

tacrolimus was immersed in 10 mL PBS (pH 7.40) at 37 °C.

Two hundred microliters of the supernatant was withdrawn at

appropriate time points (12, 24, 72, 168, and 336 h) and cen-

trifuged and replaced with fresh PBS. The amount of

tacrolimus in the supernatant was determined by Pico drop

at 294 nm. The percentage of released tacrolimus was calcu-

lated by using the following equation [31]:

Drug release %ð Þ ¼ The amount of released drugð Þ

= The amount of loaded drugð Þ � 100

ð2Þ

Weight loss analysis

To evaluate biodegradability of the fabricated hydrogel, the

weight loss test was used for 28 days. For this purpose, the

prepared hydrogels were soaked in simulated body fluid

(SBF) (10 mL) at 37 °C [32]. The following equation was

used to calculate weight loss percentage [16].

Weight loss %ð Þ ¼ W1−W2ð Þ=W1� 100ð Þ ð3Þ

In the above equation,W1 shows the original dry weight of

sample and W2 provides the dry weight after being taken out

from the SBF. The mean value of three samples for each

hydrogel was reported.

Blood compatibility

Hemolysis assay was used to evaluate blood biocompatibility

of the prepared hydrogels, and this test was done based on the

ISO 10993–4. In the first step, 2 ml of fresh anti-coagulated

human blood was collected from the healthy volunteer and

mixed with 2.5 ml of normal saline. At 37 °C, the samples

of the fabricated hydrogels were immersed in 0.2 ml of diluted

blood and the mixture was incubated for 60 min. For the next

step, the mixture was centrifuged at 1500 rpm for 10 min and

for calculating optical density value (OD), the supernatant was

transferred to a 96-well plate. A BioTek Synergy 2 Multi-

ModeMicroplate Reader was used, and the OD of the samples

was measured at 545 nm. The measurements for each sample

were repeated three times and the mean value of them was

calculated. The 0.2-ml diluted blood in 10 ml normal saline

was considered as negative control group, and the 0.2-ml di-

luted blood in 10 ml deionized water was considered as the

positive control group. The following equation was used to

calculate Hemolysis percentage [16]:

Hemolysis assay %ð Þ ¼ Dt−Dncð Þ= Dpc−Dncð Þ � 100 ð4Þ

In the above equation, Dt and Dnc provide the OD of test

samples and the OD of the negative control respectively and

Dpc indicated the OD of the positive control.

Cell viability

The three different tacrolimus-loaded hydrogels (tacrolimus

concentration of 10 μg/ml, 100 μg/ml, and 1000 μg/ml) were
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investigated for their cytotoxicity in the MG63, human osteo-

sarcoma cell line (purchased from Pasteur Institute (Tehran,

Iran)) [33].

DAPI test was done to evaluate the number of living cells.

For this test, 24 h after cell culturing in the hydrogels without

and with different amounts of tacrolimus, cells are placed in a

4% solution of paraformaldehyde for 8 min and then added to

a solution of Triton X-100 at a percentage of 0.1% for 10 min.

In the next step, PBS solution was used to wash the cells for

three times and 50 μl of DAPI staining solution (1:2000 dilu-

tion, in 1× TBST) was added to each well and placed them at

room temperature for 5 min. The DAPI solution was removed

and the PBS solution was used again to wash the cells three

times. To keep the cell hydrated, 50 μl of PBS was added into

each well. Ultimately, the cells were observed at excitation

wavelength of 358 nm with an emission wavelength of

461 nm by a fluorescence microscope.

To quantitatively assess the metabolism of cells cultured

onto the hydrogels, the MTT (3-(4, 5-dimethylthiazol-2-yl)-

2, 5 diphenyl tetrazolium bromide, GIBCO-BRL, Eggenstein,

Germany) assay was used. Briefly, the MG63 cell line was

cultured at the density of 1 × 104 cells on 150 μl hydrogels in

Dulbecco’s modified Eagle’s medium: nutrient mixture F-12

(DMEM/F12; Gibco, Grand Island, USA) supplemented with

10% (v/v) fetal bovine serum (FBS; Gibco, Grand Island,

USA), 100 U/ml of penicillin (Sigma-Aldrich, USA), and

100 μg/ml of streptomycin (Sigma-Aldrich, USA) in a humid-

ified incubator at 37 °C with 5% CO2. One and 3 days after

cell seeding, the culture medium was removed from the 96-

well plate and 0.2 ml of MTT (0.5 mg/ml) was added to each

well, incubated at 37 °C for 3–4 h in a dark place, then the

solution in each well was replaced with 0.1 ml DMSO. The

formed purple formazan crystals were dissolved in DMSO.

The wavelength of 570 nm by means of a microplate reader

Anthos 2020 (Biochrom, Berlin, Germany) was used to mea-

sure absorption of samples. The test was repeated three times

for each group, and the mean for each sample was reported.

For fixing cells in Collagen Type I hydrogel, freezing and

lyophilizing were used. For this purpose, the culture medium

was removed 24 h after cell seeding, and the cell/hydrogel

sample was directly frozen at − 20 °C for 3 h and then at −

80 °C for 24 h. For lyophilizing the sample, a freeze dryer was

used for 24 h. For analyzing the samples, dry cell/hydrogel

was coated with gold and SEM (SEM AIS2100, Seron

Technology, South Korea, 26 kV), in magnitude of × 300.

In vivo study

Twenty healthy adult male Wistar rats (3 months old,

weighing 250–270 g) were bought from Pasteur Institute

(Tehran, Iran). Animal experiments were approved by the

ethical committee of Shahed University and were carried

out in accordance with the university guidelines. The

purchased rats were randomly divided into four groups

(five rats per group) and kept at a temperature of 22 to

24 °C, in a 12:12-h light-dark cycle, with standard water

and food (ad libitum). In the surgical procedure, after

anesthesia of the rats, by intraperitoneal injection of

xylazine (6 mg/kg) and ketamine (70 mg/kg), the cal-

varia’s hair was cleaned by scissors and shaved, and then

the surgical area was disinfected by 10% povidone-iodine.

U-shape full-thickness flap was used to elevate skin and

periosteum. On the rat’s calvaria, a critical size defect with

a 7-mm diameter was created by the trephine (Meisinger),

at a speed rate of 1000 rpm (to prevent bone necrosis by

heat, defect site irrigated with 0.9% physiological saline)

(Fig. 1a). PCL/gelatin membrane was used to prevent hy-

drogel leakage, and it was stitched to the skin from four

sides of it. The different treated groups were as follows:

group 1: the defect was filled with a clot (negative con-

trol), group 2: the defect was filled with the clot and PCL/

gelatin (PCLM), group 3: defect was filled with collagen

hydrogel and PCL/gelatin membrane (PCLM+H) (Fig. 1b),

group 4: the defect was filled with collagen hydrogel/

1000 μg Tac and PCL/gelatin membrane (PCLM+H +

Tac) (Fig. 1c). After surgery, rats were placed on a heating

pad that was set at 37 °C. The rats were then returned to

the cages and were kept in clean cages with prior condi-

tions. Eight weeks after surgery, the animals were

euthanized.

3D-computed tomography evaluation

The CT scan was used to assess bone specimens (Inveon TM

unit, Siemens Healthcare, Inc., PA, USA). The bone samples

were scanned at multiple longitudinal and transverse sections

with 1 mm thickness. To create 3D images of the newly

formed bone and gross profiles of the specimens, the Inveon

ResearchWorkplace software (Siemens Healthcare) was used.

After that, the created images were used to calculate average

percentage of bone formation in the defect area of the

specimens.

Histopathologic and immunohistochemical analysis

The harvested tissue (implanted site) were fixed in the 10% neu-

tral buffered formalin (NBF, PH. 7.26) for 48 h, then decalcified

in 19% EDTA, processed and embedded in paraffin. The 5-μm-

thick sections were prepared and stained with hematoxylin and

eosin (H&E). The histological slides were evaluated by the in-

dependent reviewer, using light microscopy (Olympus BX51;

Olympus, Tokyo, Japan). The amount of the newly formed car-

tilage or bone was assessed as well as the amount of the remain-

ing implants in the total area of the section. Also, the inflamma-

tion and biocompatibility of the implants have been assessed in

different samples comparatively. In addition, for

Drug Deliv. and Transl. Res.



histomorphometric analysis, the number of cells including fibro-

blast, fabricate, osteoblast, osteocyte, osteoclast, and osteon, and

other constituents such as blood vessels and new bone tissue

formation were calculated and analyzed, using computer soft-

ware Image-Pro Plus® V.6 (Media Cybernetics, Inc., Silver

Spring, USA). Magnification × 400 was employed for counting

the cells.

To evaluate the osteogenic differentiation of cells in

the defect site, immunohistochemistry was performed.

This expression of the following primary antibodies

was evaluated with this test: anti-Sp7/Osterix antibody

(ab209484, Abcam, MA, USA). For heat-induced epi-

tope retrieval, a water bath was set to 60 °C and the

slides were incubated in citrate buffer (Dako, Glostrup,

Denmark) solution for one night. The slides were then

blocked with 1% hydrogen peroxide/methanol (Sigma-

Aldrich, St Louis, MO, USA) at RT for 30 min, follow-

ed by an overnight incubation with primary antibodies

at 4 °C. The color reaction was developed with ready-

to-use 3,3′-diaminobenzidine (Dako liquid DAB) color

solution, and the slides were then counterstained with

hematoxylin. The results were visualized by a light mi-

croscope (Olympus BX51; Olympus, Tokyo, Japan).

Data analysis method

For statistical analysis, data were analyzed by one-way

ANOVA. If we had a significant difference, we use Tukey’s

multiple comparisons test to compare between two groups.

The P value less than 0.05 was considered as a significant

statistical difference.

Results

Young’s module

The Young’s module of different fabricated hydrogels was

measured. The Young’s module for collagen hydrogel was

0.385 ± 0.02 MPa and by loading Tac to the fabricated hydro-

gel, the amount of Young’s module decreased. It was 0.357 ±

0.01 MPa, 0.303 ± 0.01 MPa, and 0.289 ± 0.02 MPa for col-

lagen/10 μg/ml Tac, collagen/10 μg/ml Tac, and collagen/

10 μg/ml Tac, respectively. As the skull bone is not under

pressure, it can be suitable.

Morphology

The SEM image was used to evaluate morphology of the

prepared hydrogel (Fig. 2). The image shows that the prepared

hydrogel has a highly porous structure with interconnected

pores. The percent of the porosity was calculated, and it was

approximately 89.2 ± 12.5%. In addition, the results from

measuring by software indicated that the pore size of the pre-

pared hydrogel is in the range of 75 to 235 μm. Based on the

previous study, this range is suitable for cell attachment and

migration [34].

Swelling of collagen hydrogels

Swelling ratio is one of the important factors in hydrogel that

indicated liquid absorption of the polymer, and it is estimated

based on the measure of the hydrogel mass. Figure 3a depicts

the time course of the swelling. The data of the mass swelling

Fig. 1 a Defect created by the

trephine. b Defect was filled with

collagen hydrogel and PCL/

gelatin membrane. c Defect was

filled with collagen hydrogel/

1000 μg Tac and PCL/gelatin

membrane
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ratio revealed that as the tacrolimus has effect on collagen

chain, by increasing the amount of Tac, the amount of release

increased. The highest amount was at 240 min for all of the

samples. It was 292 for Coll hydrogel/1000 μg Tac while it

was 228 for collagen hydrogel.

Tacrolimus release from fabricated hydrogel

The cumulative release profile of tacrolimus for the three dif-

ferent groups is displayed in Fig. 3b. In the first 12, the re-

leases of Coll hydrogel/10 μg Tac, Coll hydrogel/100 μg Tac,

and Coll hydrogel/1000 μg Tac were 22.51 ± 1.87%, 25.83 ±

2.13%, and 28.7 ± 3.74%, respectively, and after 14 days, the

amount of release increased to 78.03 ± 3.16, 82.86 ± 2.91, and

88.02 ± 4.81%, respectively. After 21 days, the whole of the

tacrolimus from Coll hydrogel/1000 μg Tac was released.

After 28 days, 99.12 ± 0.03% and 95.34 ± 1.87% of loaded

tacrolimus was released from Coll hydrogel/100 μg Tac and

Coll hydrogel/1000 μg Tac, respectively.

Weight loss measurements

Figure 3c shows the weight loss percentages of the collagen

hydrogel with and without tacrolimus for 28 days. The

amount of degradation for Coll hydrogel, Coll hydrogel/

10 μg Tac, Coll hydrogel/100 μg Tac, and Coll hydrogel/

1000 μg Tac was 44.28 ± 3.4, 46.23 ± 2.83, 49.39 ± 3.43,

and 57.23 ± 3.63, respectively after 7 days. These amounts

increase to 51.46 ± 4.3, 63.78 ± 4.12, 67.32 ± 5.27, and

72.36 ± 5.51, respectively after 14 days and 78.76 ± 2.73,

85.47 ± 4.29, 89.23 ± 2.49, and 93.45 ± 3.54, respectively, af-

ter 21 days. After 28 days, the amount of weight loss for Coll

hydrogel, Coll hydrogel/10 μg Tac, Coll hydrogel/100 μg

Tac, and Coll hydrogel/1000 μg Ta were 89.94 ± 5.14,

95.46 ± 4.74, 97.23 ± 4.48, and 98.23 ± 4.94, respectively. It

shows that by increasing the amount of tacrolimus, degenera-

tion rate was increased too.

Blood compatibility

The result of the analysis of the hemolytic rate of the prepared

hydrogels is shown in Fig. 3d. It is provided that the hemolysis

rate of all samples was significantly less than the positive

control (P < 0.05). This test indicated that adding tacrolimus

into the hydrogels does not have positive or negative effect on

blood compatibility of collagen hydrogel.

In vitro cytotoxicity study

The DAPI test shows the number of cell’s nucleus that stick to

the plate, and the results for different groups are indicated in

Fig. 4. The cell count after 48 h for Coll hydrogel, Coll

hydrogel/10 μg Tac, Coll hydrogel/100 μg Tac, and Coll

hydrogel/1000 μg Tac was 84/mm, 163/mm, 187/mm, and

321/mm, respectively. Therefore, the number of cells which

was adherent is higher in the Coll hydrogel/1000 μg Tac

group among other groups. This result can be attributed to

the positive effect of tacrolimus on proliferation of MG-63

cells.

MTT assay was used to further evaluate the collagen hy-

drogel without and with different amounts of tacrolimus. As

shown in Fig. 5a, the collagen hydrogels could enhance cell

proliferation. Moreover, the results indicated that improving

cell proliferation in groups containing tacrolimus has dose-

dependent tendency. The MTT results revealed that the prop-

agation rate of MG-63 cells in the Coll hydrogel/1000 μg Tac

group was higher than in other groups at 24 h after cell

seeding. Moreover, the cellular proliferation of the positive

control (wells of the plate without hydrogel) was statistically

lower than of this group (P < 0.05). Also, after 72 h post cell

culture, the cell proliferation in Coll hydrogel/1000 μg Tac

group was significantly higher than in other groups

(P < 0.05). Generally, based on the result of MTT test, the

incorporation of 1000 μg tacrolimus in collagen hydrogels

made this hydrogel more suitable for cell proliferation than

other groups. The MTT’s results confirm DAPI’s results that

Coll hydrogel/1000 μg Tac group is the best group to use in

in vivo study.

Figure 5b provided the morphology of MG-63 cells in the

hydrogel. It indicates that cell is in the hydrogel and attached

to it.

Tomography study

Bone healing efficacy followed the progression of empty de-

fect (negative control) < PCLM< PCLM+H < PCLM+H +

Fig. 2 Scanning electron micrograph of freeze-dried collagen hydrogels

(× 500)
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Fig. 3 a Swelling behaviors of the fabricated hydrogels over time. b Cumulative release profile of tacrolimus from fabricated hydrogels. cWeight loss

percentage of the fabricated hydrogels at different time point. d Blood compatibility histogram of different types of hydrogels

Fig. 4 DAPI test’s results under

the fluorescence microscope. a

Collagen hydrogel without

tacrolimus. bColl hydrogel/10μg

Tac. c Coll hydrogel/100 μg Tac.

d Coll hydrogel/1000 μg Tac

(Scale bar 100 μm)

Drug Deliv. and Transl. Res.



TAC (Fig. 6a–d). The empty defects healing was slight and its

bone volumewas 22.27 ± 1.83%. The defects with PCLM and

PCLM+H showed better results than did the negative control

group which were 29.2 ± 2.54% and 36.4 ± 3.24% after

8 weeks respectively. The bone volume of PCLM + H +

TAC was significantly better than of other groups, and it

was 46.23 (Fig. 6e).

Histopathological analysis

In the negative control group, the defect was almost filled with

fibrous connective tissue (FCT) and new bone formation

(NBF) was not seen in this group up to 2 months post-

surgery (Fig. 7). In the PCL/gelatin membrane group, multi-

nucleated giant cells (MNGCs) were evident and a subsequent

foreign body reaction can also be observed (Fig. 8a–c). In

addition, in the defect site, fibroblasts, macrophages, and lym-

phocytes can be observed. In PCL/gelatin membrane and hy-

drogel group, defect site was filled with new bone and con-

nective tissues. Surrounding the implanted materials, angio-

genesis had occurred evident by the presence of new capil-

laries and vessels. The early new bone formation occurred

mainly from the areas around the defect. The residues of

PCL/gelatin membrane were also observed at the defect site.

Moreover, MNGCs were presented on the PCL/gelatin mem-

brane (Fig. 8d–f). The histopathological evaluation of PCL/

gelatin membrane and Coll hydrogel/1000 μg Tac group in-

dicated that the defect was completely replaced by new bone

and connective tissue. The PCL/gelatin membrane was re-

moved during sampling, and the hydrogel was successfully

Fig. 5 a Effect of the prepared hydrogels on the proliferation of MG63 cells 24 and 72 h after cell seeding.100 μm. bMorphology of MG63 cells in the

hydrogel (arrows show MG63 cells)

Fig. 6 3D images of the calvarial bone defects after 8 weeks of injury. aNegative control. b PCLM. c PCLM+H. d PCLM+H+ Tac. eBone volume (%)

Drug Deliv. and Transl. Res.



degraded over time. The amount of new bone was significant-

ly increased among other experimental groups. In addition,

neovascularization was also evident in this sample (Fig. 8g–

i). There is a significant difference between all groups in the

amount of new bone formation; the negative control group did

not form new bone and the osteogenesis was zero and in the

PCL/gelatin membrane group, the new bone formation area

was 1.28 ± 0.52mm2. The amount of new bone formation area

in PCL/gelatin membrane and hydrogel group was 2.56 ±

0.30 mm2. The amount of new bone formation area in PCL/

gelatin membrane and Coll hydrogel/1000 μg Tac group was

3.84 ± 0.69 mm2, and there was a considerable statistical dif-

ference in new bone formation area between the PCL/gelatin

membrane and hydrogel group and PCL/gelatin membrane

and Coll hydrogel/1000 μg Tac group (p = 0.0022) and oste-

ogenesis was higher in the PCL/gelatin membrane + Coll

hydrogel/1000 μg Tac group. The control group had a signif-

icantly higher number of fibroblast than other groups

contained membrane. Histomorphometric analysis provided

a statistical remarkable difference in terms of the area of new

bone between PCL/gelatin membrane and Coll hydrogel/

1000 μg Tac group and other experimental groups (Table 1).

The total number of osteoblasts-osteocytes and osteon was

indicated to be notably greater in the PCL/gelatin membrane +

Coll hydrogel/1000 μg Tac group and PCL/gelatin membrane

+ hydrogel group compared to the other groups. There was no

remarkable difference in the number of osteoclasts in all

groups; however, the histomorphometric analysis provided a

significant difference in the number of fibroblast among other

experimental and control groups where we used membrane

(Table 2).

To determine the osteogenesis of samples, immunohisto-

chemical analysis of the SP7/Osterix marker was used. The

brown color represents positive staining for SP7/Osterix (os-

teoblasts). Figure 9 shows that the expression of the SP7/

Osterix protein in the PCL/gelatin membrane + Coll

hydrogel/1000 μg Tac group is higher than the other group.

Discussion

The aim of this study was to evaluate the effect of tacrolimus

(FK-506) on bone regeneration. For this purpose, collagen

hydrogel was used to carry tacrolimus to the defect site. In

addition, to prevent hydrogel leakage, PCL/gelatin membrane

was used.

The porous structure, in addition to other properties of

hydrogels, need to be tailored in order to facilitate cell attach-

ment and propagation [35]. A previous study indicated that the

optimal average pore diameter depends on cell size, migration

requirements, and transport [15]. The analytical results of our

study revealed that the pore size of the fabricated hydrogel is

in the range of 75 to135 μm, which was favorable for cell

migration [36].

Structural stability and swelling behavior of hydrogels is an

important factor that is considered for using different

Fig. 7 Histopathologic

examination of calvarias in the

control group stained by

hematoxylin-eosin (H&E) at the

end of the 8th week post-surgery.

OB old bone, Ag angiogenesis,

LACT loose areolar connective

tissue
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hydrogels in tissue engineering. Previous studies revealed that

initial swelling is favorable, and this action increases pore size

that can facilitate cell attachment and proliferation in a three-

dimensional structure [37]. However, the constant swelling

Fig. 8 Histopathological findings of implanted materials in experimental

calvarial defect. OB old bone, CT connective tissue, NBF new bone

formation, MB mature bone, FCT fibrous connective tissue, MNGC

multinucleated giant cell, Ag angiogenesis. Asteroid: inflammatory

cells. PCLM polycaprolactone membrane, H hydrogel, Tac tacrolimus

H&E stain

Table 1 New bone area at

8 weeks post-surgery Control PGM PGM-H PGM-H-

Tac

P value

New bone area (mm2) 0 1.28 ± 0.52 2.56 ± 0.30 3.84 ± 0.69 < 0.0001

PGM polycaprolactone/gelatin membrane, H hydrogel, TAC tacrolimus
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has negative effect on mechanical properties and decrease

mechanical integrity maceration of the surrounding tissue

[38]. A previous study from our group using collagen hydro-

gel reported 285% as the highest peak of swelling in 240 min

[39]. In this study, the highest amount of swelling was 292

after 240 min.

Collagen is the main component of natural ECM and the

most abundant protein in mammalian tissues; therefore, it is an

appropriate material for biomedical applications [40, 41].

Although, at least 19 different types of collagen are available,

the main structure of all of them contained three polypeptide

chains, which wrap around one another to form a three-

stranded rope structure [41]. Metalloproteases, specifically

collagenase, naturally degraded collagen and serine proteases,

allowing degradation to be locally controlled by cells which

are presented in the engineered tissue [40]. The previous study

indicated weight loss of about 50% for collagen hydrogel after

7 days [39]. In this study, it was about 44.28 ± 3.4.

As expected, by increasing the amount of tacrolimus, the

weight loss of the hydrogel and the release rate also increased.

The interpretation of these in vitro data should be done cau-

tiously as there is an important difference between the in vitro

conditions and the physiological environment. In addition,

previous experiments from our group indicated that bone

healing has three steps; at the beginning in the first 5 days, a

hematoma is made. In the 5 to 35 days, the callus was formed

and after that, the bone was remodeled [42]. Thus, it is neces-

sary that all of the loaded drug is released in the 35 days after

injury and after that time and in the remodeling process, the

boned healing does not need hydrogel and drug.

Collagen type I forms a major part of the extracellular

matrix in connective tissues and is easily rebuilt by cells.

The effect of collagen on the extent of angiogenesis is obvious

so that preventing cross-linking collagen reduces angiogenesis

which is prior to bone formation [43, 44]. There is a lot of

evidence that collagen type I scaffold can enhance

Fig. 9 Immunohistochemical

analysis of the SP7/Osterix

marker was used to determine the

osteogenesis in samples. The

brown color represents positive

staining for SP7/Osterix

(Osteoblasts). a Control group. b

PCLM group. c PCLM+H

group. d PCLM+H+ Tac group

(magnification × 400)

Table 2 Histomorphometric

findings of bone tissue

regeneration in defect area

Valuable Control PGM PGM-H PGM-H-Tac P value

Fibroblast + fibrocyte 212.21 ± 18.38 53.60 ± 17.29 86.40 ± 12.35 61.35 ± 10.84 < 0.0001

Osteoblast + osteocyte 1.51 ± 0.52 10.80 ± 1.65 54.65 ± 8.07 83.10 ± 6.18 < 0.0001

Osteoclast 0 0 1 ± 0.55 3 ± 0.28 < 0.0001

Osteon 0 2.60 ± 0.51 4.40 ± 2.07 8.40 ± 2.07 < 0.0001

PGM polycaprolactone/gelatin membrane, H hydrogel, TAC tacrolimus
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angiogenesis. Type I collagen is a common element in many

tissues that it undergoes angiogenesis during fetus grow up

[45]. In 1988, Ingber et al. observed that angiogenesis in the

chick embryo is stopped when the formation of triple helix

collagen was prevented by (alpha, alpha-dipyridyl) enzyme

[46]. In 2010, Hesse et al. reported that bone marrow stromal

cells can migrate, proliferate and differentiate to osteoblast in

collagen type I hydrogel scaffold [47].

Previous studies indicated that tacrolimus improves osteo-

genic differentiation when used alone or in combination with

bone morphogenetic proteins (BMPs) [19–21]. Although the

underlying mechanism of tacrolimus remains unclarified,

some studies claim tacrolimus can enhance osteogenic differ-

entiation by activating the BMP receptors with binding

FK506-binding protein 12 (FKBP12) [20]. Most in vitro stud-

ies that examined the effect of tacrolimus on osteogenesis

have shown that tacrolimus at effective dose can increase os-

teogenesis and increase the amount of alkaline phosphatase

activity and osteocalcin gene expression when we added ta-

crolimus to undifferentiated cells [21]. In previous studies, the

effective dose of tacrolimus in vitro was reported; Kugimiya

et al. reported this amount as 1 μM [19]. In 2013, Nakamura

et al. reported that bone morphogenetic protein-9 and FK-506

induces remarkable osteoblastic differentiation in rat

dedifferentiated fat and effective dose of tacrolimus for oste-

ogenesis reported 1 μg/ml [21]. In 2012, Byun et al. reported

that the effective dose of tacrolimus for the osteoblastic differ-

entiation of rat mesenchymal cells was 0.41 μg/ml [48].

However, in the in vivo conditions, the effective dose of the

drug is significantly different from the one necessary in the

vitro environment. Most of the animal studies investigating

the effect of administration of tacrolimus on bone’s repair

were performed by intravenous administration. For example,

Zheng et al. showed that systemic prescription of the drug had

a negative effect on bone-implant contact and the amount of

bone formation around titanium implant in the rat [49].

Different animal studies have shown that systemic administra-

tion of tacrolimus can cause a decrease in bone mineral den-

sity and trabecular bone loss in rats [50–55]. In these studies,

the dose of tacrolimus was at least 1 mg/kg per day adminis-

trated orally. Folwarczna et al. reported that the oral adminis-

tration of 0.3 mg/kg/day tacrolimus for a month did not reduce

the mineral density of rat’s femur and tibia [56]. There are two

possibilities for decreasing bone mineral density and trabecu-

lar bone loss: one is that tacrolimus has a direct toxic effect on

osteogenic cells, which is less likely due to studies done

in vitro that show the positive effect of tacrolimus on the

differentiation of osteoblastic cells and result of this study

confirms in vitro studies. And the second possibility is about

the indirect effect of tacrolimus on bone formation due to its

effect on suppression of the immune system and indirectly

reduces the number of cytokines that contribute to bone for-

mation [49].

By using a mechanical barrier, such as the use of mem-

branes, it is possible to prevent the entry of fibroblasts and

soft connective tissue into bone defects, so cells that have

osteogenic potential but move slowly can accumulate in de-

fect [57]. On the other hand, several studies reported foreign

body reaction when using polymeric membrane alone

[58–61]. The results of this study indicate that in the control

group, the number of fibroblasts is significantly higher than in

the other groups. On the other hand, by adding PCL/gelatin

membrane on the empty defect, a lot of multinuclear giant cell

accumulated around PCL/gelatin membrane. Finally, using

membrane not only prevented defect site from leakage of hy-

drogel but also, because of the positive effect of PCL/gelatin

on bone healing, improved the number of fibroblast and en-

hanced bone healing.

Conclusion

In this study, we prepared collagen-based hydrogel scaffolds

containing tacrolimus and surrounded by a PCL/gelatin mem-

brane and characterized them with regard to their utility for

using in bone tissue engineering application. In vivo study

provided a preliminary evidence of the efficacy of the devel-

oped hydrogel for the treatment of bone defects.
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