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Purpose: Osteoporosis is a severe health problem with social and economic impacts on society. The standard treatment consists of the 
systemic administration of drugs such as bisphosphonates, with alendronate (ALN) being one of the most common. Nevertheless, 
complications of systemic administration occur with this drug. Therefore, it is necessary to develop new strategies, such as local 
administration.
Methods: In this study, emulsion/dispersion scaffolds based on W/O emulsion of PCL and PF68 with ALN, containing hydro-
xyapatite (HA) nanoparticles as the dispersion phase were prepared using electrospinning. Scaffolds with different release kinetics 
were tested in vitro on the co-cultures of osteoblasts and osteoclast-like cells, isolated from adult osteoporotic and control rats. Cell 
viability, proliferation, ALP, TRAP and CA II activity were examined. A scaffold with a gradual release of ALN was tested in vivo in 
the bone defects of osteoporotic and control rats.
Results: The release kinetics were dependent on the scaffold composition and the used system of the poloxamers. The ALN was 
released from the scaffolds for more than 22 days. The behavior of cells cultured in vitro on scaffolds with different release kinetics 
was comparable. The difference was evident between cell co-cultures isolated from osteoporotic and control animals. The PCL/HA 
scaffold show slow degradation in vivo and residual scaffold limited new bone formation inside the defects. Nevertheless, the released 
ALN supported bone formation in the areas surrounding the residual scaffold. Interestingly, a positive effect of systemic administration 
of ALN was not proved.
Conclusion: The prepared scaffolds enabled tunable control release of ALN. The effect of ALN was proved in vitro and in in vivo 
study supported peri-implant bone formation.
Keywords: alendronate, co-culture, fibrous scaffold, osteoporosis, drug delivery system

Introduction
Osteoporosis is a severe metabolic disease of bone connected with an imbalance in bone remodeling resulting in bone 
loss, damage to skeletal microarchitecture, and impaired bone strength. The International Osteoporosis Foundation 
reports that osteoporosis causes more than 8.9 million fractures annually worldwide. The cost of osteoporosis including 
pharmacological intervention in the EU in 2021 was estimated at €56.9 billion.1 The healing of bone fractures in 
osteoporotic patients is complicated by poor bone quality, which can complicate fracture fixation and stability.2
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The treatment of osteoporosis has necessitated medical care for several decades. In the last century, osteoporosis was 
treated mainly with estrogen,3 calcitonin,4 or calcium and vitamin D supplementation.5 Nowadays, a broader spectrum of 
drugs is offered, such as an antibody against the receptor activator of nuclear factor kappa B ligand (RANKL) or 
sclerostin,6,7 parathyroid hormone analog,8 selective estrogen receptor modulator9 or bisphosphonates (BPs).10

In general, BPs are compounds resembling a pyrophosphate structure. Therefore, BPs bind calcium ions with high 
affinity that become part of the bone. Subsequently, BPs are internalized by osteoclasts and they inhibit enzymes within 
the mevalonate pathway, resulting in an altered prenylation of proteins, affecting the bone resorption executed by 
osteoclasts.11

Alendronate (ALN) is a type of BPs that has been investigated in clinical trials over the decades. Oral administration 
of ALN increased bone mineral density, and decreased the risk of clinical fractures. However, over the years associated 
problems, such as osteonecrosis of the jaw, appeared.12 Therefore, new directions, such as local administration of ALN, 
are being investigated.13,14

In bone tissue engineering, drug delivery-based approaches are at the center of interest because local delivery 
increases the efficacy of the drug on the targeted bone. A wide variety of scaffolds such as calcium phosphate 
cements,15 mesoporous bioactive glass,16 graphene oxide-related hydrogels,17 porous titanium implants,18 autogenous 
bone graft19 or electrospun polycaprolactone (PCL),20 have been tested as drug delivery systems for ALN.

The aim of the study was to investigate the effect of the drug delivery system releasing ALN from the electrospun 
scaffold on the healing of bone defects in osteoporotic conditions. The hypothesis behind this work is that if ALN is used at 
a concentration not harmful to the osteoblasts, bone formation will occur and at the same time osteoclasts that are more active 
in the osteoporotic conditions will be inhibited. The release of ALN will occur only locally for a limited time necessary for 
appropriate bone healing, therefore, eliminating the disadvantages associated with the oral administration of ALN.

In this study, a nanofibrous PCL scaffold with incorporated hydroxyapatite (HA), prepared by the electrospinning 
technique, served as a drug delivery system for ALN. The prepared scaffold was firstly tested in vitro to verify its 
biocompatibility. Moreover, the co-cultures of primary osteoblasts and induced osteoclasts isolated from control or 
osteoporotic animals were used for complex examination of the scaffold properties. Subsequently, the comprehensive 
in vivo study was performed. The effect of the scaffold releasing the ALN on the healing capacity of the bone was 
examined on the control and osteoporotic rats with or without systemic ALN administration.

Materials and Methods
Scaffold Preparation
Electrospun nanofibers were prepared using needleless electrospinning. 24% (w/v) PCL (45kDa, Sigma Aldrich) was 
prepared in a solution of chloroform and ethanol (9:1 ratio). In the samples with HA (~ 200nm particles, Sigma Aldrich), 
a dry powder was dispersed in PCL up to the final 20 wt% concentration. In the case of the nanofibers containing 
Pluronic 31R1 (P31R1; Sigma Aldrich), the surfactant was mixed with PCL in a concentration of 0.1 wt% of P31R1 to 
dry PCL. In the samples with ALN (Sigma Aldrich), an ALN solution of 5% (w/w) Pluronic F68 (PF68, Sigma Aldrich) 
was added to a concentration of 2 mg of ALN for 1 g of PCL, and emulsified using constant stirring. In the case of the 
samples without ALN, a pure PF68 solution was added. The final solutions were electrospun using the Nanospider 
NS500 electrospinning unit, applying a wire electrode and 0.6 mm flow dosage element. The temperature and humidity 
were kept at room temperature, and the overall potential was kept below 70 kV.

Scanning Electron Microscopic Analysis of Scaffolds
A scanning electron microscopy (SEM) was performed to characterize the nanofibrous scaffolds. The nanofibers were cut 
into pieces, placed on SEM holders using conductive tape, and sputtered with a 10nm layer of gold. The SEM analysis 
using SED detector at −10 kV potential was performed on Phenom ProX electron microscope (ThermoScientific).

Detection of Hydroxyapatite in the Scaffolds
Scaffolds were stained by Alizarin Red S staining (ARS, 8678, Merck) to detect HA. Scaffolds were visualized under the 
light microscope Olympus IX51 with a digital camera DP80.
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A Fourier transform infrared spectrometer (FTIR) (iZ10, Thermo Fisher Scientific) with ATR on diamond crystal was 
used to obtain infrared spectra of the nanofibers. The scans (8/8 background/sample scans) were recorded between 
4000 cm−1 and 400 cm−1 with correction on atmospheric suppression, baseline correction and normalized scale. Obtained 
spectra were compared to spectral library on pristine components and PCL nanofibres.

The thermal properties of electrospun nanofibers were studied by thermogravimetric analysis (TGA) (TA Q500, TA 
Instruments) and the measurements were carried out from 25°C to 600°C at 10°C/min heating rate, and synthetic air 
(80% N2/ 20% O2, flow rate 60 mL/min) was used as a purge gas.

Alendronate Release from Scaffolds
Scaffolds of 50 ± 5 mg were incubated with 1 mL of distilled water. The full volume of water was replaced with fresh 
distilled water at specific time intervals. The collected supernatant was stored in a −20°C freezer upon analysis. The stock 
solution of ALN was prepared by dissolving 20 mg of o-phtalaldehyde (OPA) in 19.9 mL of 0.05 M NaOH and 0.1 mL 
of 2-mercaptoethanol. The solution was used immediately. The samples containing 100 μL of sample or blank ALN 
solution were combined with 150 μL of OPA, and reacted for 2 hours. The release was calculated as a relative cumulative 
release. All samples were analyzed in 4 repetitions.

Cell Isolation
rOBs Isolation
Rat osteoblasts (rOBs) were isolated from either osteoporotic or control rats. For the exact procedure, animal treatment, and 
ethics see section Animal model and design of in vivo experiment. Femur bone fragments were enzymatically digested by 5× 
trypsin-EDTA solution (SAFC Biosciences, USA) for 10 min at 37°C, while shaking. The supernatant was discarded and bone 
fragments were rinsed with Dulbecco’s modified Eagle’s medium (DMEM; Merck, USA) with 1% Penicillin/Streptomycin (P/ 
S). Secondly, bone fragments were digested in 300 U/mL of collagenase I (Gibco, USA) solution in DMEM for 30 min at 
37°C, while shaking. The supernatant was discarded, the bone fragments were rinsed with DMEM with P/S, and then digested 
once more with collagenase I. The bone fragments were transferred to a culture flask coated with Collagen Coating Solution 
(Merck, USA), and cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% P/S.

rPBMCs Isolation
Rat peripheral blood mononuclear cells (rPBMCs) were isolated from whole-blood aspirated from either the control or 
osteoporotic rats (for details see Animal model and design of in vivo experiment) by cardiac puncture under the 
inhalation of isoflurane. The peripheral blood with anticoagulants was diluted 1:1 in Hanks’ balanced salt solution 
(HBSS), and layered over Ficoll–Paque and centrifuged for 30 min at 360 × g (NF800R centrifuge, Nüve, Ankara, 
Turkey) in a swing-out rotor. The mononuclear cell layer was aspirated, transferred into a conical tube, mixed with 
HBSS, and centrifuged for 10 min at 407 × g at 16°C. HBSS was added and repeated twice with the centrifugation steps: 
10 min at 282 × g and 10 min at 115 × g at 16°C. Finally, the cells were mixed with DMEM (EuroClone, Italy), 2 mM 
L-glutamine (Gln), 10% FBS, and 1% P/S.

Cell Seeding
The scaffolds 6 mm in diameter were sterilized using UV (for 20 min each side). The scaffolds were tested in terms of 
cytotoxicity, cell proliferation and osteogenic differentiation. Furthermore, we used co-cultures of rOBs (P1) and 
rPBMCs isolated from the control and osteoporotic rats. All cells were cultured in 5% CO2 at 37°C. Detailed culture 
conditions, scaffold type, and the source of cells used for in vitro experiments are listed in Table 1.

Saos-2 Monoculture
The biocompatibility of scaffolds was tested on the culture of a Saos-2 osteosarcoma cell line (ATCC, LGC Standards). 
Scaffolds were seeded with 2×104/cells/scaffold in McCoy’s medium supplemented with 15% FBS and 1% P/S.
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rOBs/rPBMCs Co-Culture
rOBs were seeded on scaffolds in 20 µL of culture media in a density of 3×103/scaffold. The cells were then left to 
adhere for 2 hours, and the culture media (DMEM, 10% FBS, 1% P/S) was added. The following day, the medium was 
aspirated, and rPBMCs in 20 µL of culture media were added on to the scaffolds with rOBs in a density of 6×104/ 
scaffold. After 2 hours, the media was aspirated and a fresh culture media with 25 ng/mL of macrophage colony- 
stimulating factor (M-CSF) was added. The culture media for co-cultures consisted of 1:1 ratio of DMEM (EuroClone) 
with 2 mM Gln and DMEM (Merck), supplemented with 10% FBS and 1% P/S. The following day, marked as day 1, the 
media was aspirated and media with 25 ng/mL of M-CSF and 30 ng/mL of RANKL were added. Half of the volume of 
the culture media was changed every three days.

In vitro Experiments
Metabolic Activity and DNA Quantification
The metabolic activity of cells was measured using an MTS assay (CellTiter 96® AQueous One Solution Cell 
Proliferation Assay; Promega, Madison, WI, USA), according to the manufacturer’s manual. The absorbance at 490 
nm and 690 nm was detected (Infinite M200 PRO; Tecan, Switzerland). Scaffolds were then transferred to the lysis buffer 
(0.2% v/v Triton X-100, 10 mM Tris (pH 7.0), and 1 mM EDTA), 200 µL for monocultures, 100 µL for co-cultures. 
After three freeze-thaw cycles, the amount of DNA was measured using the Quant-iT™ dsDNA Assay Kit at ex./em. 
485/523 nm (Life Technologies, Eugene, OR, USA) according to the manufacturer’s manual.

Confocal Microscopy
The samples were fixed with frozen methyl alcohol (−20°C) and incubated with 3,3′-diethyloxacarbocyanine iodide 
(DiOC6(3), Invitrogen, 20 mM diluted 1000x in PBS) for 45 min to visualize the internal membranes. Subsequently, the 
cell nuclei were stained using propidium iodide (PI; 5 μg/mL in PBS, 10 min). The scaffolds were washed with PBS, and 
visualized using confocal microscopy (ZEISS LSM 5 DUO, PI: λex=561 nm, λem=630–700 nm; DiOC6(3): λex=488 
nm, λem = 505–550 nm).

Carbonic Anhydrase II Assay
The activity of carbonic anhydrase II (CA II) was evaluated from the cell lysate. Cells were lysed in 100 µL of lysis 
buffer. The samples were frozen, thawed and vortexed. 50 µL of cell lysate was mixed with 50 µL of reaction buffer 
(12.5 mM TRIS, 75 mM NaCl, 2 mM 4-nitrophenyl acetate; pH = 7.5) and measured at 405 nm after one hour. The 
calibration curve was obtained from 4-nitrophenol, following the same protocol as with the samples.

TRAP/ALP Assay
Tartrate-resistant acid phosphatase/alkaline phosphatase (TRAP/ALP) Assay kit (MK301, TaKaRa, Saint-Germain-en- 
Laye France) was used in accordance with the manufacturer’s manual. The absorbance at 405 nm was detected using 
spectrophotometer (Infinite M200 PRO; Tecan, Switzerland).

Table 1 Sample Naming List, Culture Conditions and the Source of Cells Used for in vitro Experiments

Group Name Labeling for Release Study HA ALN M-CSF and RANKL Cell Source

PCL/ALN_C+MR S1 - + + Control rat
PCL/HA/ALN_C+MR S2 + + + Control rat

PCL/ALN_OP+MR S1 - + + Osteoporotic rat

PCL/HA/ALN_OP+MR S2 + + + Osteoporotic rat
PCL/ALN_C-MR S1 - + - Control rat

PCL/HA/ALN_C-MR S2 + + - Control rat

PCL/ALN_OP-MR S1 - + - Osteoporotic rat
PCL/HA/ALN_OP-MR S2 + + - Osteoporotic rat

Abbreviations: ALN, alendronate; C, control animal; HA, hydroxyapatite; M-CSF, macrophage colony-stimulating factor; OP, osteoporotic animal; 
PCL, polycaprolactone; RANKL, receptor activator of nuclear factor kappa B ligand.
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In vivo Testing
Animal Model and Design of in vivo Experiment
All the experimental procedures were approved by the Animal Welfare Advisory Committee of the Ministry of 
Education, Youth and Sports of the Czech Republic (approval ID MSMT-10320/2019-3) and conducted under the 
supervision of the Animal Welfare Advisory Committee of the Charles University Faculty of Medicine in Pilsen 
following the technological, hygienic, welfare and ethical standards given by Directive 2010/63/EU and FELASA 
Guidelines and Recommendations (The workplace accreditation number 3456/2021-MZE-18134). In order to model 
a situation which is similar in humans, female Wistar rats aged 7–9 months that had undergone two or three births were 
used for the experiment. The animals received standard care according to EU directive 2010/63/EU, were fed ad libitum 
with complete granulated food (Sniff, Germany) and had free access to water. The light/dark cycle was 12h/12h. The rats 
were housed individually, in cages of type 3H (800 cm2; Bioscape, Germany).

The animals were divided into 12 experimental groups (n = 8; Table 2). A both side ovariectomy (OVX) was used to 
induce osteoporosis. Animals without OVX were used as a control. Two types of implants were used, PCL/HA and PCL/ 
HA/ALN. An empty defect was used as a control. Systemic treatment with ALN was used for imitation of the human 
medicine approach in one part of the experimental groups.

Induction of Osteoporosis
The OVX for the induction of osteoporosis was performed at the age 7–9 months. The animals were administered with 
isoflurane (3.0–3.5%) in oxygen using an anesthetic machine (Vetnar 1100, Grimed). Following the elevation of the 
abdominal wall of the restrained animal, the anesthetic mixture consisting of propofol (100 mg/kg; Propofol - Lipuro 2%, 
B. Braun), medetomidine (0.1 mg/kg; NarcoStart®, Produlab Pharma B.V.), and nalbuphine (0.1 mg/kg; Nalbuphin 
Orpha, Orpha-Devel Handels und Vertriebs GmbH) was administered peritoneally.

The bilateral ovariectomy was performed from lateral approaches. After removal of the ovary using absorbable 
surgical fiber for ligation, the surgical wound was sutured in two layers. The general anesthesia was then terminated by 
means of an i.m. injection of atipamezole (0.5 mg/kg; NarcoStop®, Produlab Pharma B.V., Raamsdomksveer, The 
Netherlands). Following surgery, the animals were provided with analgesia for 4 days using tramadol (12.5 mg/kg; 
Tramal®, STADA Arzneimittel AG, Bad Vilbel, Germany) and carprofen (5 mg/kg; Rimadyl®, Zoetis, Sao Paulo, 
Brazil).

Scaffold Implantation and Further Treatment
After 5 months, the control and OVX animals were implanted with the scaffold into the bone. This surgical procedure 
was performed using the same anesthesia and analgesia scheme as described above. A standard hole (1.75 mm in 

Table 2 The List of Experimental Groups Used in the in vivo Study

Group Name Animals Implanted Scaffold Systemic Treatment  
with ALN

PCL/HA_OP-ALN Osteoporotic PCL/HA -

PCL/HA/ALN_OP-ALN Osteoporotic PCL/HA/ALN -
Empty_OP-ALN Osteoporotic Empty defect -

PCL/HA_C-ALN Control PCL/HA -

PCL/HA/ALN_C-ALN Control PCL/HA/ALN -
Empty_C-ALN Control Empty defect -

PCL/HA_OP+ALN Osteoporotic PCL/HA +

PCL/HA/ALN_OP+ALN Osteoporotic PCL/HA/ALN +
Empty_OP+ALN Osteoporotic Empty defect +

PCL/HA_C+ALN Control PCL/HA +

PCL/HA/ALN_C+ALN Control PCL/HA/ALN +
Empty_C+ALN Control Empty defect +

Abbreviations: ALN, alendronate; C, control animal; HA, hydroxyapatite; OP, osteoporotic animal; PCL, polycaprolactone.
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diameter and depth 3.8 mm) was created in the lateral knee condyle of the left hind leg using a dental cutter and filled 
with the tested material. The rectangles of the tested nanofibrous layers with size 3.8×15 mm sterilized using ethylene 
oxide, were rolled up in the cylinders to fit in the prepared defect. The surgical wound was closed with an absorbable 
suture in anatomical layers. The rats from the experimental groups with systemic treatment with ALN were administered 
with 3.5 mg/kg of ALN per week (corresponding to dose 0.5 mg/kg/day) in drinking water calculated for the day 
consumption. The systemic treatment began with the implantation and continued during the whole 6 weeks.

Micro-CT
Specimens (4 samples from each group) were scanned using desktop micro-CT SkyScan 1272 (Bruker micro-CT, 
Belgium). Specimens were immersed in 70% ethanol and scanned in plastic tubes with the following parameters: 
pixel size of 8 μm, source voltage 80 kV, source current 125 μA, 1 mm Al filter, frame averaging (2), rotation step 
0.2°, rotation 180°. The flat-field correction was updated before each acquisition. Image data were reconstructed using 
NRecon. Cross-section images in selected orientation were achieved using DataViewer. Data were image-processed to 
reduce image noise. Data processing was optimized using TeIGen software.21 D analysis of selected parameters (volume 
and surface) was performed via CTAn (Bruker). Semiquantitative evaluation of the healing of bone defects was assessed 
for: cortical bone healing, trabecular bone healing, bone surrounding former defect and overall evaluation. Healing was 
scored from 1 (poor) to 3 (excellent) except overall evaluation, which was scored from 1 (poor) to 4 (excellent). 
Illustration of semiquantitative evaluation is presented in Figure 1.

Figure 1 Semiquantitative evaluation of bone defect healing was assessed for: cortical bone healing, trabecular bone healing, bone surrounding former defect and overall 
evaluation. Healing was scored from 1 (poor) to 3 (excellent) except overall evaluation, which was scored from 1 (poor) to 4 (excellent).
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Histology
Harvested samples of distal femurs were fixed in 10% formol and after micro-CT scanning of selected representative 
samples, they were decalcified in Biodec-R (Bio-Optica). Decalcified samples were embedded in paraffin and 7µm 
sections were prepared using Leica RM2245 semi-automated rotary microtome (Leica). Sections were stained with 
Masson´s green trichrome to visualize collagen in the tissue, dehydrated and covered using DPX mounting medium for 
histology (Sigma-Aldrich). The samples of a bone defect area were documented using Olympus BX61VS histology 
scanner and details were photographed using DMLB Leica microscope equipped with Leica MC170 HD camera.

Statistical Analysis
Quantitative data from the in vitro analysis are presented as mean values ± standard deviation (SD). The averaged values 
were determined from at least 4 independently prepared samples. The results were evaluated statistically using GraphPad 
Prism 9.1.1 (225). If the data passed the normality test, the statistical significance between a pair of groups was 
determined by ANOVA test and Tukey’s comparative test for post-hoc analysis. If the data were without normal 
distribution, the statistical significance between a pair of groups was determined using Dunn’s multiple comparison 
test for post-hoc analysis. For comparing two groups, unpaired t-test was used. All results were considered statistically 
significant if p was <0.05.

Results
Characterization of Scaffold, Release Study
In tissue engineering, the porous and fibrous scaffolds offer contact points suitable for cell adhesion and space for cell 
proliferation. The electrospun scaffolds showed nanofibrous morphology with the presence of microfibers (Figure 2A). 
The morphology among the samples did not deviate. The mean fiber diameter of the nanofibrous part was 320 ± 158 nm 
and the microfibrous part was 3200 ± 1850 nm. The morphology prior and after 30 days incubation in distilled water did 
not result in a change of morphology or scaffold degradation.

Presence of HA on the scaffolds S2 and S3 was detected by ARS staining, FTIR and TGA analysis. The FTIR 
spectroscopy was used to observe the spectral changes and the representative bands of the spectra for the samples S1 – 
S3 with different composition. These were compared to FTIR spectra of pure PCL nanofibres and apatite library 
compounds. Obtained spectra are depicted in Figure 2B. All the FTIR spectra exhibit similarities related to the main 
component (PCL), which can be observed at 3000–2800 cm−1 and around 1720 cm−1 and are attributed to C-H vibrations 
and C=O stretching vibrations. All tested samples also contain peaks at 1470–1360 cm−1 related to CH2 bending 
vibrations, C-O-C stretching vibrations peaks at 1159 cm−1 and 1236 cm−1 and C-O and C-C stretching vibrations 
related to a peak at 1290 cm−1. Differences in the compared spectra were observed mainly at 1049 cm−1, 605 cm−1 

and 574 cm−1. These vibrations are attributed to apatite compounds – namely to the phosphate-related vibrations, and are 
present predominantly in samples S2 and S3. Minor changes in vibrations at 1100–1000 cm−1 are also related to 
C-O-C and C-O vibrations and can be attributed to the presence of PF68 and other additives in samples S1 – S3.

TGA thermograms are shown in Figure 2C and D. Significant difference between sample S1 and samples S2, S3 was 
observed as confirmed by residual weight loss (%) and weight derivative (%/°C) curves. The sample S1 underwent the 
most significant weight loss between 250°C and 400°C with weight derivative peaks maximum at 318.66°C and 
371.55°C. In the case of samples S2 and S3, the most significant weight loss continued up to 450°C with peak maximums 
at 398.21°C, 427.93°C and 441.48°C for sample S2 and 391.21°C and 426.18°C for sample S3. The overall weight 
residues after reaching 600°C were 1.258% for S1, 12.15% for S2 and 16.25% for S3. Increase of residual weight in case 
of samples S2 and S3 can be attributed to content of inorganic compounds (eg, HA) in their structure. Detailed TGA 
thermograms of each individual sample are listed in the Supplementary Figure 1A-C. Moreover, ARS staining 
(Supplementary Figure 1E-G) showed that samples S2 and S3 were stained in red due to the presence of HA representing 
mineralization, while S1 scaffold remained unstained.

The ALN release from the fibrous scaffolds S1 and S2 lasted for 3 weeks. The release kinetics of ALN showed 
differences based on scaffold composition (Figure 2E). The samples with emulsion of PCL with ALN without both HA 
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Figure 2 Scanning electron microscopy of prepared scaffolds prior and after performing ALN release study (A), scale bar 20 µm. FTIR spectra of S1 (ALN+, HA-, P31R1-), 
S2 (ALN+, HA+, P31R1+) and S3 (ALN-, HA+, P31R1+) samples compared to PCL nanofibres without incorporated additives (B). TGA thermographs of samples S1, S2 and 
S3 expressed as residual weight (%) (C) and weight derivative (%/ °C) (D) curves. Cumulative release of ALN from the scaffolds (E). Sample S3 did not contain ALN; 
therefore, the release study was not performed.
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and pluronic P31R1 (S1) resulted in faster release, which was significantly higher compared to S2 (p 0.0219), followed 
by a stationary phase with statistically lower release compared to S2 since day 12. In the case of sample with ALN and 
both HA and P31R1 (S2), the release was accelerated and led to the complete elution of ALN in a 22-day period.

Based on the release study, scaffolds S1 and S2 represent different release kinetics during the 21-day release study. S1 
was used for further in vitro study, named as PCL/ALN, as a model of burst release followed by a lower release rate 
compared to S2. S2 scaffold was used as a model of gradual long-time release and in further in vitro and in vivo studies 
was named as PCL/HA/ALN.

In vitro Tests of Scaffold Biocompatibility, Osteogenic Potential and the Effect of 
Released ALN
The released ALN did not affect cell adhesion and proliferation. Biocompatibility of the scaffolds was proven using the 
culture of Saos-2 cells. The MTS test of Saos-2 cells showed no detrimental effect on either of the tested scaffolds, S1 
(PCL/ALN) and S2 (PCL/HA/ALN) and S3 sample without ALN (Supplementary Figure 2). Furthermore, on day 1, well 
adhered and spread Saos-2 cells were detected by fluorescent microscopy staining (Figure 3). During the one-week 
culture period, the Saos-2 cells adopted typical spindle-like cell morphology, proving good biocompatibility of the 
scaffolds.

Figure 3 Visualization of Saos-2 cells adhesion and distribution on scaffolds S1 (ALN+, HA-, P31R1-), S2 (ALN+, HA+, P31R1+) and S3 (ALN-, HA+, P31R1+) using confocal 
microscopy. Cell nuclei were stained by propidium iodide (red color) and cell internal membranes by DiOC6(3) (green color), scale bar 100 µm. Sample S1, day 1 (A), 
S2, day 1 (B), S3, day 1 (C), S1, day 3 (D), S2, day 3 (E), S3, day 3 (F), S1, day 7 (G), S2, day 7 (H), S3, day 7 (I).
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To simulate the physiological interaction of bone cells on scaffolds, co-culture of cells isolated from the control and 
osteoporotic rats, rPBMCs and rOBs, was performed. rPBMCs were added in the culture of rOBs after 24 hours in the 
ratio rPBMCs:rOBs 20:1. Cells were co-cultured in the presence (+MR) or absence (-MR) of M-CSF and RANKL.

The fibrous scaffolds were not detrimental to the co-cultures of the cells, regardless of the different ALN release 
kinetics. The difference in metabolic activity and cell proliferation was related to the cell source. The metabolic activity 
was higher on PCL/HA/ALN_C+MR and PCL/HA/ALN_C-MR compared to PCL/ALN_OP-MR (Figure 4A). The cell 
number was lower on the scaffolds seeded with cells isolated from osteoporotic animals, with no difference between 
these groups (Figure 4B). The highest cell number was detected on PCL/HA/ALN_C+MR.

The ALP activity, an osteogenic marker, as well as CA II and TRAP activity, markers of osteoclastogenesis, were not 
affected by the different release kinetics of ALN. ALP was more active on the scaffolds seeded with cells isolated from 
osteoporotic rats, compared to control ones (Figure 5A). The highest ALP activity, compared to all groups, was detected 
on PCL/ALN_OP+MR. The measurement of CA II activity did not show an unequivocal trend (Figure 5B). The highest 
CA II activity was measured on the samples without HA, PCL/ALN_C-MR, PCL/ALN_OP+MR and PCL/ALN_OP- 
MR. The lowest value of CA II activity was detected on PCL/HA/ALN_C-MR. TRAP activity was similar in all groups, 
except PCL/HA/ALN_OP+MR, where the activity was higher compared to PCL/ALN_C+MR and PCL/ALN_C-MR 
(Figure 5C).

In vivo Study
The animals were sacrificed 6 weeks after implantation of the scaffolds, and the bone samples were collected for further 
analysis. The defects were without any sign of inflammation. The defects were covered with connective tissue. In some 
defects of the groups with implanted scaffolds (PCL/HA and PCL/HA/ALN), the remnants of the scaffolds were still 
visible.

Micro-CT Examination of Bone Defects
The micro-CT examination showed limited bone formation in the defects with the implanted non-degraded nanofibrous 
scaffolds, with higher dense trabeculae in the areas surrounding the scaffolds functionalized with ALN. The bone 
structure was clearly visible in micro-CT images (Figure 6). In most of the specimens the former bone defect is apparent 
and not completely healed. There are differences between the experimental groups, which can be seen in Figure 6. We 

Figure 4 Metabolic activity of rOBs/rPBMCs cells (A). DNA quantification of rOBs/rPBMCs cells (B). Statistical significance is denoted above the columns (p < 0.05), * 
means the statistically highest value.
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must consider that this figure presents only selected 2D sections, which we believe sufficiently represent the specimen 
structure. However, we evaluated specimens using 3D and 2D visualizations in many sections.

In some specimens, the residues of scaffold material may be seen. In certain images, mineralized tissue was observed 
inside the defect. Cortical bone healing is generally poor. Usually, there is healing from the borders of bone defects 
resulting in a variable reduction of the size of bone defect. Complete healing is observed only in the control specimens 
with no treatment at all (Figure 7A). However, even in these cases different cortical structure is evident (thinner or more 
porous). Even though there were visible differences between the experimental groups, the semiquantitative examination 
of the cortical bone did not prove any significant differences between the tested groups (Figure 7B).

The extent of trabecular bone healing is typically similar to cortical bone healing (Figure 7C). If there is a large 
cortical defect, trabecular healing is also poor. In some specimens, we may see partial trabecular healing even in the case 
of poor cortical healing. We assume that this could be explained by the variability of scaffold implantation in the defect, 
ie, the completeness of bone defect filling.

Large differences are observed in the bone structure which surrounds the former bone defect (Figure 7D). In many 
specimens, the surrounding bone consists of thin and dense bone trabeculae, which are highly interconnected. The 
thickness of this surrounding bone usually varies from 0.3 to 1.5 mm. The highest thickness presents specimens treated 
by PCL/HA/ALN, so we consider this to be the result of a local release of ALN from the implanted scaffolds. Systemic 
administration of ALN led to the formation of a similar bony structure, which was relatively thin.

Figure 5 ALP activity of rOBs/rPBMCs (A). CA II activity of rOBs/rPBMCs (B). TRAP activity of rOBs/rPBMCs (C) on day 10. Statistical significance is denoted above the 
columns (p < 0.05), *means the statistically highest value.
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Histological Examination
The histological examination showed similar results to the micro-CT analysis. The defect healing was evidently affected 
by the non-degraded scaffolds filling the defects; however, the new bone formation was more evident on the margins of 
the defects with the scaffolds releasing ALN. Masson´s green trichrome was used to define new bone formation within 
a control or osteoporotic rat tibia critical size defect, containing a nanofibrous scaffold implanted for 6 weeks. All the 
experimental groups (Table 2) were generated (n = 8 per group).

Figure 6 Micro-CT images of bone healing 6 weeks after implantation of the scaffolds.
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By the sixth week post operation, all the groups showed marks of bone formation and calcification in the defect area 
(Figure 8). Observation of the Masson’s green trichrome-stained sections showed areas of light green colored tissue of 
different thickness in the margins of the defects in all groups. New bone formation was apparent in the margins of the 
residual defects in different thickness from almost no healing signs (PCL/HA_OP+ALN, PCL/HA_C-ALN), to trabe-
cular bone formation in the defect area extending from its margins to the center (PCL/HA/ALN_C+ALN, empty defects). 
Interestingly, the presence of mineralized tissue directly inside the defect area was detected in the distinct groups (eg, 
PCL/HA_OP-ALN).

In contrast to the groups with scaffolds, empty bone defects of the groups Empty_C+ALN and Empty_C-ALN were 
almost completely filled in. Mineralized osteoid was apparent in the major area and the residual central defects were 
filled with abundant connective tissue containing large numbers of blood vessels. In contrast to this, the empty defect of 
osteoporotic rats, Empty_OP+ALN and Empty_OP-ALN, were not completely closed even at 6 weeks after surgery, even 

Figure 7 Semiquantitative evaluation of micro-CT images performed independently by 2 people. An evaluation of overall healing (A), cortical (B) and trabecular (C) bone as 
well as bone tissue surrounding the former bone defect (D) was performed.
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if the new bone formation was more developed in comparison to the groups with scaffolds. Interestingly, the residual 
defect was broader in the osteoporotic group treated with ALN (Empty_OP+ALN).

Newly formed woven bone or mineralized osteoid formation were observed in the margins of the defects. The woven 
bone area or calcified osteoid extended from the margins towards the center of the defect in a different brightness in 
different groups. In the bones of the control rats, the highest amount of new bone formation in the margins of the defect 
was observed in PCL/HA/ALN_C+ALN, PCL/HA/ALN_C-ALN groups. The lowest thickness of the new bone forma-
tion was apparent in the PCL/HA_C-ALN group.

In the osteoporotic groups, the regeneration effect in the bone defects revealed a similar pattern. The areas of newly 
formed bone were thicker in PCL/HA/ALN_OP+ALN, PCL/HA/ALN_OP-ALN, than in the PCL/HA_OP+ALN and 
PCL/HA_OP-ALN. Surprisingly, PCL/HA_OP-ALN evinced higher new bone formation than the PCL/HA_OP+ALN. 
Almost no new woven bone at the margin of the PCL/HA_OP+ALN group was apparent at 6 weeks post operation.

Figure 8 Details of the partially healed defect area in different groups visualized in Masson’s green trichrome-stained histological sections. The formation of new bone is 
apparent in the margins of the defects in all groups from woven bone of different thickness (black arrow) to the trabecular bone formation expanding from the margin of the 
defect to its center. The original matured bone (black arrowhead) is colored reddish in contrast to less mineralized new formed bone areas (red arrowhead). In the distinct 
groups, reddish areas of mineralized matrix (red arrow) were also apparent in the newly formed highly dense areas of woven bone in the margins of the bone defects or 
directly in the defect area. In the groups with empty defects without scaffold presence, the defect area was almost filled with new bone with remnants of the defect filled 
with connective tissue rich in blood vessels (asterisk).
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None of the groups except the control empty defect groups (Empty_C+ALN, Empty_C-ALN), demonstrated obvious 
new bone formation in the whole area of the bone defect at six weeks after surgery.

Discussion
The treatment of bone fractures in osteoporotic patients could be prolonged due to the dysregulation of the interplay 
between OBs and osteoclasts. The aim of this study was to support the healing process by the drug delivery system, 
releasing ALN directly into the defect site.

The bone tissue has nano and micro structure morphology, which correlates with the structure of the electrospun 
fibrous and porous structure. Electrospinning is a versatile technique used to produce fibrous scaffolds.22 Despite that 
nanofibrous scaffolds lack the mechanical properties of bone tissue, their fibrous nature mimics the natural cell 
environment. High surface to volume ration enables efficient protein adsorption23 that precedes cell adhesion. At the 
same time, porosity of the scaffold with fibrous structure guarantee adopting the natural cell shape, and favors cell 
migration. Moreover, the versatility of the process enables incorporation of the drugs inside the nanofibers, and their 
subsequent sustained release.24,25

In this study, the electrospinning of PCL scaffolds resulted in the formation of nano/microfibrous scaffolds, which is 
typical for the PCL scaffolds processed from chloroform/ethanol solutions. The scaffolds showed similar morphology for 
all groups regardless of the chemical composition of fibers. Interestingly, the addition of HA does not result in any 
changes of fiber morphology indicating good dispersion. This finding is supported by the presence of HA particles on the 
surface of the scaffolds (Supplementary Figure 1D). Successful incorporation of HA within the scaffolds was proven by 
ARS staining which is used to detect the mineralization.26 Moreover, chemical composition of electrospun nanofibres 
with ALN and HA was studied by FTIR and TGA analysis. Obtained results suggest successful incorporation and 
presence of HA in the samples S2 and S3, due to presence of PO4

3- vibrations.27 Content of ALN lies on detectable limit 
and therefore is not reliably provable by these methods. Under the FTIR examination, peaks typical for the PCL were 
observed in all samples at 2949 cm−1 and 2865 cm−1 due to CH2 stretching vibrations and in area 1470–1360 cm−1 due to 
CH2 bending vibrations. The FTIR spectra also contained C-O-C stretching vibrations peaks at 1159 cm−1 and 1236 cm−1 

and C-O and C-C stretching vibrations related peak at 1290 cm−1. These observations fully correspond with PCL 
nanofibres FTIR spectra provided by Canbolat et al.28 FTIR spectra obtained for sample S1 (ALN+, HA-, P31R1-) does 
not show any significant deviations from pristine PCL nanofibres (without any additives). The only difference is at 
1003 cm−1. This can be attributed to presence of additives, mainly pluronic, as observed in all samples S1, S2 and S3. In 
the case of S2 and S3 spectra, significant differences in FTIR spectra in comparison to S1 were observed at 1049 cm−1, 
605 cm−1 a 574 cm−1, the peaks related to PO4

3- vibrations, and can be attributed to HA incorporated into the nanofibres. 
ALN content, which should be also assigned to these vibrations, is below the detectable limit of the method.

These observations were supported by obtained TGA analysis results, where incorporation of HA led to increased 
residual weight at 600°C as significant thermal degradation of HA occurs above 1000°C.29 The residues content was 
12.15% in the case of S2 and 16.25% for S3 in contrast to the 1.258% in sample S1 without HA. The S1 thermogram 
exhibited curve typical for PCL nanofibers.28 The 5% weight loss between 450°C and 550°C might be attributed to ALN 
content30 in the sample S1 (ALN+, HA-, P31R1-). The 4.1% residual weight difference could be related to the same 
effect due to content of ALN in sample S2 (ALN+) and S3 (ALN-).

The electrospun nanofibers were prepared using emulsion needleless spinning. In order to increase the stability of 
water-in-oil emulsions, P31R1 was used. As reported by Novik et al, the addition of P31R1 helps to stabilize the liquid 
droplets on the interface with oil phase, and prolong the release times.31 In this study, we prepared a combined 
nanoparticle dispersion and water-in-oil emulsion. During the scaffold fabrication, the P31R1 resulted in a worse 
spinning process and lower spinnability. The emulsion/dispersion stability was similar between the samples, and no 
phase separation issues were observed for the samples. The release studies showed faster release of ALN from the 
samples with P31R1. The differences were significant, resulting in a different total release rate.

In addition, the effect of HA nanoparticles on the release rate of ALN from emulsion-spun nanofibers was evaluated. 
The emulsion/dispersion type of nanofibers was formed. The release behavior of ALN from scaffolds indicated a burst 
release from the PCL scaffold without HA (S1) compared to sustained release from the sample S2 with HA, due to lower 
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diffusion spots in the emulsion-like structure of nanofibers without HA. The release in non-HA scaffold (S1) was 
governed by a diffusion mechanism/degradation mechanism. In the early phases, the release of ALN from the surface of 
the fibers was enabled by PF68/ALN water-leachable droplets connected to the surface, resulting in an immediate release. 
In later phases, the diffusion through these contact-spots was limited and the release was slower. Slow PCL degradation 
also caused the samples to show ~ 30% of non-released ALN content in the fibers after 22 days of incubation.

In the case of scaffolds with HA, the ALN release reached almost 90% after 22 days. The HA sequestered ALN and 
regulated the adsorption kinetics. Moreover, the anisotropic nature of the scaffold was further enhanced, creating 
diffusion routes for small molecular components. The behavior indicates an interaction between HA nanoparticles and 
ALN, diminishing and changing the behavior of emulsion compared to the samples without HA. Boanini et al showed 
interaction between HA and ALN.32 In addition, thanks to the hydrophilic HA surface, the water phase upon interaction 
with its structure resulted in wetting of the surface and change to a non-emulsion form during the spinning process. 
Moreover, the SEM images demonstrate the surface localization of HA nanoparticles, creating a depot of ALN on their 
surface available for diffusion to the peri-implantation site. The release from HA containing scaffold was governed more 
by the absorption/desorption kinetics of ALN from HA, than by the diffusion/degradation mechanism observed in the 
scaffold without HA (S1). The presence of HA and P31R1 in S2 (ALN+, HA+, P31R1+) resulted in faster release 
compared to the scaffold without HA and P31R1 (S1), due to a further alternation of hydrophobic PCL surface by this O/ 
W surfactant. The P31R1 wetted the hydrophobic PCL and HA surface and increased the ALN desorption rate from HA.

The effect of the different release kinetics of ALN was tested in vitro on co-cultures of osteoblasts and osteoclast-like 
cells, isolated from the osteoporotic and control rats. The in vitro testing of bone substitutes is commonly performed on 
monocultures of osteoblasts or differentiated MSCs. In this study, we used the co-cultures of primary osteoblasts and 
osteoclast-like cells to simulate the bone tissue complexity more accurately, as they are key players in bone formation 
and degradation. Only a limited number of studies used co-cultures to test bone substitutes.33–35 The source of osteoblasts 
are primary cells isolated from bone tissue, osteosarcoma cell lines or differentiated MSCs. We isolated osteoblasts from 
adult rats with induced osteoporosis and control animals, using an explant isolation method with enzymatic pre- 
treatment.26 Osteoclasts are mostly isolated as monocytes/macrophages and differentiated into osteoclasts during the 
culture.36 Alternatively, cell lines, such as RAW or THP-1, can be used. Factors essential for osteoclastogenesis are 
M-CSF and RANKL.37 In physiological conditions, osteoclastogenesis is regulated by osteoprotegerin (OPG), which 
competes for the binding of RANKL with RANK. If the balance between RANKL and OPG expression is impaired, 
diseases like osteoporosis evolve. Decreased estrogen production at menopause leads to an increased expression of 
RANKL and decreased expression of OPG.38 In our study, we used primary PBMCs and induced osteoclast formation by 
the addition of M-CSF and RANKL to the culture medium.

The expected effect of the different ALN release kinetics, burst (S1) compared to gradual release (S2), on cell 
behavior was only partial. The measurement of metabolic activity and proliferation did not show any significant 
differences between either scaffold type. Difference was detected in CA II activity, but only when the co-cultures 
were cultured without RANKL and M-CSF. The cells cultured on scaffold S2, with sustained release of ALN, showed 
lower CA II activity. On the other hand, the measurement of TRAP activity did not confirm any differences between 
either group.

There are several studies concerning the effect of ALN on the inhibition of osteoclast activity. However, the effect 
varies based on the tested concentration of ALN. At low ALN concentrations, many of the published studies described 
that ALN supports proliferation, osteogenic marker expression and also increases the activity of osteoclasts precursors, 
RAW cells or PBMCs. The effect of ALN concentration was tested on different cell types cultured on tissue culture 
plastic. The concentration of 10−6 M was detected to be cytotoxic. The concentrations of 10−7 M and 10−10 M were 
described to have a positive effect on both osteoclastogenesis and osteogenic differentiation.16,39

Moreover, a similar effect of ALN on various cell types was observed, when gradually released from the scaffolds, 
indicating successful scaffold functionalization without the loss of the ALN therapeutic effect.16,20,40–42

Although the release study showed the different release kinetics of ALN, the effect did not manifest during the co- 
culture in vitro study. This could have been caused by the multiple exchange of the culture medium, which was necessary 
due to the needs of different media in different phases of the cell co-culture. It resulted in a partial wash out of the 
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released ALN. The release was faster in the scaffold S1, with a significant burst release. This means that the wash-out of 
the ALN was faster. Alternatively, the gradual release of S2 results in a higher concentration of ALN in the medium in 
later phases of the experiment, which was sufficient to decrease the CA II activity.

Interestingly, there was evident difference in the behavior of the co-cultured cells isolated from the osteoporotic and 
control animals. The co-culture of cells isolated from the osteoporotic animals showed a lower metabolic activity and 
proliferation, while the ALP activity was significantly higher in all the osteoporotic co-cultures compared to the control 
cells. The differences in cell behavior can be explained by the changes in osteoporotic bone metabolism. Ovariectomy 
causes decreased estrogen levels, leading to increased bone turnover.43–45 Increased bone turnover leads to resorption of 
mature mineralized tissue and the formation of new tissue, which is not yet mineralized. Estrogen deficiency leads to 
bone resorption and the formation of imbalance, where resorption exceeds formation.46 Increased bone turnover after 
ovariectomy in osteoporotic rats resulted in higher ALP activity of the isolated osteoblasts in comparison to control ones. 
Bone resorption and formation are coupled processes where signaling from osteoblasts to osteoclasts occurs and vice 
versa.47 It means that when co-cultures were performed, osteoclast signaling to osteoblasts could have modulated their 
activity. Perinpanayagam et al observed poor initial adhesion of osteoporotic osteoblasts,48 which most likely resulted in 
decreased proliferation. However, we did not observe poor cell adhesion of osteoporotic osteoblasts.

The PCL nanofibrous scaffold with gradual ALN release (S2, PCL/HA/ALN) was chosen for further in vivo testing. 
The scaffold without ALN was used as a control. Six weeks after implantation in the femur defects, the scaffolds were 
not completely degraded. The residual scaffolds filled the defects and limited new tissue formation. The areas of newly 
formed tissue were visible only in the margins of the defects treated with scaffolds and, in some samples of distinct 
groups, also small areas inside the defects. On the contrary, the empty defects of the control animals were filled 
completely.

The 6-week period was not sufficient for degradation of the PCL nanofibrous scaffold. The healing period was 
determined for 6 weeks to see the early effect of bone healing, which typically occurs in 6–8 weeks. The 6-week period is 
often chosen for these types of experiments.49,50 Moreover, the release kinetics showed that most of the ALN is released 
in the first 22 days. The complete degradation of PCL typically occurs in a range of months or years.51,52 On the other 
hand, the PCL degradation rate depends on the molecular weight and scaffold morphology, and could be accelerated for 
the finer scaffold structures.53,54

In this study, we expected a higher degradation rate, because the used polymer was of lower molecular weight (45 
kDa). Moreover, the used electrospinning method enables the preparation of porous nanofibrous scaffolds with high 
surface to volume ratio and high porosity, enabling water uptake and subsequent ester bond hydrolysis. Enzymatic 
cleavage by lipases also occurs. The hydrolysis results in the loss of molecular weight; however, during this phase no 
weight loss of the polymer occurs. The weight loss occurs later when the fragments of polymers diffuse out.51 In this 
study, the in vivo experiment lasted for 6 weeks. For the whole period, the PCL scaffolds retained their integrity; 
therefore, new bone formation was detected only in the margins of the defects.

The areas of woven bone or calcified osteoid extended towards the center differ through the groups with implanted 
scaffolds. The highest amount of new bone formation in the margins of the defect was observed in the groups with 
releasing ALN, regardless whether treated systematically with ALN. The concentration of ALN in the nanofibrous 
scaffold was 0.2 wt%. The total amount of ALN in the scaffold implanted in the defect was approximately 40 μg, with 
a gradual release for more than 22 days. In groups with implanted PCL/HA scaffolds without ALN, the new tissue 
formation in the margins was minimal. These results evidence the effect of released ALN on new bone tissue formation. 
This finding is in agreement with most of the published studies. The effect of ALN was tested on osteoporotic15–17,41 and 
also control animals.18,19,55,56

In this study, we used the systematic administration of ALN to simulate the approach of human medicine to 
osteoporotic women. The rats were treated with 3.5 mg/kg of ALN once a week (which corresponds to the dose 
0.5 mg/kg/day). Interestingly, the positive effect of ALN on bone tissue formation was described,19,57–59 it was not 
confirmed in our study. The micro-CT and histological examination show similar results for the systematically treated 
and non-treated animals. Similarly, in line with our results, Weiss et al used ALN doses 1 mg/kg and 3 mg/kg three times 
a week and did not find any direct influence on the amount of bone neoformation. However, the administration of ALN 
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influenced the bone quality in a dose-dependent manner, ultimately affecting the distance and quantity of the 
trabeculae.60

The present study proves the effectiveness of the scaffold with incorporated ALN on the healing of the osteoporotic 
and healthy bone. Nevertheless, the degradation rate of the scaffold was not fast enough to enable new bone formation in 
the necessary time. The degradation rate could be adjusted by the combination of PCL with fast degraded polymer. We 
would consider these issues for future studies.

Conclusion
We successfully prepared emulsion/dispersion scaffolds based on W/O emulsion of PCL and PF68 with ALN, containing 
HA nanoparticles as the dispersion phase. The HA and poloxamers enabled the control of ALN release kinetics without 
affecting the overall scaffold morphology. The ALN was gradually released from the scaffolds for more than 22 days. In 
the case of emulsion scaffolds without the dispersion phase, the release was slower with a sequestration of 40% of ALN 
in the fibers after 22 days. On the other hand, scaffolds with the emulsion/dispersion concept showed faster release and 
resulted in a 90% ALN release in 22 days. The scaffolds demonstrated the ALN effect on bone cells in vitro. Despite the 
slow degradation rate of the scaffold in vivo, the released ALN supported bone formation surrounding the implant 
residues and stimulated denser bone formation in the paracrine of the defect.
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