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Abstract

Biodegradable synthetic scaffolds hold great promise for oral and craniofacial guided tissue 

regeneration and bone regeneration. To overcome the limitations of current scaffold materials in 

terms of osteogenic and antimicrobial properties, we have developed a novel silver-modified/

collagen-coated electrospun PLGA/PCL scaffold (PP-pDA-Ag-COL) with improved antimicrobial 

and osteogenic properties. Our novel scaffold was generated by electrospinning a basic 

PLGA/PCL matrix, followed by silver nanoparticle (AgNPs) impregnation via in situ reduction 

and polydopamine coating, and then coated by collagen I. The three intermediate materials 

involved in the fabrication of our scaffolds, PLGA/PCL (PP), PLGA/PCL-polydopamine (PP-

pDA), and PLGA/PCL-polydopamine-Ag (PP-pDA-Ag) were used as control scaffolds. Scanning 

electron micrographs and mechanical testing indicated that the unique 3-dimensional structures 

with randomly-oriented nanofibrous electrospun-scaffold architectures, the elasticity modulus and 

the tensile strength were maintained after modifications. CCK-8 cell proliferation analysis 

demonstrated that the PP-pDA-Ag-COL scaffold was associated with higher MC3T3 proliferation 

rates than the three control scaffolds employed. Scanning electron and fluorescence light 

microscopy illustrated that PP-pDA-Ag-COL scaffolds significantly enhanced MC3T3 cell 
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adhesion compared to the control scaffolds after 12h and 24h culture, in tandem with the highest 

β1 integrin expression levels, both at the mRNA level and the protein level. ALP activity, BMP2 

and RUNX2 expression levels of MC3T3 cells cultured on PP-pDA-Ag-COL scaffolds for 7 and 

14 days were also significantly higher when compared to controls (P < 0.001). There was a wider 

antibacterial zone associated in PP-pDA-Ag-COL and PP-pDA-Ag scaffolds versus control 

scaffolds (P < 0.05), and bacterial fluorescence was reduced on the Ag-modified scaffolds after 

24h inoculation against S. aureus and S. mutans. In a mouse periodontal disease model, the PP-

pDA-Ag-COL scaffold enhanced alveolar bone regeneration (31.8%) and was effective for 

periodontitis treatment. These results demonstrate that our novel PP-pDA-Ag-COL scaffold 

enhanced biocompatibility, osteogenic and antibacterial properties and has therapeutic potential 

for alveolar/craniofacial bone regeneration.
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1. INTRODUCTION

Oral and craniofacial tissues are challenging environments for regenerative medicine. The 

oral cavity is a reservoir for bacterial pathogens and many structures in the craniofacial 

region are encased or supported by mineralized tissues. As a result, there is a unique need 

for multifunctional scaffolds with antimicrobial and osteogenic properties for craniofacial 

tissue engineering. Guided tissue regeneration (GTR) and bone regeneration (GBR) have 

been important regenerative approaches to restore the health and function of periodontal 

tissues and craniofacial bone defects. Most commonly, the GTR/GBR membrane is placed 

into the bone defect area as a barrier to create and maintain a space against the invasion of 

epithelial and other soft tissues and allow for osteogenic cells to repopulate the osseous 

defect.1 Among available GTR/GBR membranes, biodegradable synthetic scaffolds are most 

attractive because of their biodegradability and capability to serve as a local delivery system 

to achieve a high local concentration of cargo compounds.2 Specifically, polymer-based 

electrospun scaffolds have been continuously improved to incorporate tailored drug-release 

systems and to ensure cellular integrity while regulating the dynamics of the extracellular 

microenvironment.3–5 Due to their biological compatibility and degradability, their flexible 

mechanical capacity and their controllable bioactive-materials delivery potential,6 synthetic 

polymers such as poly-lactic-co-glycolic acid (PLGA), polycaprolactone (PCL) or blends 

have widely been used for electrospinning into a basic matrix with a 3D porous structure 

that mimics the arrangement of native extracellular matrix (ECM). This electrospun polymer 

matrix provides a proper 3D interfiber space sufficient to accommodate for cell adhesion and 

expansion along randomly-oriented nanofibers.7 However, osteogenic and antibacterial 

properties of these synthetic scaffolds are often limited or lacking.

To address the need for multi-layer, complex scaffold materials, mussel-inspired 

polydopamine coatings have been developed as a straight-forward and effective 

multifunctional and multipurpose surface modification, replacing physical absorption, 
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chemical modification, grafting, plasma treatment and other traditional surface modification 

techniques.8 The catechol moiety of dopamine, a key component of the mussel adhesive 

protein, interacts strongly with various materials and forms multifunctional organic/

inorganic composite layers consisting of proteins, metal ions, apatites and nanoparticles.9–11 

Several antimicrobial agents have been successfully delivered to equip these synthetic co-

polymer scaffolds with effective antimicrobial properties.12–13

Current available GTR/GBR membranes are designed to act as a barrier to block connective 

and epithelial tissue invasion at the periodontal and craniofacial defect sites. To improve 

their capacity for tissue regeneration, combinations of these membranes with other materials 

have been explored. For example, silver (Ag)-containing dental materials have been 

generated for anti-microbial and anti-caries application in oral cavity 14–15. Silver features a 

broad-spectrum antimicrobial activity against various bacteria including antibiotic-resistant 

bacteria, and has been widely used as an anti-infection substance within the medical device 

field because of its low toxicity to mammalian cells. 16–17 Silver nanoparticles (AgNPs) are 

characterized by high surface area and unique chemical and physical properties, and may 

serve as a reservoir for silver ions. As a result, the incorporation and immobilization of 

AgNPs onto various scaffold fibers using silver ion in situ reduction has received much 

attention.9, 18 Studies have demonstrated that the effect of AgNPs on cell viability was 

highly time and dose dependent.19 Recently, AgNPs have been incorporated into silk fibers 

using in situ approaches, resulting in excellent and long-lasting antibacterial activities 

against E. coli and S. aureus. 20 However, these materials remain at the stage of preclinical 

studies. In contrast, collagen membranes are currently used in medical and dental clinics. 

Collagen membranes promote wound healing through hemostasis, and provide collagenous 

scaffold for stem cell homing and tissue regeneration.21–22 In addition, the effects of 

collagens on cellular functions including cell attachment, proliferation and differentiation 

and the effects of biomaterials surface modifications of electrospun polymer scaffolds have 

been extensively studied.23–25 However, successful tissue regeneration in the oral cavity and 

the craniofacial defect microenvironment requires periodontal pathogen control and 

restauration of the regenerative capacity of mineralized tissues. Therefore, new materials 

with osteogenic and antibacterial properties are needed for oral and craniofacial tissue 

regeneration.

In the present study, we have introduced a novel silver-modified/collagen-coated electrospun 

PLGA/PCL scaffolds (PP-pDA-Ag-COL) as a new biomimetic material with sustained 

antibacterial and osteogenic properties. For our studies, the biodegradable PLGA/PCL 

electrospun scaffold was employed as a local delivery system and tailored to feature 

effective antimicrobial properties with limited antibiotic resistance and to favorably improve 

osteogenic regeneration. AgNPs in situ reduction technology was exploited to coat our 

PLGA/PCL scaffold via mussel-inspired pDA-coating technology to achieve antibacterial 

and osteogenic properties and to maintain the three-dimensional interfiber architecture of the 

scaffold. Type I collagen was then immobilized onto the AgNPs-modified scaffold to 

improve its osteogenic properties. A schematic illustration of the preparation procedure of 

scaffolds with their modification is presented in Figure 1. We hypothesized that the 

incorporation of AgNPs and collagen I into our novel PP-pDA-Ag-COL electrospun 

scaffolds would lead to good biocompatibility, sustained antibacterial effects and enhanced 
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osteogenic properties. To characterize the material properties of our novel PP-pDA-Ag-COL 

scaffold and to assess its potential for guided bone regeneration, we performed physico-

mechanical analyses, examined its biocompatibility, and verified its osteogenic and 

antibacterial potential in vitro and in vivo in a mouse periodontitis model.

2. EXPERIMENTAL SECTION

2.1 Synthesis of the PP-pDA-Ag-COL Electrospun Scaffolds

PLGA/PCL electrospun scaffolds (PP) were prepared as described previously. 4 To generate 

a polydopamine coated PLGA/PCL scaffold (PP-pDA), the PP scaffold was immersed into 

10mM dopamine hydrochloride (AR, Sigma, USA) solution for 4 h and dry at 40°C for 24 h. 

AgNPs were then in situ reduced onto the scaffold fibers (PP-pDA-Ag) by immersing the PP 

scaffold in 10−4 M AgNO3 (AR, Sigma, USA) and 10mM dopamine solution for 4 hours. 

Finally, the PP-pDA-Ag-COL scaffold was generated by coating the PP-pDA-Ag scaffold 

with 2% collagen I (w/v, rat tail collagen, Waltham, MA, USA) solution. Three intermediate 

scaffolds, PLGA/PCL (PP), PLGA/PCL-polydopamine (PP-pDA), PLGA/PCL-

polydopamine-Ag (PP-pDA-Ag) served as controls.

2.2 Physicochemical Property Testing

2.2.1 Structure and surface characterization—The Surface topography of the PP-

pDA-Ag-COL and control scaffolds was characterized using a Field Emission Scanning 

Electron Microscope (FE-SEM; JSM-7401F, JEOL Ltd., Japan), and diameters of the 

scaffold fibers were calculated. Following the coating of the samples with AgNPs and 

collagen I, elemental composition of the scaffold surface was tested by Energy Dispersive 

X-ray spectroscopy (EDS, Ultra Plus, Zeiss). Surface functional groups were measured by 

Attenuated Total Reflectance Infrared Spectroscopy (ATR-FTIR) spectra and the contact 

angles of the samples were investigated using a contact angle meter (SL200B, Solon 

Technology Science, Shanghai, China) as described previously. 4

2.2.2 Mechanical property—Rectangular-shaped (10 mm*20 mm*0.16 mm) samples 

were tested for tensile strength and elastic modulus using the electronic universal testing 

machine (INSTRON 3365, USA) as stated previously. 4

2.3 Silver release

The PP-pDA-Ag and PP-pDA-Ag-COL scaffolds with an average weight of 0.021g were 

immersed in 5 mL of phosphate buffered saline (PBS) at 37℃ for 1, 2, 4, 6, 8, 10, 12, 14, 16, 

18, 20 and 21 days. The solution was refreshed and collected every day. The concentration 

of Ag ion in PBS was analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-

MS, Thermo ICP-MS iCAPQ, ThermoFisher, USA).

2.4 In vitro cellular functions

2.4.1 Cell culture—The MC3T3-E1(MC) cell line subclone 14 (Cell Bank of the 

Chinese Science Academy, Shanghai, China) was cultured and maintained as described 

previously. 4
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2.4.2 Cell Proliferation—MC cells (2 × 104) were seeded onto 6mm-diameter scaffolds 

(mean thickness 0.16mm) and cultured in 96-well plates in triplicate for 1, 3, 5 and 7 days. 

Cell viability and proliferation was tested using Cell Counting Kit-8 (CCK-8; Beyotime, 

China) according to manufacturer’s instruction. An enzyme-linked immunosorbent assay 

plate reader (Titertek, Helsinki, Finland) was applied to determine the optical density (OD) 

of formazan at 450 nm in the cell-scaffold groups and scaffold-free cell control.

Cell live/dead staining was performed to investigate the cytotoxicity of the scaffolds using 

Calcein-AM/PI Double Stain kit (YESEN, Shanghai, China). In brief, MC3T3 cell was 

cultured for 3 days on the four scaffolds, and collected by centrifugation at 1000 rpm for 

5min. The cells were stained with 2 μM calcein-AM (live cells, green fluorescence) and 4.5 

μM PI (dead cells, red fluorescence) for 15 min at 37 °C away from light. Images were 

captured by Inverted fluorescence microscope (Olympus, IX73).

2.4.3 Cell morphology and cell adhesion—Cells (104) were seeded onto the 10 mm 

scaffolds (average thickness of 0.16 mm) and cultured in 24-well plates in triplicate. Surface 

topography and cell morphology was captured by FESEM and Confocal Laser Scanning 

Microscopy (CLSM; Zeiss-LSM710; Carl Zeiss, Inc., Jena, Germany) after 24 h and 48 h of 

the culture. For analysis of cytoskeleton, samples were fixed and stained with rhodamine 

phalloidin (Cytoskeleton, Inc., Denver, CO, USA).

2.5 Integrin β1 Immun of luorescence

After 24 hours culture, samples were prepared as described previously. In brief, cells were 

incubated with anti-integrin β1 antibody (Abcam, ab52971) overnight followed with the 

incubation of secondary anti-rabbit IgG antibody (Alexa Fluor 488 goat, Beyotime, 

Shanghai, China) and rhodamine phalloidin for 15 min at room temperature. Images were 

captured using a Zeiss LSM 710 microscope and analyzed by the CLSM image browser.

2.6 RNA Isolation and RT-PCR

Total RNAs were extracted using the TRIzol reagent (Invitrogen). The reverse transcription 

reactions were performed by the PrimeScript RT reagent kit (Clontech, Mountain View, 

CA). The SYBR Premix Ex Taq kit (Clontech) was applied for Real-time PCR reactions 

using cDNA as the template. The sequences of primers used in this study are listed in Table 

1. The reaction included initial denaturation at 95 °C for 5 min; 40 cycles at 95 °C for 10 s, 

60 °C for 31 s (ABI 7300 Real-time PCR System). The values of target gene expression 

were normalized to GAPDH and the relative expression levels were calculated by the 2-ΔΔCt 

method.

2.7 Alkaline Phosphatase (ALP) Assays

MC3T3 cells were collected by subjecting the scaffolds to centrifugation at 1000 rpm for 5 

min. The cells were lysed with RIPA buffer. Cell lysates were homogenized and centrifuged 

to remove insoluble material at full speed for 3 minutes, and the supernatants were collected 

for ALP testing. The ALP activity was determined using the Alkaline Phosphatase Assay kit 

(Beyotime), and the OD values were measured via a microplate reader (Multiskan MK3, 
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Thermo Scientific, Shanghai) at 405nm. ALP activity was normalized to the total protein 

content.

2.8 Western Blot

Total protein was extracted from collected cells with RIPA buffer. The Bradford method was 

used to assess the protein concentration. Western blot analysis was performed as described 

previously.4 Anti-BMP2 (ab14933), anti-Runx2 (ab23981) and anti-rabbit IgG (ab6721) 

antibodies were obtained from Abcam. GAPDH (ab8245) was used as an internal control. 

The results were analyzed by the ImageJ (NIH, Bethesda, USA) and GraphPad Prime 5.0 

software.

2.9 Antibacterial Tests

2.9.1 Bacterial inoculation—An agar diffusion test was conducted in independent 

triplicates with Staphylococcus aureus (S. aureus) inoculated in LB agar and Streptococcus 
mutans (S. mutans) inoculated in Brian Heart Infusion agar, respectively. 6mm-diameter 

scaffolds were punched and gently placed with sample distance from each other on the 

surface of the 15 mL nutrient agars containing 1 mL of bacterial suspension in 0.9% NaCl 

(104 CFU/ml) by the plate pouring method. The diameter of the inhibition zone (DIZ) 

around the scaffolds after 24h incubation at 37 °C was measured to reflect the antibacterial 

activity of each scaffold.

2.9.2 Bacterial attachment and bacterial fluorescence on scaffolds—S. aureus 
and S. mutans were used to estimate the bacterial attachment on the scaffolds. Scaffolds 

were cultured with 1 ml bacterial suspension in 48-well plates at 37 °C for 24 h and then 

dehydrated with a series of ethanol solutions (30, 50, 70, 90, and 100%), and finally 

evaporated to constant weight at room temperature under vacuum. Surface topography and 

antibacterial ability of the scaffolds was observed by FESEM. For bacterial fluorescence, 

each scaffold was incubated with 1 ml bacterial suspension in a 48-well plate for 24 h at 37 

°C, washed 3 times with PBS, fixed with 3.7% paraformaldehyde for 30 min, permeabilized 

with 0.25% Triton X-100/PBS for 5 min, and finally stained with DAPI for 10 min in the 

dark at room temperature. Bacterial fluorescence was captured by CLSM.

2.10 In vivo evaluation of tissue regeneration effect

2.10.1 Subcutaneous implantation—A total of 5 male C57BL/j mice at age of eight 

weeks were obtained from Charles River Laboratory (Huston, TX) and bred at Texas A&M 

Colleg of Dentistry in strick accordance with the recommendations on the Guide for Care 

and Use of Laboratory Animals of the National Institution of Health. PP-pDA-Ag-COL and 

three control scaffolds (5mm in diameter) were implanted into the back of these mice below 

the subcutis. The mice were sacrificed 10 days after implantation and the implants were 

dissected and prepared for histological examination.

2.10.2 Mouse periodontitis model and GTR treatment—This model relies on 

eight-week-old male and female C57BL/j mice (Charles River). To induce periodontitis, 

sutures (5–0 silk sutures) were placed around left maxillary second molars 26. A total of 20 

mice (n=5) were divided into three GTR groups (periodontitis/GTR-PP-pDA-Ag-COL, 
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periodontitis/GTR-PP-pDA-Ag and periodontitis/GTR-PP) as well as defect control 

(periodontitis/no GTR). To mimic a clinical situation and to readily access periodontitis-

related bone defects, mice were subjected to gingival flap surgery. For flap surgery, incisions 

were placed from the mesial surface of the first molar to the distal surface of the third molar 

on the left maxilla. Full-thickness flaps were then elevated and PP-pDA-Ag-COL and 

control scaffolds were applied to the surface of the exposed alveolar bone. The flaps were 

then repositioned and sutured in place.

2.10.3 Tissue Processing and histological Staining—Implants or maxillae were 

dissected, fixed and demineralized. The demineralized samples were embedded in paraffin 

and then sectioned. For hematoxylin and eosin (H&E) staining, deparaffinized and 

rehydrated sections were dipped in hematoxylin for 3 min and in eosin for 1 min, then 

dehydrated in an ascending ethanol series and cleared in xylene. For Mallory’s Trichrome 

staining, sections were stained using Mallory’s Trichrome staining kit (American MaterTech 

Sicentific, St Lodi, CA) according to the manufacturer’s instructions.

2.10.4 μCT analysis—To evaluate the effect of scaffolds on new bone formation and 

bone remodeling, μCT images from left maxillae after 6-week GTR were captured and bone 

volume and mineral density were analyzed using a Scanco 40 μCT apparatus (Scanco 

Medical, Wayne, PA). Alveolar bone loss was calculated as the area (mm2) bordered by the 

cemento-enamel junction, the crest of alveolar bone, and the mesial and distal line angles on 

the buccal and lingual sides of maxillary molars26.(Figure S1) The samples were then 

processed for paraffin section and staining.

2.11 Statistical Analysis.

SPSS ver22 (SPSS, Chicago, IL, U.S.A.) was used for data analyses. All experimental data 

were shown as mean ± standard deviation (Mean ± SD). One-way analysis of variance and 

the least significant difference test were performed at p = 0.05 after the normality was tested. 

All quantitative data were represented by the mean of at least three independent 

experiments.

3. RESULTS AND DISCUSSION

3.1 Surface topography of the PP-pDA-Ag-COL and control scaffolds

SEM analysis demonstrated that all four electrospun scaffolds featured highly-

interconnected porosity and randomly-oriented filamentous 3D architecture with clearly 

distinguished inter-fiber spaces (Figures. 2Aa–Dd). The average nanofiber diameter in the 

PP scaffold was 427±149 nm. This scaffold consisted of a smooth surface with high 

interconnected porosity. The nanofiber diameter in the PP-pDA scaffold was 484±263 nm, 

and the fiber surfaces were relatively rough following pDA coating. PP-pDA-Ag and PP-

pDA-Ag-COL scaffold contained nanofibers with a diameter of 492±207 nm and 477±186 

nm, respectively. The elemental composition of the scaffolds was determined by EDS 

(Figure 2As–Ds, E). In comparison with PP-pDA-Ag, the silver atomic ratio of PP-pDA-Ag-

COL decreased from 0.11% to 0.02% while the C/O ratio increased slightly, signifying the 

successful immobilization of collagen I onto the PP-pDA-Ag surface. However, nitrogen 
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content in these scaffolds was below detection threshold, indicating a low collagen content 

originating from the scaffold coating.

Electrospinning produces nanofibrous scaffolds with an assembly pattern similar to the 

native extracellular matrix (ECM) including 3D inter-fiber spaces that will accommodate 

cells. Surface modifications enhance the functionalities of electrospun scaffolds while 

largely maintaining the original 3D scaffolding framework27. In the present study, we 

generated an original PP scaffold as a baseline control and then modified the PP scaffolds 

with pDA only, pDA plus AgNPs or pDA plus AgNPs and type I Collagen. These 

modifications slightly increased the diameter and roughness of the scaffold fibers (Figure 2). 

However, the modified scaffolds maintained the randomly orientated fibrous structure 

mimicking ECM architecture. In addition, all four electrospun scaffolds featured a pore size 

and porosity that enables adequate flow of nutrients and oxygen and is essential for 

successful hard-tissue regeneration27. When these sacffolds were subjected to the 

degradation test28 up to 4 weeks, the mass drop-off of PP, PP-pDA, PP-pDA-Ag and PP-

pDA-Ag-COL was 3.5%, 7.8%, 15.5% and 8.5% respectively (Figure S2). This result is 

consistent with the report from Ott and colleagues that co-spun PLGA/PCL scaffolds 

retained their unique co-spun fiber morphology after 6 weeks of sample degradation, and 

only regained a normal fibrous morphology at week 12.28

3.2 Physicochemical properties of the PP-pDA-Ag-COL and control scaffolds

Infrared spectra of PP, PP-pDA, PP-pDA-Ag and PP-pDA-Ag-COL (Figure 3A) revealed 

characteristic patterns of PLGA scaffolds, including free-bonded ester group peaks at 1757 

and 1727 cm−1 attributed to PLGA 29 and the conjugated C=O group in PCL respectively. 30 

There were also amide and hydroxyl peaks at 3000 and 3400 cm−1 in PP-pDA, indicative of 

the presence of a pDA layer in PLGA/PCL (PP). 31 The IR spectra did not reveal any 

significant difference between the functional groups of PP-pDA-Ag and PP-pDA. We 

assigned the peaks at 1630 and 1552 cm−1 in the PP-pDA-Ag-COL spectra as the N-H2 and 

N-H amide I groups, respectively. 32 The broad peaks at 3381 cm−1 were related to the 

hydroxyl and amide groups in COL I, suggesting successful coating of COL I onto the 

scaffolds.

Mechanical strength of the biodegraded nanofibers plays an important role in mimicking 

natural materials. As shown in Figure 3B, the mean Young’s modulus values of the synthetic 

PP, PP-pDA, PP-pDA-Ag and PP-pDA-Ag-COL were 48.7±16.2, 56.3±25.5, 18.6±3.5 and 

30.5±12.6 MPa while the fracture stress values of PP, PP-pDA, PP-pDA-Ag and PP-pDA-

Ag-COL were 2.2±0.7, 1.5±0.7, 2.2±1.1 and 1.3±0.1 MPa, respectively. The mechanical 

properties of the PP-pDA-Ag-COL scaffold were similar with that of the PP scaffold and in 

the same range as the electrospun PLGA/PCL membranes developed by Chou et al33. In 

contrast, the PP-pDA scaffold had higher elastic modulus but lower fracture stress while the 

PP-pDA-Ag scaffold had lower elastic modulus but higher fracture stress when compared to 

the PP scaffold. These results indicate that PP-pDA-Ag-COL maintained the elasticity 

modulus and fracture stress after surface modification.

The water contact angle was tested to determine the hydrophilic properties of our scaffolds 

(Figure 3C). The contact angles of PP, PP-pDA, PP-pDA-Ag and PP-pDA-Ag-COL were 
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126.6±9.2°, 81.7±6.9°, 104.6±5.7° and 30.2±6.2°, respectively. The pDA coating rendered 

the PP-pDA surface more hydrophilic by decreasing the contact angle.34 The load of AgNPs 

on the surface of the scaffolds through pDA coating created a rough surface and increased 

the water contact angle.35 However, after type I collagen coating, the contact angle of PP-

pDA-Ag-COL dropped significantly to 30.2±6.2° and the hydrophilic properties of the PP-

pDA-Ag-COL were improved compared to the three control scaffolds. These results 

demonstrated that the modification of electrospun PP scaffolds with silver in situ reduction 

by pDA coating and type I collagen incorporation increased its hydrophilic properties and 

provides a better physiological environment for cell growth .36

3.3 Silver ion release from two silver-modified scaffolds

The accumulated release of silver ions from the PP-pDA-Ag and PP-pDA-Ag-COL scaffolds 

in PBS (pH = 7.4) over a period of 21 days is shown in Figure 4. The cumulative 

concentration of silver ions controlled-released from the two Ag-modified scaffolds 

gradually increased over 16 days and was steady thereafter from day 16 to day 21. The 

release rate of PP-pDA-Ag-COL was slower than that of PP-pDA-Ag, which is probably due 

to the coverage of COL I on the surface of the scaffold. The release of silver ions depends on 

the oxidation of AgNPs and the hydrolysis of silver oxide (AgO). The collagen layer 

effectively prevented the direct contact between the AgNPs with air-saturated aqueous 

solutions, so that only limited amounts of oxygen (O2) and hydrogen ions (H+) reacted with 

the AgNPs, resulting in a slower Ag+ release rate.37 The accumulated silver ion 

concentration was about 0.05535μg/ml (0.513 μmol/l) at day 14 and 0.0581μg/ml (0.539 

μmol/l) at day 21, which is in the range of non-cytotoxic and effective antibacterial effects 

(0.25-1μmol/l or 2.5×10 −7M- 10 −6M) .38 This result supports the applicability of 

PLGA/PCL electrospun scaffolds as local-delivery systems releasing silver ions steadily and 

effectively to the target area without toxicity to living tissues.

3.4 The effects of the scaffolds on MC3T3 cellular functions

3.4.1 Cell proliferation—MC3TC cells were cultured with four scaffolds to investigate 

the effect of our scaffolds on the cell proliferation. Cell proliferative capability was 

evaluated based on CCK-8 assays. To determine an optimal silver ion concentration for 

impregnation of the PP-pDA-Ag scaffold, PP-pDA scaffolds were immersed in AgNO3 

solution with different concentrations of 1×10 −3M, 5×10 −4M, 1×10 −4M and 5×10 −5M. As 

illustrated in Figure 5A, MC3T3 cells cultured on PP-pDA-Ag generated from a 1×10 −4M 

AgNO3 solution had the highest cell viability and proliferation rate at 1, 3, 5 and 7 days of 

culture when compared to controls. Therefore, 1×10 −4M AgNO3 solution was applied in 

subsequent studies. As shown in Figure 5B, MC3T3 cells cultured on PP-pDA-Ag (1×10 
−4M) and PP-pDA-Ag-COL (1×10 −4M) were associated with increasing proliferation rates 

after 1, 3, 5 and 7 days of the culture, and the PP-pDA-Ag-COL scaffold was associated 

with the highest proliferation rates (Figure 5B), suggesting that PP-pDA-Ag-COL enhanced 

cell proliferation after immobilization of a proper amount of AgNPs and COL I.

The proliferation rate of MC3T3 cells cultured on the two silver-modified scaffolds was 

significantly higher at day 1 and day 3, probably due to the low concentration of Ag+ 

controlled-release. Although previous studies have documented that the effects of AgNPs are 
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time-dependent and dose-dependent on cytotoxicity and cell proliferation,19 low 

concentrations of Ag+ are capable of promoting MC cell proliferation.39 MC3T3 cells 

cultured on the PP-pDA-Ag-COL scaffold exhibited the greatest increase in proliferation at 

all time-points tested in the present study. This result was confirmed by the live/dead calcein 

staining of MC3T3 cells using the Live-Dead Cytotoxicity Kit (Figure 6). There were 

268±19/field (PP-pDA-Ag-COL), 156±14/field (PP-pDA-Ag), 92±2/field (PP-pDA) and 

85±6/field (PP) cells were stained with green fluorescence while only 15±1/field (PP-pDA-

Ag-COL), 27±2/field (PP-pDA-Ag), 19±2/field (PP-pDA) and 12±1/field (PP) cells were 

stained in red fluorescence in each field, indicating their good cytocompatibility. The data 

from our studies further confirm that immobilization of ECM proteins such as type I 

collagen, 40 and fibronectin41 facilitates the interaction between the cells and material 

surfaces by modulating cell adhesion and proliferation. In addition, changes in surface 

topography and chemistry by collagen coating are known to affect cell proliferation as well 

(Figure 5B) 42.

3.4.2 Cell morphology and attachment—We used a FESEM to understand how our 

PP-pDA-Ag-COL and control scaffolds affected the interaction between MC3T3 cells and 

their environment, including cell morphology, cell attachment and spreading. Figure 7A 

illustrated that cells spread along the randomly-oriented nanofibers and extended filopodia in 

the same directions as the nanofiber orientations. The 3D-porous structure of all four 

scaffolds provided suitable microenvironments to accommodate MC3T3 cells, indicative of 

the well-designed structure of these 3D electrospun scaffolds for cell inhabitation and their 

ability to create a favorable microenvironment for cell recruitment. There were more cells 

attached on the PP-pDA-Ag-COL scaffold when compared to the other scaffolds. In 

opposite to cells on control scaffolds, cells on the PP-pDA-Ag-COL scaffold displayed 

elongated shapes and were detected in the interfiber spaces (Figure 7A), suggesting that PP-

pDA-Ag-COL enhanced MC3T3 cells attachment and spreading.

The effect of our scaffold surfaces on MC3T3 cell cytoskeletal morphology after 12h and 

24h culture was revealed using fluorescence microscopy (Figure 7B). Confocal micrographs 

provided evidence for the 3D distribution of MC3T3 cells, cell attachment and scaffold 

infiltration for all four electrospun scaffolds. Confocal images demonstrated that the cells 

have exquisite actin fibers and filopodia extended three-dimensionally along the invisible 

randomly-oriented nanofibers in multiple directions. After 12 hours, MC3T3 cells cultured 

on the PP-pDA and PP-pDA-Ag scaffolds spread slightly better than on the PP scaffold, and 

MC3T3 cells exhibited the widest range of spreading on our PP-pDA-Ag-COL scaffold. 

After 24h culture, cell spreading was improved on all scaffolds compared to cell spreading 

after 12 h culture (Figure 7B). After 12h and 24h culture, the actin cytoskeleton of MC3T3 

cells attached to the PP-pDA-Ag-COL scaffold spread and stretched further than cells on the 

other three scaffolds. This finding is consistent with our SEM results, further confirming that 

PP-pDA-Ag-COL scaffolds promoted cell attachment and spreading.

3.4.3 The effects of the scaffolds on integrin expression in MC3T3 cells—The 

interaction between cells and microenvironment, either from the ECM or from implanted 

biomaterials is modulated by integrin cell surface receptors.43 Integrins are composed of an 
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α chain and a β chain, and interact with the extracellular matrix through the RGD domain or 

the DGEA (Asp-Gly-Glu-Ala) sequence of ECM proteins. In this study, MC3T3 cells were 

cultured on the PP-pDA-Ag-COL and control scaffolds for 12, 24 and 48 hours, and the 

expression of α1, α2, α5, α10, α11 and β1 integrin was analyzed using real time RT-PCR 

analysis (Figure 8). After 12 hours of culture, the expression of all six integrins was 

significantly upregulated in the PP-pDA, PP-pDA-Ag and PP-pDA-Ag-COL groups 

compared to the PP group (p < 0.05). The expression levels of integrin α1, α2, α10, α11 

and β1 were generally higher than that of α5 at three time points, except for the expression 

of integrin α2 after 24 hours. Supporting our materials design approach, the PP-pDA-Ag-

COL scaffold promoted consistently higher integrin α11 and β1 expression levels after 12, 

24 and 48 hours culture (Figure 8), indicative of the impact of collagen incorporation into 

the scaffold on integrin expression in MC3T3 cells.

Upregulation of integrin β1 expression at the protein level in MC3T3 cells cultured on PP-

pDA, PP-pDA-Ag and PP-pDA-Ag-COL scaffolds was further confirmed using 

immunofluorescence (Figure 9). Confocal microscopy images demonstrated all three 

dopamine modified scaffolds enhanced integrin β1 expression. Especially, PP-pDA-Ag-COL 

promoted highest β1 integrin expression levels in MC3T3 cells after 24h culture on the 

scaffold when compared to the control scaffolds (Figure 9).

Integrins α1, α2, α5, α10, α11 and β1 participate in cell adhesion and cell-surface mediated 

signaling. Integrins α1, α2, α10 and α11 dimerize with β1 integrin individually to form 

collagen receptors α1β1, α2β1, α10β1 and α11β1, while integrin α5 joins β1 integrin to 

form the fibronectin receptor α5β1.44 Previous studies have confirmed that polydopamine 

promotes cell adherence, proliferation, and differentiation of osteoblasts on pDA-coated 

substrates45–46 and that dopamine activates integrin function through its receptors.42 Here 

we first demonstrated that polydopamine coating on the scaffold surface increased the 

expression of collagen receptors α1β1, α2β1, α10β1 and α11β1 and of fibronectin receptor 

α5β1. The upregulation of α1, α2, α10 and α11 expression was more pronounced than that 

of α5, indicating that pDA-coated PP scaffolds promoted the interactions between MC3T3 

cells and collagens. Second, incorporation of type 1 collagen into polydopamine-coated 

scaffold resulted in further higher expression of α1, α2, α10, α11 and β1 integrins almost at 

all three time points. These findings may be explained by the preferred binding activity of 

type I collagen to the collagen receptor α11β1, 47–48 and affecting other collagen receptor 

activities. Third, the effect of polydopamine on integrin expression was slightly reduced by 

the incorporation of Ag into the scaffolds after 24 hours’ cell culture, indicating that binding 

of Ag to polydopamine may affect the bio-adhesive function of polydopamine. However, the 

influence of Ag on polydopamine function was decreased after release of Ag from the 

scaffolds after 48h culture. The gene expression of α1, α2, α10, α11 and β1 in the PP-pDA-

Ag group were again up-regulated (p < 0.01). Only the expression of integrin α5 in the PP-

pDA-Ag group was lower than that in PP-pDA group after 48h culture, indicating that the 

interaction between silver and pDA-coating can lead to less expression of integrin α5, 

although Cao et al. reported that AgNPs immobilized on titanium could motivate integrin α5 

and augment cell adhesion.49
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3.4.4 Cell differentiation—Alkaline phosphatase (ALP) activity is one of the markers 

for early osteoblastic differentiation and mineralization.50 Here we have tested the ALP 

activity of MC3T3 cells cultured on our four scaffolds. Our data revealed that the ALP 

activity of MC3T3 cells cultured on PP-pDA, PP-pDA-Ag and PP-pDA-Ag-COL increased 

over time and was higher when compared to MC3T3 cells cultured on the PP scaffold (p < 

0.05) (Figure 10A and B), indicating that the functionalized scaffolds accelerated osteogenic 

differentiation of MC3T3 cells. In addition, PP-pDA-Ag-COL significantly enhanced 

MC3T3 cell differentiation 7 or 14days after induction when compare with the other three 

scaffolds.

The osteogenic differentiation of mesenchymal stem cells is regulated by growth factors 

such as BMP2 and transcription factors such as RUNX2. 51–52 In this study, Western blot 

analysis revealed that BMP2 and RUNX2 expression levels were significantly upregulated in 

MC3T3 cultured on PP-pDA, PP-pDA-Ag and PP-pDA-Ag-COL at day 7 and day 14, when 

compared to PP as shown in Figure 10C–F. The effect on BMP2 and RUNX2 expression 

levels was in the order of PP< PP-pDA< PP-pDA-Ag< PP-pDA-Ag-COL (p < 0.05), 

suggesting that surface modifications on PLGA/PCL scaffold by pDA assisted AgNPs and 

collagen I incorporation enhanced MC3T3 cell differentiation. PP-pDA-Ag-COL displayed 

the highest expression levels of BMP2 and RUNX2, probably owing to the synergistic 

effects of immobilizing AgNPs and collagen I onto PLGA/PCL electrospun scaffolds by 

pDA-coating.

Previous studies have indicated that different sizes and concentrations of AgNPs may have 

distinct effects on stem cell differentiation53. Specifically, AgNPs increase the reactive 

surface area and simultaneously release silver ions at low concentrations. When human 

mesenchymal stem cells were cultured with AgNPs under osteogenic lineage induction 

conditions, low concentrations of AgNPs (≤ 0.25μg/ml final Ag+ concentration) increased 

osteogenic differentiation without toxicity to cells.54 AgNPs also accelerated proliferation 

and differentiation, and significantly enhanced the differentiation and mineralization of 

MC3T3 cells .49, 55 In our study, the steady silver ion release rate of PP-pDA-Ag-COL 

within 21days was 0.0581μg/ml, which appeared to significantly promote MC3T3 cell 

differentiation. AgNPs were also found to stimulate osteogenesis by activating the integrin 

α5 orchestrated MAPK/ERK signal cascade in rat bone marrow stem cells. 56 This finding is 

consistent with the upregulation of integrin α5 expression in MC3T3 cells cultured on the 

polydopamine modified PP-pDa, PP-pDA-Ag and PP-pDA-Ag-COL scaffolds in this study. 

In addition to the upregulation of integrin α5 expression, these scaffolds significantly 

increased the expression of collagen receptors in MC3T3 cells (Figure 9 and 10). Scaffold 

coating with the principal ECM protein collagen facilitated MSC differentiation into 

mesenchymal cell lineages including osteoblasts, chondrocytes, and cardiomyocytes 57–61 

Here we have demonstrated that the PP-pDA-Ag-COL scaffold enhanced ALP activity and 

increased BMP2 and RUNX2 expression. BMP2 potently induces osteoblast 

differentiation62 and RUNX2 is a key transcription factor associated with osteoblast 

differentiation and controls osteoblast phenotype differentiation and functions.63 Both 

BMP2 and RUNX2 are bone specific markers and used in this study to assess the level of 

osteogenic differentiation of MC3T3 cells cultured on the scaffolds. Our results 
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demonstrated that immobilized AgNPs and collagen coating by polydopamine promoted 

MC3T3 cell adhesion, proliferation and osteogenic differentiation, matching earlier studies.
64

3.5 Antibacterial properties

Prevention of infection is an important attribute for the clinical application of scaffolds in the 

complex environment of the oral cavity because of the high concentration of bacteria in 

saliva and on the mucosal surfaces. In the present study we impregnated our PLGA/PCL 

scaffold with AgNPs to improve its antimicrobial properties for potential clinical 

applications. In Figures 11A and B, two AgNPs-modified scaffolds PP-pDA-Ag and PP-

pDA-Ag-COL displayed a significantly wider antibacterial zone than the control PP-pDA 

after 24h inoculation against S. aureus and S. mutans (Table S1). PP-pDA-Ag exhibited 

13.52±0.1mm DIZ against S. aureus and 9.06±0.3mm DIZ against S. mutans while PP-pDA-

Ag-COL displayed 12.51±0.1mm DIZ against S. aureus and 7.52±0.1mm DIZ against S. 
mutans, suggesting that the antibacterial ability of PP-pDA-Ag was slightly stronger than 

that of PP-pDA-Ag-COL. While less effective in terms of immediate Ag+ release, we 

anticipate that the COL I layer will contribute to the long-term controlled-release of Ag+. 

The PP-pDA-Ag and PP-pDA-Ag-COL scaffolds inhibited bacterial growth after 24h 

incubation with S. aureus and S. mutans and the morphology and distribution of the bacteria 

on the scaffolds was analyzed by SEM and CLSM. As demonstrated in Figure 11C and D, S. 
aureus and S. mutans were distributed at high density on the PP and PP-pDA scaffolds in 

SEM images while there were relatively few bacteria on the PP-pDA-Ag and PP-pDA-Ag-

COL scaffolds. These results are consistent with the CLSM images (Figure 11E and F). 

There were much less bacteria stained by DAPI on the PP-pDA-Ag and PP-pDA-Ag-COL 

scaffolds than on the PP and PP-pDA scaffolds. Summarizing the result from the 

microbiological studies, PP-pDA-Ag and PP-pDA-Ag-COL significantly inhibited S. mutans 
and S. aureus through the controlled release of silver ions from AgNPs.

Silver nanoparticles have broad antibacterial, antiviral, and antifungal properties with a very 

low potential to induce antibacterial resistance.65 The antimicrobial properties of silver 

nanoparticles depend on the release of biologically active silver ions (Ag+). The oxidative 

state of silver is vital to the antibacterial effect of silver. When silver is exposed to aqueous 

media, the adsorbed atomic oxygen on the surface of silver reacts with pairs of sulfhydryl (-

S-H) groups on the surface of bacteria or viruses and replaces the hydrogen atoms. As a 

result, the sulfur atoms form an R-S-S-R bond, which completely blocks respiration and 

electron transfer. The resulting stable –S-Ag group inhibits hydrogen transfer.66 Moreover, 

the reactive oxygen species (ROS) produced by Ag+ invade the bacteria through ion 

channels, which results in oxidative membrane damage and eventually bacterial cell death. 
67–68

Previously it has been assumed that silver is more toxic toward prokaryotic cells than toward 

mammalian cells. However, recent studies have argued that silver ions and nanoparticles in 

bacteria and human cells have a similar toxic effect with concentrations ranging from 0.5 to 

5 ppm for silver ions and 12.5 to 50 ppm for silver nanoparticles.69–70 In the present study, 

we generated AgNPs modified scaffolds prepared with AgNO3 at a concentration of 10−4 M. 
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Controlled-release analysis of silver ions revealed that the accumulated concentration of Ag+ 

ions at day 14 and day 21 was 0.055 and 0.058 g/ml, respectively. Our data indicated that 

this relatively low Ag ion release rate was sufficient to effectively inhibit bacteria growth. In 

addition, MC3T3 cell viability and proliferation was increased and these cells underwent 

osteogenic differentiation after incubation with these scaffolds. Our studies demonstrated 

that Ag+ ions at these concentrations exerted significant effect on the inhibition of bacterial 

growth, and also promoted MC3T3 cell proliferation and differentiation.

3.6 In vivo effect on stem cell recruitment and periodontal regeneration

3.6.1 Subcutaneous implantation—To determine the in vivo application of PP-pDA-

Ag-COL and control scaffolds for stem cell recruitment and growth, the scaffolds were 

implanted subcutaneously. Cell numbers penetrated into four scaffolds were 117±16/field 

(PP-pDA-Ag-COL), 67±3/field (PP-pDA-Ag), 38±19/field (PP-pDA) and 34±15/field (PP), 

respectively. PP-pDA-Ag-COL had significantly more cell infiltration than three control 

scaffolds, suggesting that PP-pDA-Ag-COL had optimal biocompatibility and biomimetic 

capacity to accommodate cell recruitment. However, no differences were found in term of 

the number of cell infiltration and collagen matrix formation between PP and PP-pDA 

(Figure 12), implying that PP and PP-pDA had similar cell response. Furthermore, less 

elastic fibers and more collagen matrix existed in PP-pDA-Ag-COL scaffold (Figure 12). 

This result instructed us to use only PP as GTR control scaffold for the further periodontal 

tissue regeneration in the mouse periodontitis model.

3.6.2 Periodontal tissue regeneration in a mouse periodontitis model—To 

determine whether our novel PP-pDA-Ag-COL displayed any effects on microbial growth 

and/or bone regeneration, scaffolds and controls were implanted as GTR membranes into the 

alveolar bone defects of mice suffering periodontitis for up to 6 weeks. 3D reconstruction of 

μCT images demonstrated that the distances between alveolar bone ridges and the 

cementum-enamel junction (CE junction) of maxillary molars were significantly decreased 

(Figure 13A) in the PP-pDA-Ag-COL group. Alveolar bone loss was reduced by 31.8% in 

the PP-pDA-Ag-COL group, 24.9% in the PP-pDA-Ag group and 15.1% in the PP group 

when compared to the periodontitis control group (Figure 13C), indicating that the PP 

membranes facilitated periodontal tissue regeneration similar to known GTR membranes, 

and this effect was enhanced by the Ag/COL modifications. The bone volume in PP-pDA-

Ag-COL was significantly enhanced compared to the periodontitis control, PP and PP-pDA-

Ag (Figure 13D). However, no significant difference was found in bone mineral density of 

the alveolar bone in periodontitis control, PP, PP-pDA-Ag and PP-pDA-Ag-COL (Figure 

13E).

Guided tissue regeneration of periodontal defects involves infection control as well as 

restoration of alveolar bone loss. It is will-known that the GTR sites are susceptible to 

periodontal bacteria and plaque control is a critical stem in periodontal therapy.71–72 

Meanwhile, recruitment of desired stem cells to repopulate defect sites and regenerate lost 

alveolar bone are equally important for periodontal GTR. In the present study, we generated 

a novel scaffold with both antimicrobial and osteogenic properties. The PP-pDA-Ag-COL 

scaffolds meet the criteria for GTR/GBR procedures. We have demonstrated that the PP-
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pDA-Ag-COL inhibited bacterial growth (Figure 11), provided a microenvironment for stem 

cell recruitment and collagen matrix formation (Figure 12), reduced the distance between the 

cemento-enamel junction and the recessed alveolar bone ridge, and enhanced alveolar bone 

regeneration. Our study confirms that our PP-pDA-Ag-COL scaffolds facilitate periodontal 

tissue regeneration thought antibacterial effects and osteogenic stimuli in the periodontal 

defects.

In summary, the mechanical and chemical properties of 3D electrospun nanofibrous 

scaffolds can be tailored to improve the osteogenic differentiation of stem cells and 

craniofacial bone formation including periodontal tissue regeneration73. In the present study, 

Ag ions were controlled-released from PP-pDA-Ag and PP-pDA-Ag-COL scaffolds and 

exhibited inhibitory functions in infection and inflammation (Figure 11). In addition, 

incorporation of collagen into PP membranes enhanced cell attachment and osteogenic 

differentiation of MC3T3 cells (Figure 7–10). Furthermore, our in vivo results suggested 

that the AgNPs/COL-modified 3D scaffolds provide desired microenvironments for 

periodontal tissue regeneration.

4. Conclusion

In the present study, structural materials design and surface modification technologies were 

combined to engineer a novel scaffold with effective antimicrobial and improved osteogenic 

properties. AgNPs were modified to impregnate PLGA/PCL electrospun scaffolds via silver 

ion in-situ reduction using a mussel-inspired pDA coating technology, which then resulted in 

the steady release of silver ions even after collagen I coating. As a result, our PLGA/PCL 

electrospun scaffolds became a functional matrix that prevented infection and enhanced 

bone mineralization by incorporating AgNPs and collagen I. The benefits of our novel PP-

pDA-Ag-COL I scaffold include reduction of antibiotic load with limited antibiotic 

resistance and improvement of bone regeneration. In conclusion, our novel silver-modified/

collagen-coated electrospun PLGA/PCL scaffold features biocompatible, osteogenic and 

antibacterial properties indicative of its therapeutic potential for craniofacial bone 

regeneration.
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Figure 1. 
Schematic illustration of the preparation procedure of PP-pDA-Ag-COL scaffolds. 

PLGA/PCL scaffolds were prepared by electrospun technology. Ag nanoparticles were in 

site reduced by polydopamine, and then coated by collagen I.
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Figure 2. 
Structure and composition of the PP-pDA-Ag-COL and control scaffolds. (A, a- D, d) SEM 

images of the PP (A, a), PP-pDA (B, b), PP-pDA-Ag (C, c) and PP-pDA-Ag-COL (D, d) 

scaffolds at lower (A, B, C and D) and higher (a, b, c and d) magnification. Note that all four 

scaffolds exhibited unique 3D architectures with interconnected randomly-oriented 

nanofibers and mimicked the arrangement of native extracellular matrices. (As-Ds) EDX 

spectrum of the PP (As), PP-pDA (Bs), PP-pDA-Ag (Cs) and PP-pDA-Ag-COL (Ds) 

scaffolds, and (E) elemental composition of the scaffold surfaces C-Carbon, O-Oxygen, Ag-

Silver.
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Figure 3. 
Physicochemical and mechanical properties of the PP-pDA-Ag-COL and control scaffolds. 

(A). FT-IR spectra of the PP, PP-pDA, PP-pDA-Ag and PP-pDA-Ag-COL scaffolds. (B). 

Mechanical properties of tensile strength and elastic modulus of the PP, PP-pDA, PP-pDA-

Ag and PP-pDA-Ag-COL scaffolds. The elastic modulus (left Y axis) is compared among 

the four scaffolds by column chart while the tensile strength (right Y axis) is compared by 

the line chart. (C). Contact angle of the PP, PP-pDA, PP-pDA-Ag and PP-pDA-Ag-COL 

scaffolds. The images above each column illustrate the actual contact angle when water 

drops onto the scaffolds. Note the significantly lower contact angle of the PP-pDA-Ag-COL 

scaffold, indicative of better hydrophilic properties than the three control scaffolds.
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Figure 4. 
Cumulative Ag+ release from two silver-modified scaffolds, PP-pDA-Ag and PP-pDA-Ag-

COL. Silver ions were accumulatively and steadily released from PP-pDA-Ag and PP-pDA-

Ag-COL and measured at 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20 and 21 days in PBS buffer. Note 

that PP-pDA-Ag and PP-pDA-Ag-COL showed similar release curves while the PP-pDA-

Ag-COL scaffold had slightly slower release rate.
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Figure 5. 
The effect of the PP-pDA-Ag-COL and control scaffolds on cell proliferation. MC3T3 cells 

were seeded onto the PP, PP-pDA and AgNO3 coated PP-pDA-Ag scaffolds at 

concentrations of 5×10−5, 1×10−4, 5×10−4 and 1×10−3M (A), or the cells were cultured on 

the PP, PP-pDA, PP-pDA-Ag (10−4M) and PP-pDA-Ag-COL (10−4M) scaffolds (B) for 1, 3, 

5 and 7 days. Cell viability and proliferation was determined as OD value and compared 

with PP using a CCK-8 kit. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 6. 
Fluorescent images of live/dead staining of MC3T3-E1 on scaffolds after culturing for 3 

days. Scale bar is 500μm. Live cells were stained in green while dead cells were stained in 

red.
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Figure 7. 
Cell morphology and attachment on the PP-pDA-Ag-COL and control scaffolds. MC3T3 

cells were cultured on the PP, PP-pDA, PP-pDA-Ag and PP-pDA-Ag-COL scaffolds for 12h 

or 24h. (A) FESEM images of the scaffolds with cultured cells for 24h. The arrowheads 

point to the attached and spread cells on the scaffolds. (B) Fluorescent staining of 

cytoskeleton after the cells were cultured for 12h and 24h. Note that the MC3T3 cells on the 

PP-pDA-Ag-COL scaffold had higher cell density and were well spread.
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Figure 8. 
Integrins β1, α1, α2, α5, α10, α11 expression in MC3T3 cells cultured on PP, PP-pDA, PP-

pDA-Ag and PP-pDA-Ag-COL scaffolds for 12h, 24h and 48h. The expression of target 

genes was normalized to GAPDH and the relative expression level was calculated by the 

2−ΔΔCt method. * p < 0.05, ** p < 0.01, *** p < 0.001, compare with PP.
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Figure 9. 
Integrin β1 expression in MC3T3 cells cultured on PP-pDA-Ag-COL and control scaffolds. 

MC3T3 cells were cultured on the scaffolds for 24 h and then fluorescently labeled for F-

actin (red) or for integrin β1 via immunofluorescence (green). Note the increased levels of 

integrin β1 on the MC3T3 cells on the PP-pDA-Ag-COL scaffold.
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Figure 10. 
Effects of the PP-pDA-Ag-COL and control scaffolds on osteogenic differentiation of 

MC3T3 cells. Cells were cultured on the scaffolds for 7 (A, C, D) or 14 (B, E, F) days. (A, 

B) ALP activity was determined using an alkaline phosphatase assay kit and normalized to 

the total protein content. The protein expression of BMP2 and RUNX2 for 7 (C, D) and 14 

(E, F) days was determined by Western blotting. The expression levels were calculated by 

densitometry analysis relative to GAPDH. * p < 0.05, ** p < 0.01, *** p < 0.001, compare 

with PP.
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Figure 11. 
Antibacterial properties of the PP-pDA, PP-pDA-Ag and PP-pDA-Ag-COL scaffolds. (A, B) 

Agar diffusion tests. Bacteria S. aureus (A) and S. mutans (B) were inoculated in LB agar 

(A) or Brian Heart Infusion agar (B). The PP (#1), PP-pDA (#2), PP-pDA-Ag (#3) and PP-

pDA-Ag-COL (#4) scaffolds were punched into 6 mm disks and placed on the surface of the 

agars. The plates were incubated for 24 h. The circles point to the diameter of the inhibition 

zone (DIZ). (C-F) Bacterial attachment on the scaffolds. The PP, PP-pDA, PP-pDA-Ag and 

PP-pDA-Ag-COL scaffolds were incubated with S. aureu and S. mutans suspension at 37 °C 
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for 24h and then dehydrated. Surface topography and antibacterial ability of the scaffolds 

was observed by FESEM (C, D). Scar bar= 2 μm. Bacterial fluorescence (E, F) was captured 

by CLSM after the bacteria were stained with DAPI. Scar bar= 20 μm.
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Figure 12. 
Subcutaneous implantation of PP-pDA-Ag-COL and three control scaffolds. (A-D) H&E 

staining. Note that much more cells penetrated into PP-pDA-Ag-COL (D) scaffolds than PP 

(A), PP-pDA (B), PP-pDA-Ag (C) scaffolds, indicating that PP-pDA-Ag-COL had better 

biocompatibility and biomimetic capacity to accommodate cell recruitment. (E-H) Mallory’s 

Trichrome staining. Collagen fibers, reticulum and mucous shades were stained in blue, 

elastic fibers in pink, yellow or unstained, muscle, alpha and beta cells in blue and nuclei in 

red.
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Figure 13. 
Effect of our PP-pDA-Ag-COL scaffold on periodontal status following implantation in a 

periodontitis mouse model. (A) μCT 3D reconstruction of the left maxillary mouse molars 

after 6-week implantation of PP, PP-pDA-Ag and PP-pDA-Ag-COL scaffolds subjected to 

GTR treatment. The blank control is the periodontitis mouse model. (B) H&E staining of the 

regenerated periodontal tissues after 6-week implantation of PP, PP-pDA-Ag and PP-pDA-

Ag-COL scaffolds subjected to GTR treatment. The periodontitis mouse model is the 

control. (C) Alveolar bone loss of the maxillary mouse molars in periodontitis control, PP, 

PP-pDA-Ag and PP-pDA-Ag-COL. (D) The bone volume in periodontitis control, PP, PP-

pDA-Ag and PP-pDA-Ag-COL. (E) Bone mineral density of the alveolar bone in 

periodontitis control, PP, PP-pDA-Ag and PP-pDA-Ag-COL. * p < 0.05, *** p < 0.001 

multiple compare. There was significantly less bone loss in the PP-pDA-Ag-COL scaffold 

group, suggesting that the local release of AgNPs delivered by the novel scaffolds PP-pDA-

Ag-COL via GTR treatments contributed to the alleviation of periodontal inflammation and 

facilitated bone regeneration in a periodontitis mouse model.
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Table 1.

Sequences of Primers Used in the Study.

Gene Forward primer (5′-3′) Reverse primer (5′-3′)

α1 Integrin CTGCTGCCTGTGGACTTTAG CTGGAGCGGTGGAAGAGTAA

α2 Integrin GGGACCTCACAAACACCTTC ACTGCTATGCCGAACCTCAG

α5 Integrin GGGAGTGAGACCTGGCAACT CTGGAGCGGTGGAAGAGTAA

α10 Integrin TTGTGAGAGCAGCAAGGAAC TAGTGACCAAGGACCGCAAT

α11 Integrin AGGATGGGCTTGTGGACCTA GACGGTTGCTGTTTGGAAGT

β1 Integrin ATCCCAATTGTAGCAGGCGTGGTT GACCACAGTTGTCACGGCACTC

gapdh CCTTCCGTGTTCCTACCC CAACCTGGTCCTCAGTGTAG
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