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Introduction
The success of dental implants relies on successful osseointe-
gration, which is governed by the level of direct contact 
between the surface of the implant and the surrounding bone. 
The presence of microbial biofilms is known to initiate or 
accelerate implant failure pathways even in cases where the 
infection was not the primary reason for failure (Raphel et al. 
2016). Aseptic loosening and infection are among the major 
challenges associated with implant failure, representing up to 
18% and 20% of failures, respectively (Raphel et  al. 2016). 
Therefore, modifying the implant surface to improve osseoin-
tegration while preventing microbial accumulation is critical 
for successful outcomes.

Roughening the implant surfaces to increase bone-implant 
interlocking has been introduced as a strategy to promote 
osseointegration (Fouziya et al. 2016). Additionally, the com-
bination of surface modification with physicochemical meth-
ods and incorporation of biomaterials can improve the outcome. 
Using biomaterials to provide prolonged release of bioactive 
agents (e.g., small molecule drugs and protein therapeutics) 
from the implant surface is a promising modality to achieve 
improved outcomes (Meng et al. 2016).

Polydopamine (PDA)–assisted surface modification has 
gained considerable attention over the past few years. In addition 

to its potent bioadhesive properties, PDA can be employed as a 
surface modifier to enhance the interfacial properties of the 
implants (Huang et al. 2016; Hasani-Sadrabadi et al. 2020). PDA 
coating can be modified to produce a multifunctional surface by 
acting as an anchorage point to immobilize antimicrobial agents 
or nucleophilic factors such as peptides (Jia et al. 2019).

Implant surface with microfeatures is known to increase 
bone-implant interaction leading to better osseointegration, 
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Abstract
Osseointegration of dental, craniofacial, and orthopedic implants is critical for their long-term success. Multifunctional surface treatment 
of implants was found to significantly improve cell adhesion and induce osteogenic differentiation of dental-derived stem cells in vitro. 
Moreover, local and sustained release of antibiotics via nanolayers from the surface of implants can present unparalleled therapeutic 
benefits in implant dentistry. Here, we present a layer-by-layer surface treatment of titanium implants capable of incorporating BMP-2–
mimicking short peptides and gentamicin to improve their osseointegration and antibacterial features. Additionally, instead of conventional 
surface treatments, we employed polydopamine coating before layer-by-layer assembly to initiate the formation of the nanolayers on 
rough titanium surfaces. Cytocompatibility analysis demonstrated that modifying the titanium implant surface with layer-by-layer assembly 
did not have adverse effects on cellular viability. The implemented nanoscale coating provided sustained release of osteoinductive peptides 
with an antibacterial drug. The surface-functionalized implants showed successful osteogenic differentiation of periodontal ligament stem 
cells and antimicrobial activity in vitro and increased osseointegration in a rodent animal model 4 wk postsurgery as compared with 
untreated implants. Altogether, our in vitro and in vivo studies suggest that this approach can be extended to other dental and orthopedic 
implants since this surface functionalization showed improved osseointegration and an enhanced success rate.
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while nanofeatures are known to induce osteoblast maturation 
(Mendonça et al. 2009; Gittens et al. 2013). Therefore, com-
bining the micro- and nanofeatures on implant surfaces could 
improve the overall function of the implants (Mendonça et al. 
2010). In this context, a promising approach is to create a 
conformal nanoscale with a layer-by-layer (LbL) assembly 
technique to stack alternating coatings of polyanionic and 
polycationic coatings on metal implants (Yost et  al. 2015). 
Charged therapeutic agents such as antibiotics can be loaded 
within the coating during the formation of the layers and sub-
sequently be released upon dissolution or degradation of the 
layers or by diffusion through the layers (Guzmán et al. 2017). 
LbL nanolayers can be used to encapsulate small molecule 
drugs in substantial amounts (Min et al. 2016). These coatings 
can be formed without harsh processing conditions, which 
could adversely affect the activity of the therapeutic agents.

In this study, we propose a scalable coating platform by 
constructing nanolayers on microroughened titanium (Ti) den-
tal implants to boost the osteogenic and antimicrobial activity 
of the implant simultaneously by sustained delivery of an anti-
biotic and an osteoinductive growth factor. To the best of our 
knowledge, this combination has never been reported specifi-
cally for implant dentistry.

Materials and Methods

Preparation and Characterization  
of Surface-Modified Ti Disks and Implants

Ti disks (20-mm diameter × 1-mm thickness) and commer-
cially pure Ti grade 2 implants were used. Acid-etched Ti discs 

were incubated in dopamine hydrochloride solution for 16 h, 
followed by manually constructing alternating layers of poly-
L-lysine (PLL) and hyaluronan (HA). Refer to the Appendix 
for details on the preparation of acid-etched Ti samples and 
surface modification (Picart et al. 2001; Ueno et al. 2016; Jia 
et al. 2019).

The number of layer pairs in all the experiments was set  
to 20 unless otherwise stated. Nanolayers were crosslinked 
with an aqueous solution of EDC (100 mg·mL−1) and 
N-hydrosulfosuccinimide (20 mg·mL−1). Only HA-ending 
nanolayers were studied due to the intrinsic affinity of stem 
cells to HA via their CD44 receptor (Yang et al. 2010; Kim 
and Kumar 2014). Surface-modified Ti discs were character-
ized by scanning electron microscopy (SEM), atomic force 
microscope, and x-ray photoelectron spectroscopy (XPS), as 
explained in the Appendix. Enzymatic degradation of the lay-
ers is demonstrated in Appendix Figure 1 (Wang et al. 2017).

Therapeutic Peptide and Antibiotic-Loaded 
Nanolayers

Bioactive nanolayers were formed by incorporating bone mor-
phogenetic protein 2 (BMP-2)–mimicking peptide. For more 
information on the BMP-2 short peptide loading and release 
procedures, refer to the Appendix (Cui et  al. 2018). 
Incorporation and release studies were performed on (PLL/
HA)n films constructed in 24-well plates in phosphate-buffered 
saline at 37 °C.

Gentamicin as a model antibiotic drug was mixed with PLL 
(1:1 mass ratio) and used during the LbL coating process. 
Detailed information on gentamicin loading and release 

Figure 1.  Modification of titanium surface with an assembly of bioactive nanolayers. (A) Schematic of polydopamine-coating process that can be 
applied on titanium discs or implants without affecting their microstructures, (B, C) as demonstrated via scanning electron microscopy images. Inserts 
show surfaces with higher magnification. (D) Layer-by-layer deposition of poly-L-lysine and hyaluronic acid polymers in the presence and absence of 
BMP-2–mimicking short peptide.
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procedure are in Appendix (Zarubova et al. 2020). The release 
was evaluated for 3 initial loading levels of 5-, 10-, and 75-µg 
gentamicin per implant.

Viability and Osteogenic Differentiation  
of the Human Periodontal Ligament Stem Cells 
In Vitro

Isolation of periodontal ligament stem cells (PDLSCs) is dis-
cussed in Appendix (Park et  al. 2011; Ansari et  al. 2017). 
Cytocompatibility of the surfaces was studied on modified and 
nonmodified 100-mm tissue culture plates for 1 wk with a 
Viability/Cytotoxicity Kit (Invitrogen). Tissue culture plates 
were modified with the assembly of nanolayers with a similar 
process already utilized to modify the Ti implants, as men-
tioned earlier. The percentage of live cells was quantified by 
ImageJ software (National Institutes of Health).

The cytocompatibility of the antibiotic-loaded layers was 
assessed by incorporating 75-µg/mL gentamicin within the 
layers, the highest concentration used for the antibacterial 
studies. The morphology of the PDLSCs cultured on Ti 
implants was imaged with immunofluorescence staining via 
FITC-Phalloidin and DAPI (Vector Laboratories) as previ-
ously described (Hasani-Sadrabadi et al. 2019).

To examine the osteogenic potential of the modified sur-
faces, PDLSCs were cultured on the modified Ti implants and 
incubated for 4 wk in osteogenic media. Mineralization and 
gene expression procedures are discussed in the Appendix 
(Moshaverinia et al. 2013; Sevari et al. 2020).

Antibacterial Analyses

We tested the antibacterial properties of gentamicin-incorpo-
rated LbL surface-modified Ti implants against 2 bacterial 
strains, Aggregatibacter actinomycetemcomitans and Escherichia 
coli, that often contribute to poor oral health, as discussed in 
the Appendix.

Animal Model

All experimental protocols followed the ARRIVE guidelines 
(Animal Research Reporting of In Vivo Experiments). All 
experiments were performed following protocols approved by 
the Chancellor’s Animal Research Committee at the University 
of California, Los Angeles (2005-175-41G), and the Public 
Health Service Policy for the Humane Care and Use of 
Laboratory Animals. Sixteen male and female Sprague-
Dawley rats were used to study the effect of surface modifica-
tion on the osseointegration of the Ti implants with a 
biomechanical push-in test as reported previously (Ogawa 
et al. 2000).

Statistical Analysis

The Kruskal-Wallis rank sum test, 1-way analysis of variance 
with Holm-Sidak post hoc analysis, and 2-tailed Student’s t test 

were utilized as appropriate to analyze the data at a signifi-
cance of α or P < 0.05. Quantitative data were expressed as 
mean ± SD. Experiments were performed at least in triplicate, 
with 3 independent samples per condition in each experiment. 
To determine the number of specimens for the proposed exper-
iments, a power analysis was conducted on the basis of our 
preliminary data.

Results

Characterization of Surface-Modified Ti 
Implants

Previous studies reported that a rough surface may result in the 
better assembly of the layers on the substrate (Ghiasi et  al. 
2019). Here, we utilized an acid-etching method to roughen the 
surfaces of Ti implants, as visualized with SEM before applying 
the PDA coating and commencing LbL assembly (Fig. 1A–C).

Catechol and quinone groups in PDA coating can react 
with thiol- or amine-containing polymers via Michael-type 
addition or Schiff-base reactions (Yang et al. 2016; Yegappan 
et al. 2019). Here we used PLL as a cationic and amine-con-
taining polymer to initiate the LbL process (Fig. 1D). HA was 
selected as a negatively charged polyelectrolyte to form 
nanolayers. Layers of positively charged PLL alternated with 
anionic HA to form bilayers, which are designated as [PLL / 
HA (BMP-2)]X (X = number of bilayers). Chemical structures 
of lysine, PLL, HA, and PDA are presented in Appendix 
Figure 2.

Surface characterization with SEM is presented in Figure 
2A. Morphologic evaluations with atomic force microscope 
showed that the root mean square roughness, peak-to-valley 
roughness, interirregularity space, and surface area were sig-
nificantly decreased following PDA and LbL coating (Fig. 2B, 
C) and changed the chemical composition of the surface, as 
detected by XPS (Fig. 3A–C). The XPS spectra denoted the 
inclusion of the dopamine and nanolayer elements (carbon, 
nitrogen, and oxygen). The successful deposition of the PDA 
coating was indicated by the appearance of the peaks of nitro-
gen (N 1s peak) at 295 eV and reduction in the atomic percent-
age of the intrinsic substrate peaks of Ti 2p and oxygen (O 1s 
peak; Hasani-Sadrabadi et al. 2019). Less nitrogen and more 
carbon are expected on the surface after LbL coating with PLL 
and HA due to their chemical composition.

The peptide diffusion rate can be controlled by the number 
of the assembled layers and the quality of the LbL assembly, 
since better-assembled layers result in slower peptide release 
(Keeney et al. 2015). Figure 3D demonstrates cumulative pep-
tide release profiles from the Ti surface with 5, 10, and 20 
assembled bilayers.

Functionality of Surface-Modified Ti In Vitro

In the current study, we selected PDLSCs for studying the 
functionality of surface-modified Ti implants in vitro, since 
our group and others have already confirmed their multilineage 
differentiation capabilities (Moshaverinia et  al. 2014; Ansari 



1164	 Journal of Dental Research 100(10) 

Figure 2.  Characterization of surface modified titanium discs. (A) Scanning electron micrographs and (B) 3-dimensional reconstructed surface 
roughness images of unmodified, PDA-coated, and PDA-modified LbL-coated titanium surfaces as investigated by AFM. (C) Quantitative measurement 
of surface roughness parameters of the titanium-based surfaces. Data are presented as mean ± SD. ***P < 0.001. AFM, atomic force microscope; LbL, 
layer by layer; PDA, polydopamine; Ra, average roughness values; Rz, mean peak to valley roughness.

Figure 3.  Surface chemical composition of (A) unmodified, (B) PDA-coated, and (C) PDA-modified LbL-coated titanium surfaces as investigated 
by XPS. (D) Cumulative release of BMP-2–mimicking short peptide from LbL coating on titanium surface for 10 d at 37 °C. Data are presented as 
mean ± SD. (E) Viability and morphology of periodontal ligament stem cells cultured on surface-modified and nonmodified TCPs. (F) Quantification of 
cellular viability. Data are presented as mean ± SD, n = 4. LbL, layer by layer; NS, not significant; PDA, polydopamine; TCP, tissue culture plate; XPS, 
x-ray photoelectron spectroscopy.
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et  al. 2017). Cytocompatibility of the modified surfaces in 
vitro is demonstrated in Figure 3E. It has been reported that 
protein adsorption, as well as the formation of semicovalent 
bonds between thiol or primary amine groups of soluble pro-
teins or cell surface proteins and dopamine residues, can cause 
strong cell adhesion to PDA-containing surfaces and support 
the immobilization of therapeutic agents such as BMP-2 on 
implants (Lee et  al. 2018; Hasani-Sadrabadi et  al. 2019). As 
illustrated in Figure 3E, the LbL/PDA-coated Ti surfaces pro-
vided similar cell adhesion as compared with traditional tissue 
culture plates; however, PDA-coated surfaces showed better 
cell attachment and spreading.

Although results indicated that >80% of the stem cells were 
live in all the experimental groups without significant differ-
ences (P > 0.5), LbL/PDA-coated Ti surfaces demonstrated 
higher viability (Fig. 3F). It was shown that incorporation of 
BMP-2 peptide or gentamicin into the surface via LbL assem-
bly of PLL/HA layers did not adversely affect the viability of 
the cultured cells.

To form an osteoinductive surface on the Ti implants, we 
first coated the implants with PDA and loaded BMP-2–
mimicking peptide in the PLL/HA layers while forming them. 
This offers the potential for excellent clinical outcomes as the 
cells are induced to initiate bone formation on the implant, 
which can lead to improved integration with the host tissue. 
Actin staining demonstrated adhesion and spreading of the 
PDLSCs on the different surfaces (Fig. 4A).

The XO staining demonstrated that the presence of PDA 
could enhance the mineralization of the cultured cells (Fig. 4B, 
C). The mineralization was boosted by the inclusion of the 
BMP-2–mimicking peptide within the LbL assembly.

Morphology of the PDLSCs cultured on the modified Ti sur-
faces was monitored by SEM after incubation for 4 wk. As shown 
in Figure 4D, in addition to the deposition of calcium phosphate 
matrix, cells cultured on the BMP-2 peptide–loaded LbL-
modified Ti surface exhibited an extreme transformation in their 
morphology toward mineralization. These structures are similar 
to those expected from differentiated/mineralized osteoblasts 

Figure 4.  Osteogenesis of the surface modified titanium implants in vitro and in vivo. (A) Immunofluorescent actin staining shows adhesion of 
PDLSCs on modified Ti surfaces as compared with the noncoated sample. Scale bars: 200 µm. (B) XO staining demonstrates improved osteogenesis 
by modifying the Ti surface with LbL assembly. Scale bars: 100 µm. Inserts show higher magnification. Scale bars: 50 µm. (C) Quantitative analyses 
show the percentage of the mineralized area observed with the XO staining. (D) SEM images show the morphology of the PDLSCs cultured on the 
coated and non-coated Ti surfaces. Scale bars: 10 µm. Inserts show higher magnification. Scale bars: 1 µm. (E) Reverse transcription polymerase chain 
reaction analyses evaluate the expression of osteogenic markers Col I and OCN by PDLSCs cultured on Ti implants in RM and DM after 4 wk. Data 
are expressed as mean ± SD. (F) Surgical procedure for placing the Ti implants. (G) Push-in value of the surface-engineered implants after 4 wk of 
implantation (n = 5). The P value is shown on the graph as evaluated by 1-way analysis of variance. DM, differentiation medium; LbL, layer by layer; 
NS, not significant; PDA, polydopamine; PDLSC, periodontal ligament stem cell; RM, regular medium; SEM, scanning electron microscopy; TCP, tissue 
culture plate; Ti, titanium; XO, xylenol orange; XPS, x-ray photoelectron spectroscopy.
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known as osteocytes, which help to form mineralized structures 
during new bone formation. To the best of our knowledge, no 
prior research on biomaterials has reported such a strong osteo-
genic signal to push the cells to reach this stage.

The upregulation of Col I and OCN by the cultured PDLSCs 
was studied to evaluate the osteogenic potential of the modi-
fied surfaces. The results of reverse transcription polymerase 
chain reaction studies revealed that the PDA-coated Ti implants 
could induce osteogenic differentiation of the cultured PDLSCs 
significantly better than the noncoated ones under regular 
medium conditions. However, the Ti implant with the BMP-2 
peptide incorporated into the LbL assembly induced expres-
sion of the relevant genes significantly better than all other 
conditions, including the differentiation medium (Fig. 4E).

Functionality of the Surface-Modified Ti  
Implants In Vivo

To examine the functionality of the modified surfaces to improve 
osteointegration, we studied early-stage bone-implant integra-
tion in rodents as described elsewhere (Aita et al. 2009). Four 
weeks after surgery, femurs containing implants were harvested 
(Fig. 4F) and embedded into auto-polymerizing resin. The 
implant integration with the host bone was evaluated with a 
push-in test. The push-in values were determined by measuring 

the peak of the load-displacement 
curve. The strength of osseointegration 
for the implants with nanolayers deliv-
ering BMP-2 peptide showed a signifi-
cant increase as compared with the 
untreated implants and the implants 
with nanolayers but without loaded 
peptide (Fig. 4G).

Self-assembled Nanolayers 
as an Antibiotic Delivery 
Vehicle

Besides delivering bioactive osteo-
genic factors, our nanolayers can 
simultaneously release antibacterial 
agents to prevent potential bacterial 
infection (Mombelli 2002; Qian 
et  al. 2012). As a proof of concept 
for incorporating this type of agent, 
we studied the release of gentamicin 
over time (Fig. 5A, B).

The antibacterial properties of  
Ti implants with gentamicin-loaded 
surface coating as compared with 
soluble gentamicin are demonstrated 
in Figure 5C and D. Sustained release 
from the nanolayers reduced the 
availability of the drug in the medium 
within 24 h of incubation, which 
resulted in a reduced half-maximal 
effective concentration (EC50) of the 

drug (Fig. 5E). Unmodified surfaces showed no inhibition of 
bacterial growth, underlining that the effects were caused 
solely by the gentamicin.

Discussion and Conclusion
The null hypothesis in this study is that there is no difference 
between the control group and the experimental groups in 
terms of osteointegration and antimicrobial properties. Based 
on our results, the null hypothesis was rejected, as assembling 
the nanolayers on PDA-coated Ti implants increased osteointe-
gration and antimicrobial activity.

Studies have proposed approaches to enhance implant 
osseointegration by developing an osteogenic surface or to pre-
vent infection by incorporating antibiotic molecules or pep-
tides in the surface coating (Smeets et al. 2016; Escobar et al. 
2021). One promising alternative could be the development of 
implants with multifunctional surfaces capable of interacting 
with the host tissue to increase osseointegration while reducing 
bacterial activity (Raphel et al. 2016; Rao et al. 2019). Implant 
surfaces can be modified with bioactive therapeutics such as 
BMP-2 to enhance osteogenic potential; however, high costs 
and complications at high dosages hinder translation into clini-
cal applications. Instead, BMP-2–mimicking short peptides 

Figure 5.  Evaluation of gentamicin release and its antibacterial properties. Release of gentamicin 
encapsulated in layer-by-layer coated titanium surfaces at 3 loading levels: 5 µg (loading level 1), 
10 µg (loading level 2), and 75 µg (loading level 3). Data are presented as mean ± SD (n = 5). Data 
were evaluated and plotted as (A) cumulative and (B) total released amount. Analysis of the ability 
of gentamicin-loaded surfaces to inhibit the growth of (C) Escherichia coli and (D) Aggregatibacter 
actinomycetemcomitans as determined by measurement of absorbance at 600 and 620 nm, respectively. 
(E) Estimated half-maximal effective concentration (EC50) values for free and nanolayer-encapsulated 
gentamicin. **P < 0.01, 1-way analysis of variance.
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can be used to exert a similar therapeutic effect at lower 
concentrations.

Here, to respond to the growing demand for alternative 
therapeutic solutions, we developed an easily processable and 
scalable platform to produce multifunctional surfaces by 
employing a nanoscopic LbL surface treatment on PDA-coated 
Ti discs capable of incorporating BMP-2–mimicking short 
peptide and gentamicin to simultaneously improve osseointe-
gration and antibacterial activities. Employing PDA as an 
interfacial coating synergistically boosts the osteogenic poten-
tial of the immobilized BMP-2 (Lee et al. 2018).

The presence of PDA can enhance surface mineralization 
and provide a better substrate for surface modification (Jia 
et al. 2019). Here, we have used dopamine as a precursor to 
develop PDA coating. Although the PDA layer is initially bur-
ied under HA/PLL layers, the ultimate host tissue integration 
with Ti implants will happen through the PDA layer as these 
nanolayers are all biodegradable. As reported here, therapeutics- 
loaded HA/PLL can accelerate early-stage osteointegration 
while a supportive PDA layer will provide long-term integrity 
with the implant.

We utilized a BMP-2–mimicking short peptide, which dem-
onstrates similar effects to those of BMP-2 at a lower concen-
tration (10- to 100-fold less), while it can be produced on a large 
scale at a lower price. The BMP-2–mimicking peptide was 
mixed with HA polymer and entrapped in the LbL structure.

Entrapment of gentamicin, a cationic drug with a physio-
logic charge of 5, in LbL-assembled layers of chitosan and 
alginate was reported recently (He et  al. 2020). We investi-
gated the incorporation of a positively charged antibiotic 
within the LbL assembly. Gentamicin was chosen for its well-
known clinical benefits as an antibiotic agent when coencapsu-
lated into the nanolayer coating on Ti implants (Sandros et al. 
1994). Since gentamicin strongly interacts with HA, prolonged 
release can be achieved even in the case of this small molecule 
drug. The bond strength between the layers can affect their 
quality and slow the release of loaded therapeutic agents. 
Another effective means by which the release profile can be 
tuned is by increasing the number of layers (PLL/HA) as 
shown in the in vitro release studies: the higher the number of 
layers, the slower the drug release.

We recently developed PDA-coated polymeric nanofibrous 
scaffolds that promote osteogenesis of stem cells, enhance 
mineralization, and induce bone formation in vitro and in vivo 
(Hasani-Sadrabadi et al. 2019). Here, we enhanced the osteo-
genic potential of the surface by incorporation of BMP-2–
mimicking peptide as confirmed by our in vitro and in vivo 
studies.

Altogether, the promising findings of the current in vitro 
and in vivo studies could form the basis for unraveling the 
capacity of this novel coating method to simultaneously incor-
porate multiple therapeutic reagents such as growth factors and 
antibiotics to improve the overall function of implants with an 
easily processable and scalable manner.

To test the efficacy of the nanolayers in incorporating and 
releasing antibiotics, we tested gentamicin as a model drug; 

however, future studies need to include a range of antibiotics 
to ensure the capability of this LbL assembly as a universal 
platform for drug delivery. Additionally, as a proof of 
concept, A. actinomycetemcomitans and E. coli bacteria 
were utilized to confirm the antimicrobial activity of this 
antibiotic-incorporated surface-modified Ti implant as the 
initial building blocks for upcoming studies, which requires 
investigating more relevant bacterial strains in a clinically 
relevant disease model such as peri-implantitis. Local and 
sustained presentation of antibiotics via nanolayers on the sur-
face of implants can present unparalleled therapeutic benefits 
in implant dentistry. Such an outcome cannot be achieved by 
the administration of free antibiotics around the implant or 
systemically.

Finally, in the current study, we did not observe the com-
bined effect of the BMP-2 and gentamicin, and it needs to be 
observed in future studies. However, based on the previously 
published studies, it is unlikely to see any inactivation or inter-
ference of the ultimate functions of the gentamicin and BMP-2 
when incorporated in the PDA-coated Ti implant (Lee et  al. 
2012). Upcoming studies will detail the clinical applicability, 
safety, and efficacy of this approach for implant dentistry.
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