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A B S T R A C T   

Gold nanoparticles (AuNPs) with surface-anchored molecules present tremendous potential in tissue regenera-
tion. However, little is known about chiral-modified AuNPs. In this study, we successfully prepared L/D-cysteine- 
anchored AuNPs (L/D-Cys-AuNPs) and studied the effects of chiral-modified AuNPs on osteogenic differentiation 
and autophagy of human periodontal ligament cells (hPDLCs) and periodontal tissue regeneration. In vitro, more 
L-Cys-AuNPs than D-Cys-AuNPs tend to internalize in hPDLCs. L-Cys-AuNPs also significantly increased the 
expression of alkaline phosphatase, collagen type 1, osteocalcin, runt-related transcription factor 2, and 
microtubule-associated protein light chain 3 II and decreased the expression of sequestosome 1 in hPDLCs 
compared to the expression levels in the hPDLCs treated by D-Cys-AuNPs. In vivo tests in a rat periodontal-defect 
model showed that L-Cys-AuNPs had the greatest effect on periodontal-tissue regeneration. The activation of 
autophagy in L-Cys-AuNP-treated hPDLCs may be responsible for the cell differentiation and tissue regeneration. 
Therefore, compared to D-Cys-AuNPs, L-Cys-AuNPs show a better performance in cellular internalization, 
regulation of autophagy, cell osteogenic differentiation, and periodontal tissue regeneration. This demonstrates 
the immense potential of L-Cys-AuNPs for periodontal regeneration and provides a new insight into chirally 
modified bioactive nanomaterials.   

1. Introduction 

Periodontitis is not only a major cause of tooth loss in adults [1] but 
also causes systemic inflammatory burden and other systemic disorders 
[2]. Human periodontal ligament cells (hPDLCs) are thought to be 
multipotent and a potential applicable cell source for successful regen-
eration of periodontal tissue [3]. In addition, hPDLCs are heterogeneous 
cell populations with cell differentiation capacity that need to be 

functionally regulated in periodontal regeneration. Recently, the 
development of nanotechnology has brought forth a series of promising 
regenerative medicines, including those based on polymeric and inor-
ganic nanoparticles. Among the successful nanoparticles, gold nano-
particles (AuNPs) that possess many unique and excellent characteristics 
have been extensively studied for biomedical applications [4], such as 
promotion of cell mineralization and osteogenic differentiation [5]. For 
example, the effect of AuNPs on stem-cell osteogenic differentiation has 
been reported [6]. Previous work conducted by our team has also 
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proposed size-dependent effects of AuNPs on the extent of osteogenic 
differentiation of human periodontal ligament progenitor cells [5]. 
Despite the extensive efforts in this field to date, the application of 
AuNPs still needs better design and specific targeting of the molecular 
pathways to guide cell differentiation. 

Chirality is a distinctive biochemical signature of life [7]. All amino 
acids (except glycine) in proteins are left-handed (L-form), whereas all 
sugars in DNA and RNA are right-handed (D-form) [8]. Chirality is 
important in materials science and medical technology. In materials 
science, the exploration of the material properties and molecular func-
tions on the basis of chirality controls is a scientifically elegant approach 
[9]. These explorations include chiral materials [10], analyses of chiral 
structures [11], basic physical chemistry [12], chiral plasmons and op-
tics [13], chirality-controlled catalysis and synthesis [14], chiral 
recognition [15], and chiral separation [9,16]. In medical technology, 
plasmon-enhanced chiral signals may have immense potential in the 
detection and treatment of diseases [17]. For example, monitoring the 
cell internalization of nanoparticles [18], specific microRNA detection 
[19], detection of Parkinson’s disease [20], and photosensitizing in 
photodynamic therapy [17,21]. Therefore, we designed this research on 
the basis of the general importance of chirality. 

Cysteine is a common sulfur-containing amino acid in the human 
body [22] and plays an essential role in protein synthesis, detoxification, 
and metabolism. Cysteine deficiency can result in a number of diseases, 
including loss of muscle and fat, skin lesions, Parkinson’s disease, Alz-
heimer’s disease, and acquired immune deficiency syndromes [23]. 
Hydrogen sulfide (H2S) can be synthesized from cysteine to promote 
osteogenic differentiation of hPDLCs [24]. Among the amino acids 
found in the proteins of human body, cysteine is the one that contains a 
mercapto group (–SH). AuNPs can be combined with –SH groups 
through Au-S bonding [25]. We have recently demonstrated electro-
chemical evidence of chiral molecule recognition using 
L/D-cysteine-modified gold electrodes [26] and developed an ultrasen-
sitive detection method for chiral molecules of L/D-carnitine using 
L/D-cysteine-modified AuNPs (L/D-Cys-AuNPs) [27]. Ding et al. previ-
ously investigated the adhesion and differentiation of stem cells on L- or 
D-cysteine-modified Au-sputtered glass substrates [28]. These results 
confirmed that chiral molecules can influence cellular behavior during 

adhesion and differentiation. A recent study proved that osteogenic 
differentiation of mesenchymal stem cells was not affected by poly 
(acryloyl-D-valine)-AuNPs but was significantly promoted by poly 
(acryloyl-L-valine)-AuNPs [8]. L-ascorbic acid was also reported to 
decrease external symptoms of burn injury of damaged epidermis and 
was used commercially [29]. 

Autophagy is regarded as an important aspect of nanoparticles for 
modulating osteogenic differentiation [5] and is furthermore induced in 
some osteogenic differentiation processes [30,31]. Pharmacological 
activation of autophagy significantly increases osteoblast-differentiation 
activity and restores bone volume [31], while the deletion of 
autophagy-related components can inhibit osteoblast differentiation 
[32]. Many nanoscale inducers of autophagy with various sizes and/or 
morphologies have been developed. For example, it was demonstrated 
that chiral nanomaterials with different configurations selectively acti-
vate autophagy in cells [33]. Although some appreciable progress has 
been made, the effects of chiral surface molecules and the related control 
of autophagy still require major clarification. Although chirality is 
ubiquitous in nature, the application of chiral surface molecules in the 
design of biomaterials is seldom investigated. In this study, we investi-
gated whether L/D-Cys-AuNPs can regulate the osteogenic differentia-
tion of hPDLCs and subsequently stimulate periodontal regeneration 
through autophagy. 

2. Materials and methods 

Synthesis of L/D-Cys-AuNPs. Bare AuNPs with a diameter of about 
45 nm were synthesized using a chemical reduction method from tet-
rachloroauric acid (HAuCl4), as reported earlier [27,34,35]. Briefly, 1 
mL of 5 × 10− 3 M HAuCl4⋅3H2O solution was added to 18 mL of boiling 
deionized water with stirring. With stirring and heating, 0.365 mL of 
0.5% w/w sodium citrate was added to reduce the HAuCl4. After the 
color was noticeably changed to wine red, the heating was maintained 
for another 10 min and then stopped. The stirring was continued until 
the solution cooled to approximately 25 ◦C. Thereafter, deionized water 
was added to the final solution to reach a volume of 20 mL, giving a final 
concentration of the AuNP solution of 2.5 × 10− 4 M. 

The L/D-Cys-AuNPs were prepared as follows [27,34,36]. First, 0.1 

Abbreviations 

AuNPs gold nanoparticles 
L/D-Cys-AuNPs L/D-cysteine anchored AuNPs 
hPDLCs human periodontal ligament cells 
H2S hydrogen sulfide 
–SH mercapto group 
HAuCl4 tetrachloroauric acid 
UV–vis ultraviolet–visible 
DLS dynamic light scattering 
TEM transmission electron microscopy 
CD circular dichroism 
DMEM dulbecco’s modified eagle medium 
FBS fetal bovine serum 
3-MA 3-methyladenine 
CCK-8 Cell Counting Kit-8 
ICP-MS inductively coupled plasma mass spectrometry 
PBS phosphate buffered saline 
ALP alkaline phosphatase 
ARS alizarin red S 
qRT-PCR quantitative real time polymerase chain reaction 
GAPDH glyceraldehyde-3-phosphate dehydrogenase 
WB western blot 

RUNX2 runt-related transcription factor 2 
LC3 microtubule-associated protein light chain 3 
COL1 collagen type I 
OCN osteocalcin 
SQSTM1 sequestosome 1 
SPF specific-pathogen free 
μCT Micro-computed tomography 
BMD bone mineral density 
TV tissue volume 
BV bone volume 
Tb.Th trabecular thickness 
Tb.N trabecular number 
EDTA ethylene diamine tetraacetic acid 
H&E hematoxylin and eosin 
VG Van Gieson’s 
IHC immunohistochemistry 
LSPR localized surface plasmon resonance 
NAB newly-formed alveolar bones 
NPDL newly-formed periodontal ligaments 
L(D)-PAV poly (acryloyl-L(D)-valine) 
MSCs mesenchymal stem cells 
SD Sprague-Dawley  
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mL of 1 × 10− 4 M L/D-cysteine solutions were added to 5 mL of the 
AuNP solution, followed by 2 h of stirring, before centrifuging the 
L/D-Cys-AuNP solutions. After centrifugation, the supernatants were 
removed. The precipitates were dispersed in deionized water by soni-
cation. All reagents used to synthesize the L/D-Cys-AuNPs were pur-
chased from Sigma-Aldrich Co. (St Louis, Missouri, USA). 

Characterization of L/D-Cys-AuNPs. Ultraviolet–visible (UV–vis) 
spectrometry (SpectraMax M3 Microplate Spectrophotometer, Molecu-
lar Devices, Sunnyvale, CA, USA), dynamic light scattering (DLS; Nano- 
ZS, Malvern Panalytical Ltd, Malvern, United Kingdom), zeta potential 
measurements (Nano-ZS, Malvern Panalytical Ltd, Malvern, United 
Kingdom), transmission electron microscopy (TEM; JEOL-2100F, JEOL, 
Akishima city, Tokyo, Japan), and circular dichroism analysis (CD; 
Chirascan Spectrometer, Applied Photophysics Ltd, Leatherhead, Sur-
rey, United Kingdom) were used to characterize the synthesized AuNPs 
and L/D-Cys-AuNPs. 

Cell culture. hPDLCs were purchased from ScienCell Research 
Laboratories (Carlsbad, California, USA). Cells from passages two to six 
were used in our experiments. The normal cell-culture growth medium 
consisted of Dulbecco’s modified eagle medium (DMEM; Gibco cell 
culture; Thermo Fisher Scientific, Waltham, Massachusetts, USA), 10% 
fetal bovine serum (FBS; ScienCell Research Laboratories), and 1% 
streptomycin/penicillin (HyClone, Logan, Utah, USA). The osteogenic 
differentiation medium consisted of the growth medium, 10 mM 
β-glycerophosphate (Sigma-Aldrich Co.), 0.28 μM L-ascorbic acid 
(Sigma-Aldrich Co.), and 0.1 μM dexamethasone (Sigma-Aldrich Co.). In 
autophagy inhibition experiments, 5 mM of 3-methyladenine (3-MA, 
Sigma-Aldrich Co.) was also used. During testing, the culture medium 
was replaced twice a week. 

Cell viability and proliferation assay. Cell Counting Kit-8 (CCK-8; 
Dojindo Molecular Technologies, Shangyi city, Kumamoto prefecture, 
Japan) was used to determine the viability and proliferation of hPDLCs. 
The cells were seeded on the bottom of 96-well plates at a density of 
4.0×103 cells/well. After the cells reached 70–80% confluence, L/D- 
Cys-AuNP solution at an Au concentration of 10 μM was added as re-
ported earlier [5]. Then, at 1, 3, 5, and 7 days, the CCK-8 reagent was 
added to each well at 10% of the total volume. After incubation for 160 
min, a SpectraMax M3 Microplate Spectrophotometer (Molecular De-
vices, Sunnyvale, CA, USA) was used to measure the optical density of 
each well at a wavelength of 450 nm. 

TEM. TEM (HT7700; Hitachi Ltd., Tokyo, Japan) was used to observe 
the L/D-Cys-AuNPs internalized by hPDLCs. The cells were cultured in 
the growth medium at an initial density of 2.0×105 cells/well in 6-well 
plates. When the cells reached 70–80% confluence, L/D-Cys-AuNPs 
were added. After 3 days of incubation, the cells were fixed, dehy-
drated, embedded, cut, and then observed by TEM. 

Inductively coupled plasma mass spectrometry (ICP-MS). ICP- 
MS (ICAP7400, Thermo Fisher Scientific) was used to detect the quan-
tity of the two types of AuNPs in or on the hPDLCs. hPDLCs were seeded 
into 100-mm-diameter dishes at a density of 1.5×106 cells/dish. When 
the cells reached 70–80% confluence, the growth medium was replaced 
by the osteogenic differentiation medium with L/D-Cys-AuNPs. After 3 
days, the dishes were washed five times with phosphate buffered saline 
(PBS; HyClone, Logan, Utah, USA) to remove the free floating AuNPs. 
The cells were then harvested and counted. The harvested cells were 
dissolved with aqua regia, diluted, and measured via ICP-MS to deter-
mine Au concentrations. 

Alkaline phosphatase (ALP) activity. hPDLCs were seeded into 12- 
well plates at a density of 1.0×105 cells/well. When the cells achieved 
70–80% confluence, the growth medium was replaced by the osteogenic 
differentiation medium. Meanwhile, L/D-Cys-AuNPs were added. On 
days 3, 5 and 7, the ALP Assay Kit (Beyotime Institute of Biotechnology, 
Shanghai, China) was used to measure the ALP activity of the cells. 
hPDLCs were washed three times, lysed, and centrifuged to collect the 
supernatant. After diluting, 50 μL of the supernatant and 50 μL of para- 
nitrophenyl phosphate solution were mixed in a 96-well plate. The 

plates were then incubated under dark conditions at 37 ◦C for 30 min. 
Thereafter, 100 μL of the stop solution was added, and the absorbance 
was measured at a wavelength of 405 nm. 

ALP staining. hPDLCs were cultured and treated as described in the 
ALP assay outlined above. On day 7, the cells were washed and fixed. 
Subsequently, the BCIP/NBT ALP staining kit (Beyotime Institute of 
Biotechnology, Shanghai, China) was used according to the manufac-
turer’s instructions. The ALP staining results were observed using an 
inverted optical microscope (IMT-2; Olympus Corporation, Tokyo, 
Japan) and photographed using a digital camera (Canon EOS 70D, 
Tokyo, Japan). 

Alizarin red S (ARS) staining and quantification. The cells were 
cultured and treated as described for the ALP assay. On day 21, the cells 
were washed, fixed, and stained with 2% ARS staining solution (Sigma- 
Aldrich Co.). The ARS staining results were observed and photographed 
as outlined in the ALP staining procedure. The ARS was quantified using 
10% (w/v) cetylpyridinium chloride (Sigma-Aldrich Co.). After the 
stained mineral deposition was desorbed, the absorbance at a wave-
length of 562 nm was measured. 

Von Kossa staining and quantification. The cells were cultured 
and treated as described for the ARS assay. The cells were fixed and 
stained with 5% silver nitrate (Sigma-Aldrich Co.) under ultraviolet 
light. Then, the cells were treated with 10% sodium thiosulphate 
(Sigma-Aldrich Co.) for 5 min. The quantification was performed using 
ImageJ software (National Institutes of Health, USA). 

Quantitative real-time polymerase chain reaction (qRT-PCR). 
hPDLCs were seeded into 6-well plates at a density of 2.0×105 cells/well 
and left to proliferate until reaching 70–80% confluence. The medium 
was then changed to the osteogenic differentiation medium, and L/D- 
Cys-AuNPs were added. After 3, 5, and 7 days of culturing, the total 
mRNA was obtained using an RNA extraction kit (Tiangen, Beijing, 
China). The mRNA was reverse-transcribed into cDNA using the Pri-
meScript™ RT Reagent Kit (Takara Bio, Otsu, Japan). The cDNA samples 
were amplified by qRT-PCR according to the primer sequences listed in 
our previous study [5] and normalized to the housekeeping gene 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

Western blot (WB) tests. The cells were cultured and treated as 
described for the qRT-PCR assay. On day 7, cell lysis buffer for Western 
and IP (Beyotime Institute of Biotechnology, Shanghai, China) together 
with phenylmethanesulfonyl fluoride (Beyotime Institute of Biotech-
nology, Shanghai, China) were used to extract the protein. After quan-
tification, the protein was loaded and ran in sodium dodecyl sulfate 
polyacrylamide gel, and then transferred onto membranes. The blocked 
membranes were incubated with the primary antibodies (ALP; Santa 
Cruz Biotechnology, Inc., Dallas, Texas, USA), runt-related transcription 
factor 2 (RUNX2; Cell Signaling Technology Inc., Danvers, MA, USA), 
microtubule-associated protein light chain 3 (LC3; Cell Signaling Tech-
nology Inc., Danvers, MA, USA), collagen type I (COL1; Abcam, Cam-
bridge, MA, USA), osteocalcin (OCN; Affinity Biosciences, Cincinnati, 
OH, USA), sequestosome 1 (SQSTM1; Proteintech, Manchester, M3 
3WF, United Kingdom), and GAPDH (KeyGEN BioTECH Corp., Ltd, 
Nanjing, Jiangsu, China). GAPDH was used as an internal control. After 
washing four times, the membranes were incubated with secondary 
antibodies for 2 h. Immunoreactive bands were detected using the 
developer (KeyGEN BioTECH Corp., Ltd) and visualized using a G:BOX 
chemiXR5 imaging system (Syngene International Ltd, Bangalore, Kar-
nataka, India). The band intensity was quantified using ImageJ software 
(National Institutes of Health, USA). 

Construction of tissue-engineered compound. A resorbable 
collagen membrane (Geistlich Bio-Gide®; Geistlich, Wolhusen, Lucerne, 
Switzerland) was trimmed under aseptic conditions and placed into 24- 
well plates with the rough face up. Thereafter, hPDLCs were seeded onto 
the rough face at a density of 1.0×104 cells/membrane. After being 
cultured in the growth medium overnight, the cell-membrane com-
pounds were cultured for 3 days in the medium without AuNPs, with L- 
Cys-AuNPs or with D-Cys-AuNPs. 
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Rat periodontal fenestration defect model. All the animal exper-
iments obeyed the rules of the National Institutes of Health guide for the 
care and use of Laboratory animals and were approved by the Animal 
Ethics Committee of Nanjing University. We confirm authors’ compli-
ance with all relevant ethical regulations. This model was modified from 
a periodontal-defect model reported previously [37]. All model-making 
procedures were performed under anesthesia induced by intraperitoneal 
injection (0.3 mL/100 g body weight) of 2% (w/v) sodium pentobarbital 
(Lan Tai Chem, Beijing, China), supplemented by 5% (w/v) atropine 
sulfate (Wuhu Kangqi Pharmaceutical Co., Ltd., Wuhu, Anhui, China). 
Eighteen male Sprague-Dawley (SD) rats with a known 
specific-pathogen free (SPF) status at 7 weeks old were purchased from 
Sino-British SIPPR/BK Lab. Animal Ltd. (Shanghai, China). The rats 
were raised in SPF conditions with a 12 h dark and 12 h light cycle. The 
food and water were sterilized and constantly available. After acclima-
tization for 1 week, the experiments were applied under anesthesia and 
sterilized conditions. Briefly, an extra-oral full thickness incision parallel 
to the lower border of the right mandible was made. A mucoperiosteal 
flap was subsequently elevated to expose the buccal surface of 
mandibular. The alveolar bone covering the root surfaces of the molars 
was removed using dental burs at a low speed under copious normal 
saline irrigation. The defect was approximately 5 mm in length, 2 mm in 
width and 1.2 mm in depth. The periodontal ligament tissues and 
cementum in this area were removed by a sharp curette. The flap was 
repositioned and sutured. The tissue-engineered compound was adapted 
to the defect using the cell side facing the denuded root surface. Defects 
with the hPDLCs cultured in growth medium without AuNPs were used 
as controls. A bioresorbable matrix barrier membrane (Sunstar Amer-
icas, Chicago, Illinois, USA) was then used to cover the tissue-engineered 
compound to exclude the overlying connective tissue from the defect. 
The flap was repositioned and sutured in layers. The rats were sacrificed 
3 weeks after the surgery using excessive inhalation of isoflurane (RWD 
Life Science Co., Ltd, Shenzhen, Guangdong, China). The mandibles (n 
= 6 for each group) were harvested and fixed in 4% paraformaldehyde 
solution (Servicebio, Wuhan, Hubei, China). 

Micro-computed tomography (μCT) analysis. The mandibular 
bone specimens were scanned using a μCT scanner (QuantumGX; Per-
kinElmer, Tokyo, Japan) at a pixel size of 18 μm, a voltage of 90 kV, and 
a current of 80 μA. The scanning provided 360◦ rotation over the course 
of 14 min and a scanning field of 9 mm × 9 mm × 9 mm. The images, 
bone mineral density (BMD), tissue volume (TV), bone volume (BV), 
trabecular thickness (Tb.Th), and trabecular number (Tb.N) were ob-
tained from the scans with the μCT system software. 

Histology analysis and histomorphometric measurements. 
Following μCT analysis, all specimens were rinsed and decalcified in 
ethylene diamine tetraacetic acid (EDTA; Yonghua chemical technology 
(Jiangsu) Co., Ltd., Changshu, Jiangsu, China) solution with regular 
solution changes every 3–7 days, until the bone tissues could be easily 
penetrated by a syringe. Then, the specimens were embedded using 
paraffin. The specimens were sectioned to a thickness of 3–4 μm using a 
microtome (Leica Microsystems, Shanghai, China). The sections were 
stained with hematoxylin and eosin (H&E) staining, Masson staining, 
Van Gieson’s (VG) picrofuchsin staining and Goldner’s trichome stain-
ing. The stained slides were scanned using a NanoZoomer-S60 digital 
slide scanner (Hamamatsu Photonics, Hamamatsu, Shizuoka, Japan) for 
subsequent analysis. The percentages of new alveolar bone or new 
periodontal ligament formation were calculated as the area of new 
alveolar bone or new periodontal ligament divided by the total defect 
area. 

Immunohistochemistry (IHC) analysis. Immunohistochemical 
staining was applied in accordance to the following procedure: de- 
waxing, hydration, and neutralization of endogenous peroxidase activ-
ity. The primary antibodies were LC3 and SQSTM1 (both from 
Servicebio). 

Statistical analysis. Data are shown as mean ± standard deviation. 
Comparisons were performed via one-way analysis of variance using 

IBM SPSS Statistics software 24.0. Statistical significance (two-tailed) 
was identified as compared with a control group P < 0.05 (marked as *), 
P < 0.01 (marked as **), and P < 0.001 (marked as ***). In the case of 
the comparison between groups: P < 0.05 (marked as #), P < 0.01 
(marked as ##), and P < 0.001 (marked as ###). 

3. Results 

Design and synthesis of chiral AuNPs. The TEM results confirmed 
that the AuNPs, L-Cys-AuNPs, and D-Cys-AuNPs were approximately 
spherical (Fig. 1A). The DLS results indicated that the average hydration 
diameters of AuNPs, L-Cys-AuNPs, and D-Cys-AuNPs were all approxi-
mately 45 nm (Fig. 1B). The two types of Cys-AuNPs (L-Cys-AuNPs and 
D-Cys-AuNPs) clearly showed different chirality. Fig. 1C shows the 
essential mirror-image CD profiles of the synthesized AuNPs. As seen in 
Fig. 1D, the UV–vis absorption profile of L/D-Cys-AuNPs had a localized 
surface plasmon resonance (LSPR) peak at approximately 530 nm. No 
significant red-shift and no peak broadening were observed in the LSPR 
peaks of L and D-Cys-AuNPs compared to that of bare AuNPs, which 
supported better dispersion in the medium. Fig. 1E shows that the 
average zeta potential values of bare AuNPs, L-Cys-AuNPs, and D-Cys- 
AuNPs were − 32.4, − 20.4, and − 19.4 mV, respectively. The cysteine- 
modified AuNPs exhibited significantly larger zeta potential values 
than that of bare AuNPs. 

Cell differentiation after treatment with chiral AuNP. Compared 
with the control group, L/D-Cys-AuNPs had almost no influence on the 
morphology of hPDLCs on day 3 (Fig. 2A). All the groups exhibited an 
increase in the number of cells. The CCK-8 assay (Fig. 2B) revealed that 
on days 3 and 5, the L-Cys-AuNPs and D-Cys-AuNPs both promoted cell 
viability and proliferation of hPDLCs compared to the control group. L/ 
D-Cys-AuNPs resulted in no detrimental effects on cell morphology, 
viability, or proliferation, indicating that L/D-Cys-AuNPs showed 
desirable cytocompatibility at an Au concentration of 10 μM. 

The uptake and localization of the AuNPs in hPDLCs were demon-
strated by TEM and ICP-MS. In the L/D-Cys-AuNP-treated groups 
(Fig. 2C), AuNPs appeared in the cytoplasm, particularly in some 
intracellular vesicles such as autophagosomes. Furthermore, it was 
noted that no AuNPs were found in the mitochondria or nucleus. The 
ICP-MS results (Fig. 2D) confirmed that there were AuNPs present in the 
hPDLCs and the amount of L-Cys-AuNPs was significantly higher than 
that of the D-Cys-AuNPs. 

Both L-Cys-AuNPs and D-Cys-AuNPs enhanced the ALP activities of 
hPDLCs on day 3 and day 7. Interestingly, on day 5 only L-Cys-AuNPs 
significantly raised the ALP activity. Compared to D-Cys-AuNPs, L-Cys- 
AuNPs exerted a more significant influence on ALP activity on days 3, 5, 
and 7 (Fig. 2E). On day 7, the ALP staining showed a similar trend as 
seen with the ALP activity (Fig. 2F). Subsequently, the mineralization 
ability of hPDLCs was observed with ARS and von Kossa on day 21. The 
hPDLCs cultured with L-Cys-AuNPs showed significantly greater mineral 
deposition than the cells cultured with a control solution and D-Cys- 
AuNPs (Fig. 2G). 

On day 5, all the tested osteogenic gene levels measured by qRT-PCR 
including those of ALP, COL1, OCN and RUNX2 in the L-Cys-AuNP group 
were significantly higher than those in both the control and D-Cys- 
AuNPs group (Fig. 3A). 

To further study the influence of the change in the levels of osteo-
genic genes, the protein expression levels of these genes were measured 
by WB on day 7. The levels of the ALP, COL1, OCN and RUNX2 proteins 
in the L-Cys-AuNP group were significantly higher than those in both the 
control and D-Cys-AuNP groups (Fig. 3B). 

L/D-Cys-AuNP-induced autophagy in hPDLCs. Because L/D-Cys- 
AuNPs were internalized in autophagosomes, some of the autophagy 
genes and proteins were further examined. On day 3, the mRNA levels of 
LC3 in the L-Cys-AuNP group were significantly higher than those in the 
D-Cys-AuNP group (Fig. 4A). On day 5, the presence of L-Cys-AuNPs 
increased the mRNA levels of beclin1 (BECN1) in the hPDLCs, and these 
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levels were significantly higher than those in the D-Cys-AuNP group 
(Fig. 4A). On day 7, the mRNA levels of BECN1 in hPDLCs cultured with 
L-Cys-AuNPs were higher than those in the D-Cys-AuNPs. L-Cys-AuNPs 
also increased the mRNA levels of LC3 in hPDLCs on day 7. A significant 
difference was observed between the effects of L-Cys-AuNPs and D-Cys- 
AuNPs on hPDLCs at this timepoint (Fig. 4A). 

Autophagy-related proteins including LC3 and SQSTM1 were 
detected by WB on day 7. As shown in Fig. 4B, the levels of LC3-II in the 
L-Cys-AuNP group were significantly higher than those in the D-Cys- 
AuNP group. The SQSTM1 levels in the L-Cys-AuNP group were signif-
icantly lower than those in the D-Cys-AuNP group. 

Effects of L/D-Cys-AuNPs via the regulation of autophagy. We 
used an autophagy inhibitor, 3-MA, to further confirm the effects of 
autophagy by L/D-Cys-AuNPs on different levels of osteogenesis. Fig. 4C 
and D show that the osteoinduction effect of L-Cys-AuNPs was blocked 
when 3-MA was added. 

L-Cys-AuNPs showed better periodontal regeneration potential. 
The μCT analysis (Fig. 5A) showed that there was more bone regener-
ation in the L-Cys-AuNP-treated group than that in the D-Cys-AuNP- 
treated and control groups. In Fig. 5B, the BMD, BV, BV/TV, Tb.N, and 
Tb.Th results all revealed that tissue-engineered compounds treated 
with L-Cys-AuNPs had more favorable bone regeneration capacity than 
those treated with D-Cys-AuNPs and the control group. Greater amounts 
of newly-formed alveolar bones (NAB) and newly-formed periodontal 
ligaments (NPDL) were found in the L-Cys-AuNP-treated group 
(Fig. 5C). Specimen sections stained with H&E, Masson, Goldner’s 

trichome, and VG stains were observed (Fig. 5D). The amount of NAB 
was evaluated by Masson and Goldner’s trichome staining [38]. The 
effects on regeneration of periodontal ligaments were evaluated by VG 
staining [39]. The L-Cys-AuNP-treated group showed the deepest red-
dish orange stain by VG staining, indicating that the L-Cys-AuNP-treated 
group formed the largest number of NPDL. 

L/D-Cys-AuNP-modulated autophagic potential in vivo. Immu-
nohistochemistry images (Fig. 6A) and the quantitative image analysis 
(Fig. 6B) showed a difference in autophagy as related to LC3 and 
SQSTM1 protein expression among the groups. 

4. Discussion 

Although the use of biomaterials is extensive, and chirality is ubiq-
uitous, the combination of the two is seldom investigated and can 
facilitate the development and application of chiral biomaterials. The 
relationship between chiral AuNPs and osteogenesis is still unknown, in 
addition to its underlying mechanism. 

We designed and synthesized AuNPs with surface-anchored chiral 
amino acids (L/D-cysteine). The characterization results of the D-Cys- 
AuNPs and L-Cys-AuNPs were similar, except for the CD results, where 
the two enantiomers showed essential mirror-image CD spectra. 

As the AuNPs are non-degradable inorganic metal nanoparticles 
[40], their amounts and distribution in cells are interesting to analyze. 
We quantified the amounts of L/D-Cys-AuNPs inside or tightly bound on 
the cytomembrane of the hPDLCs by ICP-MS. The results showed that 

Fig. 1. Characterization of bare AuNPs, L-Cys-AuNPs, and D-Cys-AuNPs. (A) TEM images. Inset: corresponding photographs. (B) DLS images. (C) CD spectra. (D) 
UV–vis absorption spectra. (E) Zeta potential of the samples in water and 10% FBS. ***P < 0.001 compared with the control group, ###P < 0.001. 
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the amount of L-Cys-AuNPs was significantly higher than that of 
D-Cys-AuNPs, suggesting that chirality can influence the cellular inter-
nalization of nanoparticles. Deng et al. previously reported the effect of 
chirality on the cellular uptake at the nanoscale. They grafted poly 
(acryloyl-L(D)-valine) (L(D)-PAV) chiral molecules onto the surface of 
AuNPs [41]. The intracellular accumulation of L-PAV-AuNPs was higher 
than that of D-PAV-AuNPs in mesenchymal stem cells (MSCs), which is 
in accordance with our findings [8]. In another study, they reported that 
A549 and HepG2 cells internalized significantly larger amount of 
D-PAV-AuNPs than L-PAV-AuNPs [41], which is different from our 

results. This may be because we used different cells (A549 and HepG2 vs 
hPDLCs), different diameters of AuNPs (approximately 16 nm in their 
case and approximately 45 nm in this study) and different modified 
molecular (PAV vs Cys). Because the adhesion and internalization of the 
NPs occur simultaneously, it is difficult to study the adhesion of AuNPs 
to hPDLCs. According to previous studies [8,41], it is possible that upon 
contact with serum, the Cys-AuNPs may be rapidly covered by the serum 
proteins, forming a biomolecular corona that interacts with the cell 
membrane, resulting in internalization via endocytosis. We propose that 
the hPDLCs internalized more L-Cys-AuNPs than D-Cys-AuNPs because 

Fig. 2. Biocompatibility, uptake, cellular localization, ALP activity, and mineral deposition of L/D-Cys-AuNPs. hPDLCs were cultured with AuNPs. (A) Light mi-
croscopy images of hPDLCs before and after treatment with different types of AuNPs for 3 days. (B) Effects of AuNPs on cell viability and proliferation of hPDLCs on 
days 1, 3, 5, and 7. (C) TEM images of hPDLCs incubated with AuNPs on day 3. The arrows indicate the internalized AuNPs. (D) Concentrations of Au on day 3. ND 
means not detected. (E) ALP activity levels on days 3, 5, and 7. (F) ALP staining on day 7. (G) ARS and von Kossa staining and quantification of mineral deposition on 
day 21. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group, #P < 0.05, ##P < 0.01, ###P < 0.001. 
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of the following reasons. It was demonstrated that L-enantiomers 
adsorbed significantly more serum proteins than D-enantiomers [8,41]. 
In addition, the adsorbed proteins enhanced the cellular uptake of 
nanoparticles [42,43]. Moreover, L-enantiomers adsorbed more cellular 
adhesion mediators, such as fibronectin, than D-enantiomers [8,44]. The 
adhesion mediators may also promote cellular uptake [8] and osteo-
genesis [44]. 

Although L/D-Cys-AuNPs could be internalized by hPDLCs, their 
effects on the cells remain unknown. Because hPDLCs have the potential 
for osteogenic differentiation, we focused on the effects of L/D-Cys- 
AuNPs on the osteogenic differentiation of hPDLCs. Early-phase osteo-
genic differentiation can be assessed by ALP activity [45]. Late-phase 
osteogenic differentiation is characterized by mineralized nodule 
deposition, which can be detected by ARS and von Kossa staining [46]. 
The ALP activity, ARS, and von Kossa staining all indicated that 
L-Cys-AuNPs had better osteogenic differentiation induction ability on 
hPDLCs than D-Cys-AuNPs in both the early and late phases of osteo-
genic differentiation. All tested osteogenic-related mRNA and protein 
outcomes indicated that the L-Cys-AuNPs had better 
osteogenic-differentiation-induction ability than D-Cys-AuNPs under 
our experimental conditions. Although it is consistent with a previous 
report [8], another study reported a larger proportion of MSCs 

differentiated into osteoblasts on a D-cysteine glass surface coated with 
gold after osteogenic co-induction [28]. The cells and co-induction 
system of our study varies from the two previous ones, so these varia-
tions in the results are not surprising. Therefore, further studies are 
needed to confirm this phenomenon. 

In accordance with our study, some studies also found that L-enan-
tiomers promote more stem cell osteogenesis than D-enantiomers [8, 
44]. One study found that L-enantiomers may activate the P38 
mitogen-activated protein kinase pathway through mechanical stress; 
this may be the possible mechanism of chirality-dependent osteogenic 
differentiation [8]. Another study ascribes this chiral-dependent differ-
entiation to mechanotransduction events [44]. In our study, both 
L/D-Cys-AuNPs were observed in autophagosomes, implying that 
autophagy may be one of the mechanisms through which chiral AuNPs 
induce the osteogenic differentiation of cells [5]. As AuNPs have been 
previously shown to induce autophagy [47,48], our study further 
explored the relationship between the effects of L/D-Cys-AuNPs on 
hPDLCs and autophagy. LC3 is an extensively accepted positive 
autophagy-related marker [49]. From our results, LC3 mRNA and pro-
tein levels in the L-Cys-AuNP-treated group was the highest of the three 
groups studied. As SQSTM1 is efficiently consumed by autophagic 
degradation [50], the SQSTM1 protein level is negatively related to 

Fig. 3. Effects of L/D-Cys-AuNPs on the osteogenic genes and proteins of hPDLCs cultured with L/D-Cys-AuNPs. (A) ALP, COL1, OCN and RUNX2 mRNA levels of L/ 
D-Cys-AuNP-treated hPDLCs on day 5. (B) ALP, COL1, OCN and RUNX2 protein levels of L/D-Cys-AuNP-treated hPDLCs on day 7. *P < 0.05, **P < 0.01, ***P <
0.001 compared with the control group, #P < 0.05, ##P < 0.01, ###P < 0.001. 
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autophagy. Our results showed that the protein level of SQSTM1 was the 
lowest in hPDLCs treated with L-Cys-AuNPs. Collectively, our results 
suggested that the L-Cys-AuNP-treated group resulted in the highest 
autophagy of the three groups investigated. 

The in vitro studies suggested that the L-Cys-AuNPs had a more 
pronounced effect on the osteogenesis of hPDLCs than the D-Cys-AuNPs. 
This effect could be achieved by modulating autophagy. Therefore, L- 
Cys-AuNPs could have clinical potential for periodontal regeneration. 
Based on the in vitro study presented here, hPDLCs coupled with L/D- 

Cys-AuNPs have the potential to generate a better outcome for peri-
odontal regeneration. SD rats were used in this study as an effective 
strain of an outbred multipurpose breed of albino rat used extensively in 
dental-related medical research studies [37,51]. Rat 
periodontal-fenestration-defects that would not heal within 4 weeks on 
their own were established through the methods described in the liter-
ature [37,38,51]. L-Cys-AuNPs promoted the rat periodontal regenera-
tion, and its effects were better than those observed for the 
D-Cys-AuNPs. 

Fig. 4. Effects of L/D-Cys-AuNPs on autophagy genes and proteins of hPDLCs cultured with L/D-Cys-AuNPs. (A) BECN1 and LC3 mRNA levels of L/D-Cys-AuNP- 
treated hPDLCs on days 3, 5, and 7. (B) LC3-II and SQSTM1 protein levels of L/D-Cys-AuNP-treated hPDLCs on day 7. hPDLCs were then cultured with the auto-
phagy inhibitor 3-MA and L/D-Cys-AuNPs. (C) ALP staining on day 7 and ARS staining on day 21. (D) COL1, RUNX2, and ALP protein levels of 3-MA and L/D-Cys- 
AuNP-treated hPDLCs on day 7. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group, #P < 0.05, ##P < 0.01, ###P < 0.001. 
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Fig. 5. L-Cys-AuNPs showed the best in-vivo periodontal regeneration potential in the rat periodontal-fenestration-defect model. hPDLCs were seeded onto a 
resorbable collagen membrane and cultured with L/D-Cys-AuNPs. The treated cell-membrane compounds were placed into the rat periodontal-fenestration-defect 
models and embedded for 21 days. (A) μCT images of the mandibular first molars (B means buccal and L means lingual). (B) Bone-related parameters (BMD, TV, 
BV, BV/TV, Tb.Th, and Tb.N) reported by μCT. (C) Quantification of NAB and NPDL. (D) The representative H&E, Masson, VG, and Goldner’s staining images (D 
means dentin, NAB means newly-formed alveolar bones, and NPDL means newly-formed periodontal ligaments). *P < 0.05, **P < 0.01, ***P < 0.001 compared with 
the control group, #P < 0.05. 
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To the best of our knowledge, our study is the first to explore the 
chiral effect on hPDLCs. Our chiral AuNP culture system accurately 
mimics the biophysical environment of natural three-dimensional cell 
culture and is easy to apply for extensive applications. In addition, it can 
enter the cell and interact with cell organs and proteins to promote 
osteogenesis. 

To further develop the application of AuNPs in nanomedicine, it is 
imperative to note the limitations of our study. First, the mechanism and 
pathway of the effects of AuNPs on osteogenesis through autophagy 
require extensive investigation. Second, large animals should be used for 
a more robust experimentation. Third, a variety of chiral AuNPs should 
be constructed for further study. The working mechanism of chirality 
and its influence on the cellular internalization of nanoparticles should 
be carefully explored. 

5. Conclusions 

This study shows the enhanced effectiveness of L-Cys-AuNPs 
compared to D-Cys-AuNPs in promoting osteogenic differentiation in 
hPDLCs and periodontal regeneration in a rat periodontal-defect model. 

These findings indicate that surface chirality should be considered for 
the development of functional biomaterials to guide cell differentiation 
and tissue regeneration. Hence, L-Cys-AuNPs are an attractive and 
promising candidate for periodontal tissue engineering in the future. 
Furthermore, the influence of surface chirality requires detailed inves-
tigation for the rational designing of novel biomedical nanomaterials. 
Our study may open a new way for the development of chiral-molecule- 
modified nanoparticles for biomedical applications. 
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