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Abstract
Osseo-integration between the implant and bone is a crucial factor to create a strong, durable bond that allows the implant 
to function effectively. However, regular implant surface with poor osseo-integration ability may cause aseptic loosening, 
resulting in the failure of implants. Herein, a serial of macroscopic one-particle thick superlattice films generated by self-
assembly of diverse size of gold nanoparticles (GNPs) were termed as SFGs and were considered as bioactive implant 
coatings for enhancing osseo-integration. A hydroquinone-assisted seed method is established to fabricate homogenous 
GNPs with controllable sizes (20, 60, and 90 nm), which were further employed as building blocks to generate macroscopic 
one-particle thick superlattice films of GNPs (SFGs-20, SFGs-60, and SFGs-90) with the assistance of ploystryrene. The 
SFGs present a size-dependent performance on bone homeostasis, where SFGs-90 demonstrated the most pronounced 
facilitation of osteogenic differentiation of osteoblasts as well as deactivation of osteoclasts compared with SFGs-20 and 
SFGs-60. Considering the universal applicability of SFGs for depositing on various substrates, these SFGs with enhanced 
osseo-integration capabilities could serve as a bioactive platform for surface modification of orthopedic implants, effectively 
addressing the issue of aseptic loosening.
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1  Introduction

Aseptic loosening is a prevalent cause of orthopedic implant 
failure marked by pain and implant mobility. It often results 
from the lack of bone ingrowth in the early postoperative 

period, which subsequently leads to the gradual loss of 
attachment between the implant and surrounding bone tis-
sue [1]. Two main factors can contribute to aseptic loosen-
ing, including poor osseo-integration of orthopedic implants 
and the chronic low-grade aseptic inflammatory response 
triggered by wear particles generated by the prosthetic 
implant [2]. Specifically, poor osseo-integration creates a Zaikai Zhuang, Zheng Li, and Guangyu Gong contributed equally to 
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weak interface between the implant and the bone, leading 
to the micromotion and instability of orthopedic implants. 
This micromotion can result in prosthesis wear, which can 
enter into the gap between bone and implant, causing adi-
pose tissue to break down, release cytokines. Subsequently, 
osteoclasts are activated and bone resorption was stimu-
lated, resulting in osteolysis between bone and the implant 
and weakening of the bone-implant interface [3]. Increased 
severity in implant looseness results in a higher number of 
wear particles within the gap between bone and implants. 
This, in turn, exacerbates the wear of the implant, leading 
to further looseness and creating a destructive cycle. Hence, 
it is highly desirable and a great challenge to improve the 
osteo-integration with a stable and long-lasting interface 
between the implant for ensuring the long-term stability and 
success of orthopedic implants.

To date, a great number of efforts, including renewal of 
implant materials, surface modification, and porosity treat-
ment, have been made to improve the osteo-integration 
(e.g., osteo-conductivity and osteo-inductivity) of ortho-
pedic implants to avoid possible aseptic loosening [4]. 
Among these, surface modification has become a powerful 
and versatile tool to endow the current orthopedic implants 
with enhanced osseointegration ability [5]. Hydroxyapatite 
(HA) has been used for surface modification of orthope-
dic implants through plasma spraying method and the HA 
coating indeed improves the bone ingrowth and their long-
term survival but still has some limitations such as rela-
tively low corrosion resistance and poor binding force of the 
bone/implant interface [6]. Besides, alleviation of early 
inflammatory responses and enhancement of mineralized 
nodules formation could be achieved by surface modifi-
cation of nano-patterning towards titanium implant using 
colloidal lithography [7]. Previous study demonstrated that 
the nanoscale surface modification of magnesium alloys 
consisted of magnesium hydroxide, stearic acid, and poly 
(1,3-trimethylene carbonate)) exhibited enhanced implant 
corrosion resistance and better biocompatibility [8]. The 
superior orthopedic implants are expected to be surface-
modified with bioactive materials that possess enhanced 
osseo-integration ability, leading to the high binding strength 
towards native bone tissue.

Manipulation of stem cell fate has been the focus of 
significant interest in developing bioactive materials and 
nanotechnologies for various applications such as stem 
cell therapy and tissue regeneration [9]. The fate of stem 
cells can be tightly regulated by biophysical signals such 
as matrix stiffness, surface morphology, mechanical forces, 
and roughness of the bioactive materials [10]. Recently,  
there are accumulating evidences showing that interactions 
between biological cells and biomaterial nanostructured sur-
face patterns could modulate fate of cells towards desired 
differentiation direction such as osteogenesis or adipogenesis 

[11]. Thus, it is of great significance to surface modification 
of the micro-topography patterns towards implant surface to 
exert suitable stimulation to biological cells, thereby regu-
lating the fate of stem cells. Recently, Au-based films (e.g., 
films incorporated with GNPs) with high surface area and 
plasmonic effects can interact with light or other external 
stimuli, allowing for non-invasive, light-driven therapies 
[12–14] as well as some biomedical applications such as 
photocatalysts and antibacterial properties [15–17]. Besides, 
previous studies have demonstrated that the GNPs can 
facilitate osteogenic differentiation of biological cells [18]. 
Hence, the GNPs within the films can be released in a con-
trolled manner, providing localized and sustained delivery 
to the bone site and helping stimulate bone cell proliferation 
and differentiation [19]. Apart from above Au-based films, 
two-dimensional (2D) composites assembled in a control-
lable way are considered to be very promising platforms for 
various applications [20–22]. Previous study reported that 
2D layer-by-layer assembled gold nanoparticle films dem-
onstrated controllable thermogenic effect in the presence 
of an alternating magnetic field, which could be for drug 
release of loaded hydrogels [23]. However, the nanoparticles 
in these 2D films were in aggregated state due to the pre-
sent of poly-diallyldimethylammoniumchloride, which may 
have potential toxicity to living body. To date, free-standing 
2D superlattice films of GNPs-polystyrene composites by 
drying-mediated bottom-up self-assembly strategy in a con-
trollable way have attracted considerable attention in vari-
ous applications such as cancer therapy (e.g., photothermal 
therapy (PTT) and drug delivery) [24], bio-sensing (e.g., 
detection of biomolecules and disease markers) [25], bio-
imaging (e.g., SERS imaging and X-ray CT imaging) [26], 
and electromagnetic composites [27–29]. There are several 
advantages for superlattice films of GNPs: (i) its universality 
for depositing on diverse substrates; (ii) the morphology can 
be regulated in a controllable way by varying shape, size, or 
surface modification of GNPs; and (iii) unique fundamental 
properties such as high mechanical strength. Till now, to 
the best of our knowledge, the effects of superlattice films 
assembled with various sizes of GNPs on osteo-integration 
abilities remain unexplored.

In this study, three kinds of GNPs with average sizes of 
20, 60 and 90 nm were prepared using citrate reduction and 
hydroquinone (HQ)-assisted seed-mediated growth method, 
where HQ was adopted because it can reduce Au precur-
sors in the presence of preformed gold seeds at room tem-
perature for size-controllable synthesis of citrate-stabilized 
spherical Au nanoparticles [30]. Subsequently, thiolated 
polystyrene (SH-PS) was used as binding ligand of GNPs 
for generating two-dimensional superlattice films of GNPs 
through physical entanglement between PS ligands during 
a drying-mediated self-assembly process [31]. Three kinds 
of 2D superlattice films of GNPs-polystyrene composites 
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(SFGs-20, SFGs-60, and SFGs-90) were considered as mul-
tifunctional bioactive interface for promoting osteogenic  
differentiation of osteoblasts as well as deactivating osteo-
clasts. To test this, their biocompatibility through live/dead  
staining and phalloidin/DAPI staining were firstly investigated. 
Subsequently, the effects of SFGs on osteogenic stimulation 
of osteoblasts were evaluated by detecting the expression of 
osteogenic-related genes, proteins, and alkaline phosphatase 
(ALP) immunofluorescence staining. Their osteoclastogenic  
inhibition effects on osteoclasts through analyzing the expres-
sion of osteoclastic-related genes, proteins, and tartrate-
resistant acid phosphatase (TRAP) immunofluorescence  
staining were further examined. Together with the fact that 
the advantage of SFGs is its universality for depositing on  
various substrates (e.g., orthopedic implants), SFGs with  
excellent biocompatibility, pro-osteogenesis, and anti- 
osteoclastogenesis abilities could be considered as potential 
candidates for surface modification of orthopedic implants 
to avoid possible aseptic loosening (Scheme 1).

2 � Materials and methods

2.1 � Materials

Chloroform (CHCl3), hydrogen tetrachloroaurate (HAuCl4· 
4H2O, 99%), trisodium citrate (C6H5Na3O7·2H2O), and tet-
rahydrofuran (THF) were obtained from Shanghai Chemical  
Reagent Co., Ltd. (China). Hydroquinone (HQ) was received 
from Aldrich Chemical Co., Ltd. Thiol-functionalized  

polystyrene (Mn = 50,000 g/mol) was obtained from Poly-
mer Source, Inc. Demineralized water was purified with  
a Milli-Q system (Millipore). The detailed properties and 
applications of the used reagents and antibodies in cell  
experiment are shown in Table S1.

2.2 � Preparation of NPs with various sizes

The GNPs were prepared by a citrate reduction and hydro-
quinone-assisted seed-mediated growth method. The size of 
as-prepared GNPs was expected to range from 15 to 100 nm 
by altering the condition of synthesis [32]. Detailed prepara-
tion method could be seen in Supplementary material.

2.3 � Fabrication of 2D SFGs

To fabricate the SFGs-20, 20 mL of GNPs-20 was centri-
fuged at 10,000 g for 30 min. After that, the samples were 
redispersed into THF (5 mL) containing SH-PS (20 mg, 
4 mg/mL). The solution was kept in dark for 3 h. Then, the 
NPs were washed with THF and CHCl3 (8600 g, 12 min) by 
turns. A water droplet was deposited on a substrate and sub-
sequently a 0.5 μL droplet of GNPs-20/CHCl3 was spread on 
the water/air interface. The evaporation of the solvent result 
in the formation of a monolayer SFGs. For SFGs on silicon 
wafers, a concentrated droplet (0.7 μL) of GNPs-20/ CHCl3 
was used to fabricate SFGs. For SFGs on 6-well plates, a con-
centrated droplet (0.8 μL) of GNPs-20/CHCl3 was dropped 

Scheme 1   Schematic of the preparation of SFGs for positive maintenance of bone homeostasis
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onto the surface of a large water droplet on a 6-well plate for 
9 times until covering almost the 6-well plate.

To fabricate SFGs-60, 60 nm GNPs (20 mL) was cen-
trifuged at 2800 g for 14 min. After that, the samples were 
redispersed into THF (5 mL) containing 20 mg of SH-PS 
(20 mg, 4 mg/mL). The solution was kept in dark for 3 h. 
Then, the NPs were washed with THF and CHCl3 (8600 g, 
12 min) by turns. The remaining fabrication process kept the 
same for SFGs-20.

To fabricate SFGs-90, 90 nm GNPs (30 mL) was cen-
trifuged at 1000 g for 10 min and redispersed into 5 mL of 
THF containing 20 mg of SH-PS (4 mg/mL). The solution 
was kept in dark for 3 h. Then, the NPs were washed with 
THF and CHCl3 (8600 g, 12 min) by turns. The remaining 
fabrication process kept the same for SFGs-20.

2.4 � Characterization

The surface morphology of samples was observed on a 
transmission electron microscopy (TEM, JEM-2100, Japan), 
field-emission scanning electron microscope (FE-SEM, 
Zeiss Supra 40 Gemini, Germany), and atomic force micros-
copy (AFM, Signal Hill, CA, USA). The extinction and 
mirror reflectance spectra were recorded on a UV-vis-NIR 
spectrophotometer (Shimadzu, UV-3600, Japan). The size of 
GNPs was measured by dynamic light scattering (Malvern 
Zetasizer Nano ZS90, UK). The rheological property of the 
PEG hydrogel was assessed on a Modular Advanced Rheom-
eter System (Thermo Scientific HAAKE MARS, USA).

2.5 � Plasma treatment

Brief plasma exposures can remove impurities and tar-
nish from SFGs. For plasma treatment, the as-prepared 
SFGs assembled on 6-well plates were place in a Har-
rick PDC-002 Plasma Cleaner for 5 min, in which air was 
used as media and absolute pressure was set to 0.65 Torr 
(1 Torr = 133.322 Pa).

2.6 � Biocompatible assessment

MC3T3-E1 and RAW264.7 cells were cultured on SFGs-20, 
SFGs-60, SFGs-90, and the blank wells (used as controls) 
for 24 h. Live/dead staining and phalloidin/DAPI staining 
were performed to assess cell viability and morphology, 
respectively. Live/dead staining was performed using the 
live/dead double-staining kit (KGAF001, KeyGEN Bio-
TECH, China) and involved washing the cells with PBS, 
followed by staining with propidium iodide (PI, 8 μM) and 
calcein-AM (2 μM) for 30 min. Live cells stained by green 
using calcein-AM, which were distinguished from dead 
cells stained red with PI under fluorescence microscopy. 
For phalloidin/DAPI staining, the cells were fixed using 4% 

paraformaldehyde and subsequently permeabilized with 
0.5% Triton X-100 in PBS. For visualization, F-actin and 
nuclei were stained green with fluorescein (FITC) phalloi-
din (F432, 1:400, Thermo Fisher Scientific, USA), and blue 
with DAPI (ab104139, Abcam, USA), respectively.

2.7 � Cell culture

The MC3T3-E1 cell line was employed for osteogenic dif-
ferentiation evaluation of SFGs. The cells were cultured 
in growth medium (GM), consisting of α-MEM medium 
(Gibco, USA) with 10% fetal bovine serum (FBS, Gibco, 
USA) and 1% penicillin–streptomycin (PS, Gibco, USA) at 
37 °C in 5% CO2. The culture medium was replaced every 
3 days. RAW264.7 cells were used for osteoclast differen-
tiation and were cultured in high-glucose DMEM medium 
supplemented with 10% FBS and 1% PS at 37 °C in 5% 
CO2. The culture medium was changed every 2 days, and 
the cells were harvested for subsequent experiments when 
they reached 70–80% confluency.

2.8 � Induction and evaluation  
of osteogenic differentiation

MC3T3-E1 cells were cultured on SFGs-20, SFGs-60, 
SFGs-90, and the blank well. Once the cells grew to 80% 
full, the culture mediums were replaced by osteogenic 
mediums (OM) consisted of GM supplemented with 
ascorbic acid (50 μg/mL), dexamethasone (0.1 μM), and 
β-glycerophosphate (10 mM) to induce osteogenic dif-
ferentiation. Several tests were performed to evaluate the 
effectiveness of the differentiation process, including alka-
line phosphatase (ALP) activity assay, ALP immunofluo-
rescence staining, quantitative PCR, and Western blotting. 
Quantitative PCR was used to detect mRNA expression 
levels of osteocalcin (OCN), osteopontin (OPN), colla-
gen I (Col1), ALP, and Runt-related transcription factor 
2 (Runx2). The forward and reverse primers are listed in 
Table S2. Protein levels were analyzed with Western blot-
ting using primary antibodies against OCN (23,418–1-AP, 
Proteintech, China), OPN (GB112328, Servicebio, China), 
COL-1 (ab260043, Abcam, USA), ALP (A0514, ABclonal, 
China), and RUNX2 (ab23981, Abcam, USA). HRP-con-
jugated secondary antibodies from Biosharp, Hefei, China, 
were also used in the analysis. Detailed methods for quan-
titative real time-PCR and Western blotting could be seen 
in Supplementary material.

2.9 � ALP activity assay and ALP 
immunofluorescence staining

MC3T3-E1 cells were cultured on SFGs-20, SFGs-60, 
SFGs-90, and the blank well. Following a 7-day osteogenic 
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induction process, ALP activity levels as an indicator of 
osteogenic differentiation were detected in the cells on vari-
ous substrates. Alkaline Phosphatase Assay Kit (Beyotime, 
China) was utilized to detect ALP activity levels. To perform 
the ALP immunofluorescence staining, cells were washed 
with PBS twice, and subsequently fixed with 4% paraform-
aldehyde for 30 min. After washed with PBS for 2 times, 
the cells were permeabilized for 30 min using 0.5% Triton 
X-100, followed by being blocked at room temperature for 
1 h with 1% BSA in PBS. After being washed with PBS for 
two times, the cells were incubated with rabbit ALP anti-
bodies (A0514, 1:200, Abclonal, China) diluted in 1% BSA 
overnight at 4℃. The cells were washed in PBS and again 
incubated with secondary antibodies, AlexaFluor 488 goat 
anti-rabbit IgG (H+L) (AFSA005, 1:200, AiFang Biologi-
cal, China), for 1 h at room temperature and protected from 
light. Nuclei were then stained with mounting medium con-
taining DAPI (ab104139, Abcam, USA) and the cells were 
visualized under a fluorescence microscope.

2.10 � Induction and evaluation  
of osteoclastic differentiation

RAW264.7 cells were incubated on SFGs-20, SFGs-60, 
SFGs-90, and the blank wells. In order to induce osteoclas-
tic differentiation, the cells were switched to osteoclastic 
differentiation medium consisting of high-glucose DMEM 
medium supplemented with 10% FBS, 1% PS, M-csf (50 ng/
mL), and RANKL (50 ng/mL). TRAP immunofluorescence 
staining, quantitative PCR, and Western blotting were per-
formed to evaluate osteoclastic differentiation. The mRNA 
expressions levels of nuclear factor of activated T cells, 
cytoplasmic 1 (NFATC1), TRAP, Matrix metalloprotein-
ase 9 (MMP9), ATPase H+ transporting V0 subunit D2 
(ATP6vOd2), Fos proto-oncogene AP-1 transcription factor 
subunit (c-Fos), Cathepsin K (CTSK), and tumor necrosis 
factor receptor-associated factor 6 (TRAF6) were detected 
by quantitative PCR at 3 and 5 days in osteoclastic differ-
entiation medium (primers are listed in Table S3). And the 
protein levels were analyzed by Western blot at 3 days in 
osteoclast differentiation medium. The primary antibodies 
used were as follows: NFATC1 (AF06823, AiFang biologi-
cal, China), TRAP (11,594–1-AP, Proteintech, China), c-Fos 
(31254S, Cell Signaling Technology, USA), CTSK (A1782, 
abclonal, China), and TRAF6 (A16991, abclonal, China). 
The horseradish peroxidase (HRP) conjugated secondary 
antibodies were from Biosharp, Hefei, China.

2.11 � TRAP immunofluorescence staining

Primary bone marrow monocytes (BMMs) were isolated 
from 8-week-old C57BL/6 mice and cultured in high-
glucose DMEM medium supplemented with 10% FBS, 

1% PS, M-csf (50 ng/mL). Once the cell density reached 
90–100%, the cells were cultured in osteoclast medium 
(high-glucose DMEM medium supplemented with 50 ng/
mL M-CSF and 50 ng/mL RANKL) to induce differentia-
tion. Cell culture media were replaced every 2 days until 
osteoclast formation. Differentiated cells cultured on four 
different substrates were evaluated by fluorescence staining 
of TRAP, F-actin, and nuclei. The nucleus was stained in 
blue with DAPI (ab104139, Abcam, USA), actin labeled in 
red with phalloidin (RM02835, 1:100, Abclonal, China), 
and TRAP were stained in green. The primary antibody 
used was ACP5 polyclonal antibody (25,104-1-AP, 1:200, 
Proteintech, China), and the specific steps were conducted 
as described in Sect. 2.8.

2.12 � Statistical analysis

Differences among multiple groups were evaluated by one-
way analysis of variance (ANOVA), followed by the Tuk-
ey’s test. Statistical analysis was performed using GraphPad 
Prism 8, with P < 0.05 considered significant.

3 � Results and discussion

3.1 � Preparation and characterization of GNPs 
with various sizes

A key advantage of GNPs is their size and shape diversity, 
which can be controlled by varying the reaction parameters, 
including time, temperature, reductant types, and capping 
ligand types [33]. Here, citrate-modified GNPs with vari-
ous sizes were firstly prepared using citrate reduction and 
seed-mediated growth method as described in a reported 
study [34]. Typical citrate method for GNPs includes the 
reduction of HAuCl4 solution at boiling using citrate as 
both stabilizing and reducing agent. Unfortunately, particles 
larger than 20 nm obtained by citrate method were always 
poly-dispersed and non-spherical. While regrowing gold 
onto tiny nanoparticles (also called seeds) improves this, a 
large amount of secondary population of smaller nanopar-
ticles is also generated. Therefore, hydroquinone-assisted 
seed method to fabricate homogenous GNPs with control-
lable sizes was employed. Hydroquinone (HQ) has a moder-
ate reducing potential (E° = − 0.699 V vs NHE), which can 
quickly reduce Au precursor (AuCl4-/Au0, E° = + 1.002 V) 
at room temperature only in the presence metallic seeds [31]. 
Moreover, HQ and its oxidative product quinone give a poor 
adsorption to the NP surface, enabling it an exclusive reduct-
ant with minimal stabilizing effects.

Taking advantage of above two merits, we adopted 
citrate-stabilized Au NPs with controllable sizes by a 
seed-mediated approach in HQ reduction and the process 
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of preparation is schematically shown in Fig. 1A. Their 
morphology obtained by transmission electron micros-
copy (TEM) imaging is demonstrated in Fig.  1B–D, 
where it could be seen that the nanoparticles were spheri-
cal with better mono-dispersity. Their average statisti-
cal sizes calculated according to the TEM images were 
21.18 ± 1.69 nm, 60.27 ± 5.57 nm, and 92.83 ± 9.38 nm, 
respectively (Fig.  1E). Average hydrodynamic sizes 
(Fig. 1F) measured by dynamic light scattering (DLS) 
were around 28 nm for GNPs-20, 65 nm for GNPs-60, 
and 99 nm for GNPs-90, respectively, the value of which 
was larger than their physical sized due to the citrate 
modification and the hydrated shell. In addition, the zeta 
(ζ) potential of these nanoparticles was negative charged 
with − 24, − 11.4, and − 6.39 mV, respectively (Fig. 1G). 
The negative charge of as-prepared GNPs was attributed 
to the carboxyl groups of citrate molecule. The zeta poten-
tial value of nanoparticles depends on their surface charge 
density. Larger nanoparticles have a relatively smaller 
surface area, resulting in a higher surface charge density 
concentrated in a smaller region. In contrast, smaller nano-
particles have a relatively larger surface area, leading to 
a lower surface charge density distributed over a wider 
region [35]. It is generally accepted that the physiochemi-
cal properties, especially optical properties of GNPs, have 
significant relationship with their size [36].

In addition, UV-Vis spectroscopy of as-prepared GNPs 
with various sizes is further shown in Fig. 1H, in which 
sharp and single absorption band with the location of 

519 nm for GNPs-20, 536 nm for GNPs-60, and 565 nm 
for GNPs-90, respectively. The red-shift of absorption 
band from GNPs-20 to GNPs-90 was attributed to the 
increase of effective refractive index resulted from the 
increased size [37]. Currently, it has become a widely 
accepted characterization program for confirming the sizes 
of GNPs through the combination of TEM observation 
and extinction spectra recording. The extinction spectra 
of three kinds of GNPs are seen to be in good agreement 
with the published data that calculated from Mie theory 
besides the TEM observation [38]. Taken together, it can 
be verified that the three kinds of GNPs are in sizes of 
20 nm, 60 nm, and 90 nm, respectively. The as-prepared 
GNPs were of great reproducibility and could be used as 
building block for self-assembly of SFGs.

3.2 � Preparation and characterization of SFGs

SFGs were constructed via a general two-step polystyrene  
(PS)-based drying-mediated self-assembly method at a 
convex air–water interface based on physical entanglement 
between ligands, where PS-modified GNPs were used as 
building block [30]. Before self-assembly, thiolated poly-
styrene (SH-PS) ligands with stronger binding ability were 
used to surface modification of citrate-capped GNPs, facili-
tating their transferring into an organic phase such as tet-
rahydrofuran (THF) [27]. Drying-mediated self-assembly 
of PS-capped GNPs could be accomplished by drop-casting 
them on various substrates such as holey copper grids (for 

Fig. 1   Characterization of 
as-prepared GNPs with various 
sizes. A Schematic of hydroqui-
none-assisted seed-method for 
preparation of GNPs compared 
with citrate and common seed-
method. B–D Typical TEM 
images of GNPs-20, GNPs-60, 
and GNPs-90 and their cor-
responding digital photograph 
(inset) respectively. E Statistical 
size distribution, F hydrody-
namic size distribution, G zeta 
(ζ) potential, and H UV-vis 
spectra of as-prepared GNPs 
with three sizes
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TEM and SEM observation), PDMS (for AFM observa-
tion or biocompatible assessment), and cell culture dish 
(for osteogenic assessment), which is schematically shown 
in Fig. 2A. The as-prepared SFGs self-assembled by vari-
ous sizes of PS-capped GNPs were termed as SFGs-20, 
SFGs-60, and SFGs-90, respectively. The processes of 
drying-mediated self-assembly of SFGs are demonstrated 
in Fig. 2B. In macroscopic view, they took on metallic luster 
with amaranth, pale-yellow, and bright yellow, respectively 
(Fig. 2C–E, inset), which could be attributed to the various 
effective refractive index induced by various size of GNPs. 
Figure 2C–E demonstrates the TEM images of as-prepared 
SFGs self-assembled by various sizes of PS-capped GNPs. 
It could be seen that close-packed one-particle thick arrays 
were formed with highly ordered structure. Besides, the 
long-chain PS helps maintain a specific distance between 
the nanoparticles, preventing the formation of stacked 

structures. It has been reported that the length of PS chain 
and the diameter of nanoparticles have remarkable influence 
on the interparticle spacing of SFGs [39]. After calculation 
according to the TEM images, a reduced statistical average 
interparticle spacing could be observed with 17.3 ± 2.7 nm 
for SFGs-20, 12.7 ± 2.3 nm for SFGs-60, and 11.5 ± 2.3 nm 
for SFGs-90, respectively.

Similar trends could be found by the observation of 
SEM (Fig. 2F–H) and AFM images (Fig. 2I–K) with vari-
ous assembly substrate and synthesis times, indicating that 
as-prepared SFGs were of great reproducibility and univer-
sality for depositing on various substrates (e.g., orthopedic 
implants). In addition, their reflection spectrum was further 
detected and the results are demonstrated in Fig. 2L, where 
it could be seen that a reflection band with the location of 
563 nm could be observed for SFGs-20, while relative broad 
reflection bands located between 700 and 800 nm can be 

Fig. 2   Characterization of as-
prepared SFGs. A Schematic 
diagram and B drying-mediated 
self-assembly process of SFGs. 
C–E Typical TEM images with 
digital photographs (inset), F–H 
SEM images, and I–K AFM 
images of SFGs-20, SFGs-60, 
and SFGs-90, respectively. L 
UV-vis-NIR mirror reflection 
spectra of as-prepared SFGs. 
Noting that the step peaks 
located at 720 nm and 830 nm 
are due to grating conversion of 
the spectrometer
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assigned to SFGs-60 and SFGs-90, respectively. The red-
shift of reflection band from SFGs-20 to SFGs-90 was due 
to the various effective plasmonic coupling induced by the 
close-packed GNPs. It could be found that the self-assembly 
process did not largely affect the optical properties of sim-
ple gold nanoparticle, indicating that the GNPs were not in 
the aggregated state. It is noteworthy that as-prepared SFGs 
were enveloped by large amounts of PS ligands, which may 
affect their interactions with biological cells. Hence, oxy-
gen plasma treatment was performed to SFGs for short time 
intervals to partly strip away the surface PS ligands, which 
was used as spacer molecule to control the interparticle  
spacing and the exposed time needed to be properly optimized 
(5 min in this study) to avoid structural disordering [40].  
One advantage of SFGs is its universality for depositing 
on various substrates such as orthopedic implants, which 
typically used consist of titanium alloy. To verify this, 2D 
superlattice films of GNPs were assembled onto titanium 
plate. As illustrated in Supplementary Material, Fig. S1, they 
exhibited the same metallic luster compared with that self-
assembled onto PDMS (Fig. 2C–E, inset). Taken together, 
the as-prepared SFGs with various surface structures could 
be used for further biological investigations.

3.3 � Biocompatible assessment of SFGs

This study initially aimed to prepare 2D superlattice films 
of GNPs-PS composites that could be used as a bioactive 
platform for the surface modification of orthopedic implants 
to effectively address the problem of aseptic loosening. 
These films were expected to exhibit excellent biocompat-
ibilities and enhanced osseo-integration abilities (Fig. 3A). 
Various sizes of GNPs were drying-mediated self-assembled 
into SFGs on 24-well plates for biocompatible assessment 
using MC3T3-E1 and RAW264.7 cells as models (Fig. 3B). 
Live/dead staining was performed to assess the viability of 
MC3T3-E1 cells treated with SFGs-20, SFGs-60, and SFGs-
90 for 24 h, where fluorescent dyes such as PI and calcein 
AM were used to differentiate living and dead cells based on 
their membrane integrity. Results demonstrated that similar 
to the control group (0.08% dead cells), the percentage of 
the dead cells was almost 0 for each SFGs after 24 h treat-
ment, indicating that all the SFGs are not cytotoxic towards 
biological cells (Fig. 3C, D). In addition, phalloidin/DAPI 
staining was also used to visualize the organization of the 
cytoskeleton and the nuclei of the MC3T3-E1 cells treated 
with SFGs-20, SFGs-60, and SFGs-90 for 24 h. Phalloidin 
can specifically bind to F-actin filaments, which is a major 
structural component of the cytoskeleton, while DAPI is a 
fluorescent dye that can bind to DNA, allowing the visuali-
zation of nuclei within cells. It could be seen that the shapes 
of MC3T3-E1 cells appeared well in both control and SFGs-
treated groups without abnormalities in the nuclei (Fig. 3C). 

The similar trends could be observed with RAW264.7 cells 
(Fig. 3E, F). The percentage of dead RAW264.7 cells was 
0.68% for SFGs-20, 0.48% for SFGs-60, and 0.11% for 
SFGs-90, which was similar to the control (0.27% dead 
cells). The original fluorescence images were shown in Sup-
plementary Material, Figs. S2–S5. These results undoubt-
edly confirmed that the as-prepared SFGs possess excellent 
biocompatibility, thus paving the way for further osteogenic 
differentiation and osteoclast differentiation assessment.

3.4 � SFGs stimulates osteogenesis

After confirming the biocompatibility of the SFGs, the 
effects of SFGs on osteogenic differentiation of MC3T3-E1  
cells were assessed using real-time PCR and Western blot-
ting assay. It has been reported that osteogenic differentia-
tion is a complex process involving numerous osteogenesis-
associated genes [41]. Hence, MC3T3-E1 cells were treated 
with SFGs-20, SFGs-60, and SFGs-90 for 3 and 5 days, 
respectively. Afterwards, the gene expression of multiple 
osteogenic-related proteins, including OCN, OPN, Col1, 
Runx2, and ALP, were evaluated. OCN is a major non-
collagenous protein in bone exclusively secreted by mature 
osteoblasts, representing osteogenic differentiation and mat-
uration [42]. As depicted in Fig. 4A, the mRNA expression 
level of OCN was significantly upregulated after treated 
with SFGs-90 for 3 and 5 days and SFGs-60 for 5 days  
compared to the control groups. The same trend was observed  
with Western blot analysis in Fig. 4F, G, and Supplemen-
tary Material, Fig. S7A, B, where the protein expression 
levels of OCN were elevated in these groups. OPN, another 
important non-collagenous bone matrix protein, is responsi-
ble for bone formation and metabolism [43]. Real-time PCR 
results revealed significantly increased mRNA expression 
levels of OPN in the group of SFGs-60 and SFGs-90 at days 
7 (Supplementary Material, Fig. S6B).

Furthermore, OPN protein expression levels were dem-
onstrated to increase in all SFGs groups at days 3 and 7  
with respect to the control group (Fig. 4F, H, and Supple-
mentary Material, Fig. S7A, C). Col1, an abundant matrix  
protein secreted by osteoblasts, is a marker of early osteo-
genesis during bone formation [44]. The stimulating effect 
was more significant in the cells treated with SFGs-90 
compared with the group of SFGs-20 and SFGs-60 as 
evidenced by results of both mRNA and protein expres-
sion levels (Fig. 4C, F, I and Supplementary Material, Fig.  
S7A, D). Runx2 is a transcriptional factor highly expressed 
early in osteoblast maturation and controls the differentiation 
of mesenchymal stem cells to osteoblasts [45]. Runx2 also  
regulates the expression of many bone-related genes including  
OCN, OPN, and COL1 [46]. As shown in Fig. 4D, after 
treatment with SFGs-90 for 3 days, the mRNA expres-
sion level of RUNX2 was higher than the control groups. 
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Protein expression levels of RUNX2 were significantly 
upregulated after treated with SFGs-60 and SFGs-90 for  
3 and 7 days and SFGs-20 for 3 days (Fig. 4F, K, and 
Supplementary Material, Fig. S7A, F). In addition, intra-
cellular ALP activity is an early bone marker during oste-
ogenesis [47]. The mRNA expression level of ALP was 
higher after treated with SFGs-90 for 3 and 7 days, while 
no statistically significant difference could be observed 
(Fig. 4E). Protein expression levels of ALP were also 
significantly upregulated after treated with SFGs-60 and 
SFGs-90 for 3 and 7 days and SFGs-20 for 3 days (Fig. 4F, 
J, and Supplementary Material, Fig. S7A, E). The raw WB 
data are provided as Supplementary Material (Figs. S8 and 

S9). In order to further verify the early osteogenic differen-
tiation, the effects of SFGs on ALP immunofluorescence  
staining and ALP activity levels of MC3T3-E1 cells were 
performed. The ALP quantitative assay could reflect the 
differentiation level of osteoblasts, higher ALP activity 
suggests more significant differentiation of pre-osteoblasts 
into mature osteoblasts [48].

Furthermore, the immunofluorescence detection result 
of cells showed that ALP expression levels were signifi-
cantly higher than in controls after treatment of SFGs-
20 and SFGs-90 for 7 days (Fig. 5A, B). Moreover, the 
results of quantification of ALP activity were consistent 
with those obtained through ALP immunofluorescence 

Fig. 3   Biocompatible assessment of as-prepared SFGs. A Scheme 
for in vitro investigations of osteogenic and osteoclast assessment of 
SFGs. B Photograph of various as-prepared SFGs. C Representative 
scan of live/dead staining (green and red labeled cells represent liv-
ing and dead cells, respectively) and phalloidin/DAPI staining (green 
and blue labeled cells represent cytoskeleton and nucleus of cells, 

respectively) of MC3T3-E1 cells after treated with SFGs-20, SFGs-
60, and SFGs-90, respectively. D Quantification of live/dead staining 
in Fig. 3C using ImageJ. E Representative scan of live/dead staining 
and phalloidin/DAPI staining of RAW264.7 cells after treated with 
SFGs-20, SFGs-60, and SFGs-90, respectively. F Quantification of 
live/dead staining in Fig. 3E using ImageJ
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staining (Fig. 5C), indicating that SFGs-90 promoted early 
osteogenesis. These results strongly suggested that SFGs-
90 possesses a more robust pro-osteogenic differentiation 
capacity than SFGs-20 and SFGs-60. The SFGs-90 group 
consistently exhibited pro-osteogenic effects across multiple 

experiments, whereas the SFGs-20 and SFGs-60 groups 
did not demonstrate any significant pro-osteogenic effects 
in terms of ALP immunofluorescence or ALP activity. All 
these findings suggested that all the SFGs have certain pro-
osteogenic effects, and SFGs-90 has a more pronounced and 

Fig. 4   Effects of SFGs on osteogenic gene expression assayed by 
real-time PCR and Western blot. A–E Real-time PCR analysis of 
OCN, OPN, COL1, ALP, and RUNX2 expressions of MC3T3-E1  
cells treated with SFGs-20, SFGs-60, and SFGs-90 for 3 and 5 days,  
respectively. F Western blot analysis and G–K relative protein level  
of OCN, OPN, COL1, ALP, and RUNX2 expression of MC3T3-E1 

cells after treated with SFGs-20, SFGs-60, and SFGs-90 for 3 days.  
Asterisk indicates statistically significant differences between the con-
trol and experience group (*p < 0.05; **p < 0.01; ***p < 0.001;  
****p < 0.0001), and well numbers (#) indicate statistically signifi-
cant differences between SFGs-20, SFGs-60, and SFGs-90 (#p < 0.05; 
##p < 0.01; ###p < 0.001; ####p < 0.0001)
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stable pro-osteogenic differentiation capacity than SFGs-20 
and SFGs-60.

3.5 � SFGs inhibit osteoclastogenesis

To assess the effects of SFGs on osteoclastic differentia-
tion of biological cells, we employed RAW264.7 cells as 
model cells, which were cultured under osteoclast differ-
entiation medium. After treatment with various SFGs, the 
expression of osteoclast-related genes was analyzed. It has 
been reported that osteoclastic differentiation is a complex 
process involving numerous osteoclastogenesis-related 
genes [49]. After 3 and 5 days of treatment with or without 
SFGs, the expression of osteoclast-related genes, including 
ATP6vOd2, signaling adaptor protein (TRAF6), osteoclast 
transcription factors (NFATC1, c-Fos), and bone-resorption 
enzymes (MMP9, TRAP, and CTSK), were measured in both 
gene (Fig. 6A–E and Supplementary Material, Fig. S10) and 
protein levels (Fig. 6F–K). Among these genes, NFATC1 
and c-Fos are considered as key transcription factors  
regarding osteoclastogenesis and bone resorption, where 
NFATC1 is critical for osteoclast terminal differentiation and 
c-Fos can activate the expression of NFATC1 [50]. MMP9 
as a marker proteinase, released by osteoclasts, reflects the 
bone resorption status [51]. ATP6vOd2 is highly expressed 
in osteoclasts and serves a vital role in cell-cell fusion during 
RANKL-induced osteoclast differentiation [52]. CTSK is a 

cysteine protease that is predominantly expressed in osteo-
clasts, which can catabolize collagen, elastin, and gelatin 
[53]. TRAF6 is a signaling adaptor protein that regulates 
bone metabolism and inflammatory reaction and the levels 
of TRAF6 are elevated in diseases such as osteoporosis [54]. 
TRAP is a specific marker enzyme, which is found mostly 
in osteoclasts and secreted in large quantities by osteoclasts 
during bone resorption [55]. The mRNA expression level 
of NFATC1, c-Fos, TRAP, and MMP9 were significantly 
decreased compared with the control groups after treated 
with SFGs-20 for 3 days, while the mRNA expression level 
of NFATC1, c-Fos, TRAP, MMP9, ATP6vOd2, CTSK, and 
TRAF6 was significantly decreased compared with the con-
trol groups after treated with SFGs-90 for 3 days. Mean-
while, after treated with SFGs-60 for 5 days, the mRNA 
expression level of NFATC1, c-Fos, TRAP, MMP9, and 
ATP6vOd2 was significantly decreased compared with 
the control groups. Besides, the mRNA expression level of 
NFATC1, c-Fos, MMP9, and ATP6vOd2 was significantly 
decreased compared with the control groups after treatment 
of SFGs-20 and SFGs-90 for 5 days. As demonstrated in 
Fig. 6F–K, the protein expression levels of osteoclast-related 
genes (NFATC1, c-Fos, TRAF6, and CTSK) were exhibited 
to decrease in SFGs groups (both SFGs-60 and SFGs-90) 
for 3 days. The protein expression levels of NFATC1 were 
also significantly decreased after treated with SFGs-20 for 
3 days and the protein expression levels of TRAF6 were 

Fig. 5   Osteogenic differentiation assay. A MC3T3-E1 cells were cul-
tured on various SFGs in osteogenic medium for 7  days. Cells were 
stained with DAPI (blue, nuclei staining) and alkaline phosphatase 
antibodies (green, ALP staining). B Quantification of ALP immuno-
fluorescence staining using ImageJ. C ALP activity level of MC3T3-E1 

cells after treated with SFGs for 7 days. Data expressed as mean ± SD 
and asterisk indicates statistically significant differences between con-
trol and experience group (∗ p < 0.05), and well numbers (#) indicate 
statistically significant differences between SFGs-20, SFGs-60, and 
SFGs-90 (##p < 0.01)
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also significantly decreased after treated with SFGs-90 for 
3 days. The raw WB data are provided as Supplementary 
Material (Fig. S11).

In addition, in order to further verify the osteoclastic-
inhibition effects induced by SFGs, BMMs were used as 
model cells. Adherent BMMs were differentiated into 
osteoclasts by seeding with MCSF and RANKL either 
onto SFGs-coated wells or control wells (Fig.  7A). 

TRAP-positive multinuclear cells (≥ 3 nuclei) were 
counted as osteoclasts under the fluorescence microscope. 
Culture of cells treated with SFGs-90 resulted in decreased 
numbers of multinuclear osteoclasts (Fig. 7B). In addi-
tion, the number of nuclei per osteoclast was significantly 
reduced in SFGs groups (both SFGs-60 and SFGs-90) for 
5 days (Fig. 7C). Moreover, as shown in Fig. 7D, after 
5 days of culture, the area of the newly formed osteoclasts 

Fig. 6   Effects of SFGs on osteoclastogenesis-related genes expres-
sion assayed by real-time PCR and Western blot. A–E Real-time PCR 
analysis of NFATC1, c-Fos, TRAP, MMP9, and ATP6VOD2 expres-
sions of RAW264.7 cells treated with SFGs-20, SFGs-60, and SFGs-
90 for 3 and 5 days, respectively. F Western blot analysis and (G–K) 

relative protein level of NFATC1, c-Fos, TRAP, TRAF6, and CTSK 
expression of RAW264.7 cells after treated with SFGs-20, SFGs-
60, and SFGs-90 for 3 days, respectively. Asterisk indicates statisti-
cally significant differences between control and experience group 
(*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)
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was lower in SFGs-treated groups compared with that in 
the control group, and the osteoclastic-inhibition effect was  
more significant in the cells treated with SFGs-90, which 
was consistent with the expression of osteoclastogenesis-
related genes results. Taken together, the above findings 
indicated that all the SFGs have certain anti-osteoclastic 
effects, where SFGs-90 showed more pronounced and 
more stable anti-osteoclastic differentiation effects com-
pared with that of SFGs-20 and SFGs-60 in vitro.

4 � Conclusion

This study is the first report of macroscopic one-particle 
thick superlattice films exhibited bone integration-promoting 
effects. Three sizes of GNPs were prepared and subsequently 
employed as building blocks for self-assembly of macro-
scopic one-particle thick superlattice films. Morphological 
results demonstrated that SFGs possessed highly ordered 

structures with close-packed one-particle thick arrays. We 
presented a first attempt to explore the interactions between 
biological cells and SFGs. Results exhibited that SFGs 
showed excellent biocompatibility and size-dependent dual 
effects (osteoclastic-inhibition and osteogenic-stimulation) 
on maintaining the bone homeostasis. SFGs-90 exhibited the 
most pronounced facilitation of osteogenic differentiation of 
osteoblasts as well as deactivation of osteoclasts compared 
with SFGs-20 and SFGs-60. The universality for depositing 
on various substrates, excellent biological safety, regulatable 
morphology and high mechanical strength will benefit the 
clinical translation of SFGs. These findings shed light on 
the role of one-particle thick superlattice films in promoting 
osteogenic differentiation and deactivating osteoclasts. The 
use of SFGs in orthopedic implants has shown promise in 
enhancing osseo-integration abilities, which can effectively 
address the issue of aseptic loosening and offer a new per-
spective and potential solution for improving the integration 
of orthopedic implants in bone tissue.

Fig. 7   Osteoclastic differentiation assay. A Staining of monocytes 
from mice after osteoclastic stimulation with various substrates for 
5  days. Cells were stained with tartrate-resistant acid phosphatase 
antibodies (green, TRAP staining), DAPI (blue, nuclei staining), and 
phalloidin (red, cytoskeleton staining). B Mean number of osteoclasts 

per field. C Mean number of nuclei per osteoclast. D Quantification 
of osteoclasts’ area using ImageJ. Data expressed as mean ± SD and 
asterisk indicates statistically significant differences between control 
and experience group (∗ p < 0.05; **p < 0.01)
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