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Hydroxypropylmethylcellulose as a film 
and hydrogel carrier for ACP nanoprecursors 
to deliver biomimetic mineralization
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Abstract 

Demineralization of hard tooth tissues leads to dental caries, which cause health problems and economic burdens 
throughout the world. A biomimetic mineralization strategy is expected to reverse early dental caries. Commercially 
available anti-carious mineralizing products lead to inconclusive clinical results because they cannot continuously 
replenish the required calcium and phosphate resources. Herein, we prepared a mineralizing film consisting of 
hydroxypropylmethylcellulose (HPMC) and polyaspartic acid-stabilized amorphous calcium phosphate (PAsp-ACP) 
nanoparticles. HPMC which contains multiple hydroxyl groups is a film-forming material that can be desiccated to 
form a dry film. In a moist environment, this film gradually changes into a gel. HPMC was used as the carrier of PAsp-
ACP nanoparticles to deliver biomimetic mineralization. Our results indicated that the hydroxyl and methoxyl groups 
of HPMC could assist the stability of PAsp-ACP nanoparticles and maintain their biomimetic mineralization activity. 
The results further demonstrated that the bioinspired mineralizing film induced the early mineralization of demin-
eralized dentin after 24 h with increasing mineralization of the whole demineralized dentin (3–4 µm) after 72–96 h. 
Furthermore, these results were achieved without any cytotoxicity or mucosa irritation. Therefore, this mineralizing 
film shows promise for use in preventive dentistry due to its efficient mineralization capability.
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Background
Dental caries is one of the most prevalent and conse-
quential diseases in the world [1]. The latest data on the 
global burden of diseases (March 2020) show that over 
3.5 billion people suffer from dental caries. However, this 
disease remains a neglected global health issue [2]. Addi-
tionally, it is a predictably increasing social and economic 
burden [3]. Therefore, we should take measures to pre-
vent dental caries.

Biomimetic design is a promising strategy for generat-
ing functional materials that mimic biological processes 
[4–7]. Recently, scientists have adopted biomimetic min-
eralization as a minimally invasive method for treating 
initial caries [8]. Most detectable caries demineralized 
not only enamel but also dentin. Dentin consists of a 
mineralized collagen matrix. Biomimetic mineralization 
is an organics-mediated process involving the formation 
of heterogeneous crystal nuclei [9]. Most current biomi-
metic mineralization studies are based on the polymer-
induced liquid-precursor (PILP) theory [10]. Polymers 
can be used as non-collagen proteins (NCPs) analogs to 
promote the transformation of precursors (amorphous 
calcium phosphate, ACP) into hydroxyapatite (HAp) 
during biomimetic mineralization [11]. ACP nanoparti-
cles are believed to be crucial precursors in biomimetic 
mineralization [12]. However, in aqueous solutions, ACP 

nanoparticles are easily converted into crystalline phases 
[13]. Only when ACP nanoparticles are kept dry or stabi-
lized by polyelectrolytes, such as polyaspartic acid (PAsp) 
or polyacrylic acid (PAA), can they maintain their min-
eralization activity. In addition, some polymers, such as 
poly (amide amine) (PAMAM) and polyethylene glycol 
hydrogels have also been applied as NCPs analogs to 
stabilize the ACP nanoparticles [14, 15]. Based on the 
PILP theory, contemporary, commercially available anti-
carious materials have been developed to deliver mimetic 
mineralization in liquids (mouth rinses) and pastes 
(toothpastes) [16]. However, their dentin remineraliza-
tion efficacy is not as good as expected because they do 
not continuously release calcium and phosphate for bio-
mimetic mineralization [17]. Mesoporous silica has been 
used as a carrier to deliver ACP nanoparticles [18]. Our 
previous studies demonstrated that acidic, self-etching 
adhesives can be loaded with PAA-ACP or PAsp-Si-ACP 
nanoparticles to implement the biomimetic mineraliza-
tion of demineralized dentin [19, 20].

Hydroxypropylmethylcellulose (HPMC) is a non-
toxic polymer that contains a large number of hydroxyl, 
methyl and methoxy anion groups which share identical 
sequences with NCPs [21, 22]. HPMC has been widely 
used as a drug carrier in pharmaceutical applications 
because it can be used as a film-forming material [23]. 
Once a dry HPMC film makes contact with water, its 
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polymer chains relax, its volume expands as it converts 
into a gel, and the loaded particles can be released [24]. 
To date, the method by which HPMC can be used as a 
carrier for ACP nanoparticles to deliver biomimetic min-
eralization has not yet been investigated. Therefore, in 
this work, we proposed a film-assisted biomimetic min-
eralization strategy. We demonstrated the mineralizing 
film could deliver the biomimetic mineralization without 
any cytotoxicity or mucosal irritation. Early mineraliza-
tion of demineralized dentin occurred in the first 24  h, 
and heavy mineralization of the whole demineralized 
dentin (3–4 µm) was achieved in 72–96 h. The cryogenic 
transmission electron microscopy (cryo-TEM) images 
indicate that when the mineralizing film is exposed to 
artificial saliva (AS) at 37 °C, it can release ACP nanopar-
ticles early and maintain the bioactivity of these nanopar-
ticles for 6 h in an amorphous phase, these nanoparticles 
gradually transformed into HAp after 8  h. AS consist-
ing of 1.5  mM CaCl2, 0.9  mM KH2PO4, 130  mM KCl, 
1.0 mM NaN3 and 20 mM HEPES, pH = 7.0 was prepared 
according to our previous studies [19, 20]. HPMC was 
the carrier of the ACP nanoparticles that could enable 
biomimetic mineralization via the hydroxyl and methoxyl 
groups of the HPMC synergistically with polyelectro-
lytes. Hence, the mineralizing film might be a promising 

mineralizing strategy due to its efficient mineralization 
capability. A simplified diagram for the preparation of the 
mineralizing film is shown in Fig. 1.

Materials and methods
Synthesis and characterization of ACP and PAsp‑stabilized 
ACP (PAsp‑ACP) nanoparticles
ACP and PAsp-ACP nanoparticles were synthesized 
by mixing equal volumes (25  mL) of 6  mM Na2HPO4 
and 10 mM CaCl2 without and with 480 μg  mL−1 PAsp 
respectively, and these mixtures were stirred for 10 min 
at room temperature. During synthesis, the pH of the 
solution was gradually adjusted to 9.5 ± 0.1 by titrating 
5  mol NaOH. The precipitates (ACP/PAsp-ACP nano-
particles) were collected by centrifugation (18,000  rpm, 
5  min, F0650, Beckman Allegra64R, USA), and subse-
quently washed three times with absolute ethanol. Sub-
sequently, the ACP/PAsp-ACP nanoparticles were dried 
in a vacuum drying oven at 30  °C overnight before they 
were analyzed by scanning electron microscopy (SEM, 
HITACHI, SU8010, Tokyo, Japan), transmission elec-
tron microscopy (TEM, JEM-1230, JEOL, Tokyo, Japan), 
powder X-ray diffraction (XRD, Rigaku D/MAX-2550 pc, 

Fig. 1  Schematic diagram showing the preparation of the mineralizing film. A Preparation of the PAsp-ACP nanoparticles. B Preparation of the 
mineralizing film
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Japan) and Fourier transform infrared (FTIR) spectros-
copy (Spectrum 400, Perkin-Elmer, USA).

Preparation and characterization of the mineralizing film
The mineralizing film was prepared as follows: HPMC 
(0.24 g) powder was immersed in 1.5 mL of 70% alcohol 
for 12  h in order to obtain a HPMC gel. Subsequently, 
0.24  g of PAsp-ACP nanoparticles and 2  mL of 70% 
alcohol were added to HPMC gel, and then the mixture 
was magnetically stirred at room temperature for 5 min. 
Afterward, a 2  mm thick mixture was prepared on a 
glass slide and dried under infrared light for 2 h to form 
a 40 mm × 15 mm mineralizing film with a thickness of 
0.2 mm. Finally, the film was cut into small 5 mm × 5 mm 
pieces and stored in a desiccator. The mineralizing 
films were analyzed by SEM, TEM, FTIR and XRD. The 
pure HPMC film was also prepared with the procedure 
described above and analyzed by FTIR and XRD.

ICP‑AES measurements
A large piece of the aforementioned mineralizing film 
was stored in artificial saliva for 24  h. One hundred 
microliters of the supernatant was retrieved at each time 
point (4, 8, 12, 16, 20, 24 h) and diluted to 100 mL with 
deionized water. Afterward, the concentrations of Ca and 
P were measured by inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES, Thermo iCAP-6300, 
USA). These measurements were performed in triplicate.

Phase transformation of mineralizing film in artificial 
saliva—FTIR analysis
A large piece of mineralizing film was immersed in 
60 mL of artificial saliva in a 100% humidity chamber at 
37 °C for 48 h. One milliliter of the mixture was retrieved 
at each time point (6, 8, 10, 12, 24, 48 h). The solid mate-
rials from the mixture were collected by centrifugation, 
washed three times with absolute ethanol, and dried 
overnight in a vacuum oven at 30  °C before being ana-
lyzed by FTIR. A piece of the pure HPMC film was also 
analyzed by FTIR. The splitting function (SF) proposed 
by Posner was used to determine the phase transforma-
tion of mineralizing film in artificial saliva [25].

Phase transformation of the mineralizing film in artificial 
saliva—cryo‑TEM analysis
The phase transformation of the PAsp-ACP nanopar-
ticles in HPMC when exposed to artificial saliva was 
analyzed at each time point (0, 6, 8, 12 and 24 h) by cryo-
TEM (Talos F200C, FEI, USA). The preparation of min-
eralizing film samples for cryo-TEM are described in the 
electronic Supporting Information (ESI)†.

Biocompatibility test—in vitro cytotoxicity test
Cell isolation and culture of L929 and human gingival 
fibroblasts are described in the ESI†. The cytotoxicity of 
the mineralizing film was assessed by a Cell Counting 
Kit-8 (CCK-8) assay (Beyotime, Shanghai, China). Dif-
ferent concentrations of the mineralizing films (0.1, 0.2, 
0.3, 0.5, 1, 2, 4, 8  mg  mL−1) were incubated at 37  °C in 
Duibecco’s modified Eagle’s medium (DMEM, Gibco, 
USA) for 24 h to obtain leaching solutions, in which 10% 
fetal bovine serum (FBS, Gibco, USA) was added to the 
L929 cells and 15% FBS was added to the human gingi-
val fibroblasts. Afterward, L929 cells and human gingi-
val fibroblasts were planted into 96-well plates at 10,000 
cells per well. They were incubated for 24 h to allow cell 
attachment. Then, the attached cells were incubated with 
5% of CO2 and 95% relative humidity in each well with 
the different leach solutions for 1, 3 and 5 days at 37 °C. 
Afterward, 10  µL CCK-8 was added to each well, and 
the attached cells were incubated for another 2–3 h. The 
measurements were performed six times at a wavelength 
of 450 nm using a microplate reader (Bio Tek Eon, USA).

Biocompatibility test—in vivo oral mucosa irritation tests
The protocol design was based on the Stimulation and 
Skin Allergy Test, Appendix B.3 Oral Mucosal Stimula-
tion Test (ISO 10993-10, 2010) [26]. Six male golden 
hamsters weighing 110–130 g were purchased from Bei-
jing Weitong Lihua [animal production license: SCXK 
(Beijing) 2016-0011]. After acclimatization for 1  week, 
these golden hamsters were intraperitoneally injected 
with 30 g L−1sodium pentobarbital (0.002mLg−1) on the 
8th day. After 0.2  g mineralizing film was immersed in 
1 mL of 0.9% NaCl and 1 mL of cottonseed oil for 24 h, 
a cotton ball with a diameter of approximately 0.40–
0.45  cm was soaked with 50  μL of polar (0.9% NaCl) 
and nonpolar (cottonseed oil) extracts of the mineral-
izing film. These cottons were subsequently placed in 
the left cheek pouches of the golden hamster, the right 
cheek pouches were serving as control. The oral mucosal 
irritation test was performed for 10  min and repeated 
four times with 1  h intervals. Additionally, macro- and 
microscopic histological evaluations of the irritated buc-
cal mucosa were performed. The preparation of buccal 
mucosa samples for microscopic histological evaluation 
and its grading system (Additional file 1: Table S1 and S2)  
are described in the ESI†.

Biomimetic mineralization of demineralized dentin—in 
vitro experiments
The preparation of demineralized dentin disks and the 
samples for TEM are described in the ESI†. The dem-
ineralized dentin disks (N = 36) were randomly divided 
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into three groups (n = 12): the demineralized dentin 
disk samples were not covered with anything serv-
ing as control. The demineralized dentin disk samples 
were covered either with pure HPMC films or with 
mineralizing films. Each sample was placed in 1  mL 
of artificial saliva in a well of 48-well plates, and incu-
bated at 37  °C and 100% humidity. The HPMC films, 
mineralizing films and artificial saliva were changed 
daily. Three samples were retrieved after incuba-
tion for 1, 2, 3, and 4 days in preparation for ultrathin 
sections. These sections were analyzed by TEM with 
selected area electron diffraction (SAED), high reso-
lution TEM (HRTEM) and elemental mapping. The 
micromechanical properties of the intact, de- and rem-
ineralized dentin (4 days) under moist conditions were 
determined by a Nanoindenter G200 (Agilent, USA) 
with a Berkovich diamond indenter. The preparations 
of the samples for indentation test are described in the 
ESI†. The measurement depth was set at 2500 nm for a 
peak hold time of 10 s and the Poisson ratio was set at 
0.28. Five points were randomly chosen on each dentin 
disk surface.

Biomimetic mineralization of demineralized dentin—in 
vivo experiments
Six healthy, male, 12  weeks old New Zealand rab-
bits [certificate number: SCXK (Zhe) 2017-0004] 
that weighing 2.1–2.5  kg were purchased (Hangzhou 
Yuhang Kelian Rabbit Industry Professional Coop-
erative, Hangzhou, China) for this study. Demineral-
ized dentin was prepared as follows: Six rabbits were 
anesthetized with 10% chloral hydrate (0.4  mg  kg−1, 
Dopalen, Ceva Sante Animale, Libourne, France), and 
the labial enamel surfaces of the rabbits’ maxillary and 
mandibular central incisors were completely removed 
to expose the dentin surfaces. Afterward, the exposed 
dentin surfaces were etched with 37% phosphoric acid 
gel for 15 s and thoroughly rinsed with water. The max-
illary central incisors were used for biomimetic miner-
alization, and the mandibular central incisors served 
as a blank control. (1) Control group: demineralized 
dentin surfaces of the mandibular central incisors were 
directly exposed to the oral cavity without being cov-
ered by any mineralized films. (2) Experimental group: 
transparent custom trays were prepared and the details 
are in the ESI†. The demineralized dentin surfaces of 
the maxillary central incisors were covered with min-
eralizing films and subsequently the central incisors 
were protected with a transparent splint, 8 h a day for 
7 consecutive days. Finally, all rabbits were sacrificed 
and central incisors were obtained. The incisor samples 

were divided into ultrathin sections (details are in the 
ESI†, and examined by TEM with SAED.

Results and discussion
Characterization of the ACP and PAsp‑ACP nanoparticles
PAsp-ACP nanoparticles were synthesized and incorpo-
rated into HPMC as a dry mineralizing film. SEM and 
TEM micrographs show that ACP and PAsp-ACP nan-
oparticles are spherical (Fig.  2a1 and b1). The diameter 
of an individual nanoparticle is approximately 30–80 nm 
(Fig. 2a2 and b2). As has been reported, the effect of min-
eralization is related to the size of ACP nanoparticles, 
ACP nanoparticles with a size of 50–80  nm more eas-
ily enter collagens for mineralization [13]. FTIR shows 
characteristic ACP and PAsp-ACP peaks at 1050  cm−1 
and 580 cm−1 (Fig. 2a3, b3). The X-ray diffraction (XRD) 
patterns of both the ACP and PAsp-ACP nanoparticles 
exhibit a broad peak (Fig.  2a4, b4). The broad peak at 
2θ = 30° of the PAsp-ACP nanoparticles is slightly offset 
from that of ACP (Fig. 2a4, b4). This might be due to the 
change in structure after the addition of PAsp [27, 28]. 
Both the FTIR spectrum and XRD pattern of the PAsp-
ACP nanoparticles indicate that they are amorphous. 
According to previous studies, the ACP nanoparticles are 
unstable in solution and easily transform into HAp [12, 
28]. As such, the clinical application of the ACP nano-
particles are is limited. PAsp is an NCPs analog that plays 
an important role in stabilizing ACP, allowing it to enter 
collagen fibrils for mineralization [28]. Under dry condi-
tions, PAsp-stabilized ACP nanoparticles can easily be 
kept in an amorphous phase [12, 29].

Characterization of the mineralizing film
The mineralizing film is very stable under dry conditions 
and shows promise for clinical application. The SEM 
images show that the PAsp-ACP nanoparticles are uni-
formly distributed in the mineralizing film (Fig. 2c1). The 
TEM images demonstrate that the PAsp-ACP nanoparti-
cles in the mineralizing film have diameters of 30–80 nm 
and are amorphous (SAED inset, Fig. 2c2). A character-
istic FTIR peak is observed at 580 cm−1 and is not split, 
indicating that the PAsp-ACP nanoparticles are amor-
phous in the mineralizing film (Fig.  2c3, blue line). The 
absorption peaks between 1300 and 1750 cm−1 are attrib-
uted to tightly bound water (10–20%) in the PAsp-ACP 
nanoparticles (Fig. 2c3, red line) [29]. The characteristic 
HPMC peaks are mainly those observed at 1065  cm−1, 
which are attributed to C–O–C asymmetric stretching 
vibrations, and 1119  cm−1, attributed to C–O stretch-
ing vibrations [30]. The absorption peaks at 872  cm−1 
and 1420  cm−1 correspond to the characteristic peaks 
of CO3

2− (Fig.  2c3, black line). The XRD pattern exhib-
its a broad peak at 2θ = 30°, indicating that the PAsp-ACP 
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nanoparticles are amorphous (Fig.  2c4) [27, 28]. Thus, 
HPMC can be used as a carrier to deliver ACP precursors 
and promote biomimetic mineralization; HPMC can not 
only maintain PAsp-ACP precursor bioactivity under dry 
conditions but can also be easily prepared and applied 
due to its interchangeable properties (from solid to gel 
and from gel to solid).

ICP‑AES measurements of the mineralizing film
Dentin mineralization is based on calcium and phosphate 
resources [31, 32]. Figure 3a shows that the amount of Ca 

and P increased quickly within 4 h after the mineralizing 
film was incubated in artificial saliva at 37 °C. Between 4 
and 24 h, Ca and P were steadily released (Fig. 3a). The 
release from the mineralizing film started with a burst 
release at initial stage of 0–4 h and changed to sustained 
release from 4 to 24 h (Fig. 3a). The two stages of nano-
particles release are consistent with those described in 
the previous publications [33–36]. Biologically, crystal-
line apatite formation is initiated with the heterogeneous 
nucleation of inorganic calcium phosphate on an organic 
extracellular matrix [32]. The concentrations of free Ca 

Fig. 2  Characterization of ACP (a1–a4), PAsp-ACP nanoparticles (b1–b4) and the mineralizing film (c1–c4). a1, b1 SEM images of ACP and PAsp 
nanoparticles show the particles were spherical. a2, b2 TEM images of ACP and PAsp nanoparticles show the diameter of an individual nanoparticle 
is approximately 30–80 nm. a3, b3 FTIR spectra of ACP and PAsp nanoparticles shows characteristic amorphous peaks at 1050 cm−1 and 580 cm−1. 
a4, b4 XRD patterns of the ACP and PAsp-ACP nanoparticles show the broad peak, the peak in a4 is a small left offset compared to that of b4 
and c4. c1 SEM image shows that the PAsp-ACP nanoparticles are homogeneously distributed in the mineralizing film. c2 TEM image shows that 
the spherical PAsp-ACP nanoparticles are dispersed in HPMC, and the SAED pattern (inset panel) indicates that the PAsp-ACP nanoparticles are 
amorphous. c3 FTIR spectra shows that HPMC exhibits a typical C–O peak at 1065 cm−1, C–O–C peak at 1119 cm−1, and CO3

2− peaks at 872 cm−1 
and 1420 cm−1 (black line). The PAsp-ACP nanoparticles exhibit characteristic PO4

3− absorption peaks at 1050 cm−1 and 580 cm−1 as well as 
absorption peaks attributed to bound water at 1300 cm−1 and 1750 cm−1 (red line). The mineralizing film exhibits characteristic peaks of both 
HPMC and the ACP nanoparticles (blue line). c4 The XRD pattern of the mineralizing film displays a broad peak at 2θ = 30°
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ions and ACP are the main factors for HAp nucleation 
[37]. The ICP-AES results confirm that the mineralizing 
film can release ACP nanoparticles. The Ca/P-releasing 
capability of the mineralizing film suggests that dentin 
remineralization is possible.

Phase transformations of the mineralizing film
Once the dry mineralizing films intake artificial saliva, 
they gradually form sticky gels. In addition, the ACP 
nanoparticles are released into the artificial saliva and 
gradually transform into HAp. The phase transforma-
tion of ACP nanoparticles in the mineralizing film occurs 
after 8 h incubation in artificial saliva (Fig. 3b). The nano-
particles are mostly transformed into HAp after 48 h, as 
demonstrated by the peak at 580 cm−1 splitting into two 
peaks at 560  cm−1 and 600  cm−1 (Fig.  3b) Fig.  3c indi-
cates that the magnified FTIR images of the spectral 
curve of panel b ranging from 400 cm to 750 cm−1, shows 
a peak at 580 cm−1 within 6 h and two peaks at 560 cm−1 
and 600 cm−1 over 8–48 h (Fig. 3c), and the value of the 
splitting function (SF) is close to 1, notably, SF evalu-
ates the degree of ACP nanoparticle crystallization, 
with 0 representing no crystallization and 1 represent-
ing complete crystallization (Fig.  3d, e) [25]. Additional 
file 1: Fig. S1 indicates that in AS, the mineralizing film 

dynamically changed from a dry film to a gel at 4 h. The 
peripheral film started to be gel at 1  h and whole film 
became gel at 4  h. This is supportive of a burst release 
in the initial stage. The interchanges of gel-to-sol phase 
transition of HPMC along with release of Ca/P ions in 
microscopic level led to the inhomogeneous distribu-
tion of HMPC gel over 6–24 h. This result is consistent 
with sustained release of Ca/P ions due to electrostatic 
attraction between calcium ions and polyhydroxyl of the 
HPMC. The hydroxyl and carbonyl groups of HPMC can 
attract calcium ions and delay the crystallization of ACP. 
This delayed crystallization might slow the release of cal-
cium ions from HPMC gels since pure PAsp-ACP nano-
particles in artificial saliva start to transform into HAp 
within 2–3 h (Additional file 1: Fig. S2). Moreover, ACP 
nanoparticles are liquid-like, and HPMC can provide 
hydrophobic microdomains for hydrophilic particles to 
facilitate drug release [38, 39]. These results indicate that 
HPMC is not only a good carrier for ACP precursors but 
can also stabilize ACP nanoparticles. Therefore, HPMC 
and PAsp might have a synergistic stabilizing effect on 
ACP nanoparticles. The mineralizing film allows the ACP 
nanoparticles enough time to enter and mineralize den-
tin collagen fibrils.

Fig. 3  Ca and P release and phase transformations. a Release kinetics for calcium (black line) and phosphate (red line) ions from the mineralizing 
film over 24 h. b FTIR spectra of the mineralizing film in AS show a peak at 580 cm−1 within 6 h and two peaks at 560 cm−1 and 600 cm−1 over 
8–48 h. c Magnified images of the spectral curve ranging from 400 to 750 cm−1 of b. d SF scheme. A1/A2 = 0 (noncrystallization) to 1 (complete 
crystallization). e Kinetics of the ACP to HAp phase transformation
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Cryo-TEM images indicate that spherical ACP nano-
particles with diameters of approximately 30–80  nm 
remained amorphous within the first 6 h after the min-
eralizing film is incubated in artificial saliva (Fig.  4a, b, 
f, g). The nanoparticles decreased in size and adjacent 
ACP nanoparticles began to fuse; some of the nanopar-
ticles are transformed into weakly crystallized HAp at 
8 h (Fig. 4c, h). The reduced ACP nanoparticle size might 
have resulted from dehydration during crystallization 
processes. The ACP nanoparticles started to transform 
into needle-like HAp with continuous 002, 211, and 004 
diffraction rings after 12 h incubation (Fig. 4d, i) and are 
mostly observed as HAp at 24 h (Fig. 4e, j).

Taken together, the ICP data, FTIR spectra, SF data and 
cryo-TEM images indicate that the mineralizing film not 
only provides calcium and phosphate sources but also 
transforms into HAp when exposed to artificial saliva at 
37  °C over reasonable application times (6–8  h). These 
results imply that the mineralizing film could be conveni-
ently used for dentin mineralization over 6–8  h during 
sleep [40].

In vitro cytotoxicity tests of the mineralizing film
Cytotoxicity tests using L929 cells and human gingival 
fibroblasts, were performed with a CCK-8 assay (Fig. 5a–
d). Compared with the control group, there were no sig-
nificant differences in the proliferation of L929 cells and 
human gingival fibroblasts after 1, 3, and 5 days of incu-
bation (Fig.  5a, b). After 3  days of incubation, both cell 
lines showed high cell viability rates in all different con-
centrations (Fig.  5c, d). The mineralizing film possesses 

excellent biocompatibility even at a high concentration 
(8 mg  mL−1), which indicates that the mineralizing film 
could be used for biomedical applications. The results of 
the cytotoxicity tests performed in this study are consist-
ent with the results of previous studies involving ACP 
nanoparticle-containing materials [41–45]

Oral mucosa irritation tests of the mineralizing film
Mineralizing films should not irritate the oral mucosa if 
they are expected to be used in clinical applications [42]. 
The results of histological examinations are summarized 
in Additional file 1: Fig. S3, and representative histologi-
cal images are shown in Fig. 5. The mean score was 0 for 
all the six groups (Additional file  1: Fig. S3). No visible 
proliferation, alteration, degeneration or necrosis of epi-
thelial cells was observed. No pathological changes, such 
as congestion, edema, inflammatory infiltration or necro-
sis under the mucosa, were detected (Fig.  5e–l). There-
fore, the mineralizing film does not irritate the mucosa 
[43, 46].

In vitro experiments on the biomimetic mineralization 
of dentin
A mineralizing film was used as a carrier to achieve bio-
mimetic mineralization of demineralized dentin. TEM 
images show that the remineralized dentin becomes 
darker and thicker over time. The SAED patterns (insets 
of Fig. 6a, d, g, j) reveal typical 002, 004 and 211 diffrac-
tion rings. A thin, weakly crystallized remineralization 
layer of approximately 0.3–0.5  µm was detected at the 
bottom of the demineralized dentin after 24 h incubation 

Fig. 4  Cryo-TEM images of the mineralizing film and its SAED pattern at 0 h (a, f), 6 h (b, g), 8 h (c, h), 12 h (d, i) and 24 h (e, j) in artificial saliva. a, b 
The spherical ACP nanoparticles in the mineralizing film are approximately 30–80 nm in diameter and stable in artificial saliva over 6 h. c The ACP 
nanoparticles decreased in size and fused at 8 h. d, e Most of the ACP nanoparticles transformed into HAp at 12 and 24 h. f–j SAED patterns of the 
mineralizing film
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(Fig. 6a, white dotted line). The thickness of the reminer-
alization layer increased to approximately 1–1.2-µm after 
48 h incubation, and the layer exhibited regular crystal-
linity (Fig. 6d, white dotted line). After 72 h incubation, 
the thickness of the layer increased to approximately 
2-µm, and the layer exhibited good crystallinity but a low 

electron density (Fig.  6g, white dotted line). Complete 
remineralization was observed after 96 h incubation, and 
the final thickness of the layer was that of the demineral-
ized dentin (Fig. 6j, white dotted line). The final electron 
density of the remineralized dentin was similar to that of 
the neighboring, intact dentin. The SAED patterns show 

Fig. 5  Cytotoxicity and oral mucosa irritation tests of the mineralizing film. a–d CCK-8 assay of L929 and human gingival fibroblasts. e–l Histological 
sections of oral mucosa from golden hamster cheek pouches. The oral mucosa was treated either with polar (0.9% NaCl) and nonpolar (cottonseed 
oil) liquid in the control group (e–h), or with the polar and nonpolar extracts of mineralizing film in the experimental group (i–l). f, h, j, and l are 
magnified images of e, g, i, and k. The stratified squamous epithelium and lamina propria were in normal arrangement. No cell proliferation, no 
edema, no inflammatory cells and no cell necrosis were detected

(See figure on next page.)
Fig. 6  TEM images of dentin treated with the mineralizing film for 24 h (a–c), 48 h (d–f), 72 h (g–i) and 96 h (j–l). c, f, i and l are magnified images 
of b, e, h and k, respectively. At 24 h, spherical ACP nanoparticles were attached to the surface (c, white arrow). At 48 h, some nanoparticles (f, black 
arrow) were observed on the surface, and some were observed in the middle of the demineralized dentin layer (e, f, white arrow). The collagens 
became thicker and darker (e, white arrow). Rod-like crystals were detected on the surface of the remineralized dentin after 72 h (i, black arrow), 
and the demineralized dentin was fully mineralized and fused with the surface crystals of the dentin. A needle-like HAp layer was detected on the 
dentin surface at 96 h (l, black arrow). Both the black arrow and white dotted line (k, l) indicate the remineralized dentin collagen. ID, intact dentin; 
DD, demineralized dentin; RD, remineralized dentin
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Fig. 6  (See legend on previous page.)
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characteristic HAp planes, such as the 002, 211, and 004 
planes (insets in Fig. 6a, d, g, j).

Furthermore, spherical ACP nanoparticles were 
attached to the surface of the demineralized dentin after 
24  h of incubation (Fig.  6c, white arrow). After 48  h of 
incubation, some nanoparticles (Fig.  6f, black arrow) 
were present on the surface of the demineralized dentin, 
and some spherical ACP nanoparticles were observed in 
the middle of the demineralized dentin layer (Fig.  6e, f, 
white arrow). The collagen became increasingly thicker, 
inferring that some ACP nanoparticles penetrated the 
collagen (Fig.  6e, f white arrow). After 72  h of incuba-
tion, almost all of the nanoparticles detected on the sur-
face of the remineralized dentin were rod-like in shape 
(Fig. 6i, black arrow). At 96 h, the demineralized dentin 
is fully remineralized and fused with the surface crystals 
of the dentin (Fig. 6l). A needle-like HAp layer was found 
attached to the dentin surface (Fig.  6l, black arrow). 
Therefore, it can be inferred that some of the ACP nano-
particles on the surface of the remineralized dentin trans-
formed into a needle-like HAp layer with a thickness of 

0.2  µm, and some of the ACP nanoparticles migrated 
through the demineralized layer and entered the collagen 
to promote intrafiber mineralization of the demineral-
ized dentin.

High-resolution transmission electron microscopy 
(HRTEM) images show two interplanar spacings: 
0.34  nm and 0.28  nm; these spacings agree with those 
of the 002 and 211 HAp lattice planes of HAp, respec-
tively (Fig.  7a). This is consistent with the findings of 
previous publications. Elemental maps also indicate that 
Ca and P are uniformly distributed in the remineraliza-
tion layer (Fig.  7b–d). The different load forces exerted 
on the demineralized dentin (16  mN), the remineral-
ized dentin (100  mN) and the intact dentin (120  mN) 
produced the same dent depth (2500  nm) (Fig.  7e). 
Furthermore, the hardness (0.68 ± 0.17 GPa) and elas-
tic modulus (15.91 ± 2.84 GPa) of the remineralized 
dentin were nearly restored to those of the intact den-
tin (0.89 ± 0.14 GPa and 14.99 ± 2.12 GPa, respectively) 
(Fig.  7f ). Both the remineralized and intact dentin 

Fig. 7  HRTEM images, elemental maps and nanoindentation tests of the dentin. a HRTEM image shows the two interplanar spacings: 0.34 nm and 
0.28 nm. b Remineralized dentin. c, d Elemental maps revealing the uniform distribution of calcium and phosphate of b. e Load–displacement 
curves show the different load forces exerted on the intact dentin, demineralized dentin and remineralized dentin at the same dent depth 
(2500 nm). f Hardness and elastic modulus values for the intact dentin, demineralized dentin and remineralized dentin. Both the remineralized and 
intact dentin exhibited much higher values than the demineralized dentin
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exhibited much higher values than the demineralized 
dentin (0.14 ± 0.06 GPa and 9.42 ± 2.07GPa) (Fig. 7f ).

In addition, mineralization of the demineralized den-
tin was not detected in the control groups even after 
96 h incubation (Additional file 1: Figs. S4 and S5). These 
results might be attributed to the absence of ACP nano-
particles in the control groups. The HPMC film alone did 
not induce the mineralization of dentin.

In vivo experiments on the biomimetic mineralization 
of dentin
The mineralizing film was used in  vivo to promote the 
remineralization of demineralized dentin in rabbits 
(Fig.  8a–c). This treatment induced a remineralization 
layer of approximately 0.6 µm at the bottom of the dem-
ineralized dentin after 7  days (Fig.  8d–f). However, no 
remineralization of the demineralized dentin occurred in 
the control group rabbits (treatment with the HPMC film 

alone) after 7 days (Additional file 1: Fig. S6). The results 
of the in vivo and in vitro studies are consistent.

Discussion on the biomimetic mineralization of dentin
Unlike the biomimetic mineralization of bone, the cell 
processing is essential for the construction of the com-
plex and hierarchical structures [47–51]. Biomimetic 
mineralization of dentin is mainly achieved by NCPs ana-
logues via sequestering amorphous calcium phosphate 
precursors and inducing homogeneous apatite nuclea-
tion within the collagen fibrils [9]. As a major analog of 
NCPs, the carboxyl group of PAsp can combine with cal-
cium ions to stabilize amorphous precursors and induce 
biomimetic mineralization [14, 15]. A large number of 
hydroxyl, methyl and methoxy anion groups of HPMC 
gel could also cross-link with calcium ions to form a sta-
ble network structure [23]. Liquid and paste used as car-
riers for current biomimetic mineralization could not 
achieve good clinical mineralization effectiveness due 

Fig. 8  In vivo remineralization experiment of demineralized dentin of rabbits. a The rabbit dentins were etching by 37% phosphoric acid for 15 s. 
b The demineralized dentins were obtained after rinsing and gentle drying. c The mineralizing film attached on the demineralized dentin surface 
was covered with a transparent customized tray. d–f TEM images of the demineralized dentin treated with the mineralizing film for 7 days show 
that the remineralized layer was approximately 600 nm thick [d, the magnified images of d (e, f)]. The SAED patterns (insets in e) reveal 002, 004, 
and 211 diffraction rings. f The HRTEM image shows two interplanar spacings: 0.34 nm and 0.28 nm. ID, intact dentin; DD, demineralized dentin; RD, 
remineralized dentin
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to lack of sustained release of Ca/P ions. In this study, 
HPMC loaded with PAsp-ACP nanoparticles could be 
dried to form a dry film, which is convenient for house-
hold use and carryon. HPMC plays an important role not 
only in stabilizing PAsp-ACP nanoparticles either in dry 
film or in gel status, but also in inducing the mineraliza-
tion of dentin in gel status in synergism with PAsp addi-
tive (Fig. 9).

Once the HPMC film makes contact with water, it 
gradually becomes a gel due to its water adsorption 
[23]. Its polymer chains gradually relax and its volume 
simultaneously expands due to its interaction with 
hydroxyl groups of water [23, 24]. The broad band of 
the hydroxyl bond of HPMC (3460  cm−1) shifted to 
3480  cm−1 of the HPMC-PAsp-ACP film (Additional 
file 1: Fig. S7). This behavior might be associated with 
the complexion between Ca2+ and polyhydroxyl groups 
of HPMC gel [23]. It is likely that compared with pure 
HPMC, the HPMC containing PAsp-ACP nanoparticles 
decreased the swelling ratio owing to the electrostatic 
attraction between Ca2+ ions and the polyhydroxyl of 
the HPMC (Additional file  1: Fig. S8). Furthermore, 
the granule spacer of the HPMC gel as interconnection 
control is critical issue for decreasing sedimentation 
process and sustaining release of ACP nanoparticles 

[52]. This is also supportive of extending phase transi-
tion time of PAsp-ACP nanoparticles in HPMC gel, 
compared with PAsp-ACP nanoparticles in AS (Addi-
tional file  1: Fig. S9). Furthermore, the hydrophobic 
microregions in HPMC gel promote the diffusion of 
the loaded nanoparticles by its hydrophobic methoxy 
groups [23, 24] They can provide a certain microen-
vironment for delivering PAsp-ACP precursors and 
controlling the diffusion of ions because the concen-
trations of Ca and phosphate ions increased in HMPC 
gel along with decreasing size of the of PAsp-ACP pre-
cursors (Fig. 4). The spherical PAsp-ACP nanoparticles 
along with calcium and phosphate ions penetrated into 
the demineralized layer due to concentration gradients 
(Fig. 6e, white arrow). They surrounded the demineral-
ized collagen fibrils (Fig. 6e, f ), gradually penetrated the 
collagen, and transformed into HAp. The process might 
be mediated by PAsp and HPMC. Finally, the demin-
eralized dentin was heavily remineralized in  vitro and 
in vivo (Figs. 6 and 8). The findings in this study might 
lay the foundation for a novel mineralization strategy in 
preventive dentistry.

Fig. 9  Diagram showing the mechanism of the remineralization of dentin collagens. Once in contact with water, the mineralizing film attaches to 
the demineralized dentin. The large number of hydroxyl, methyl and methoxy anion groups of the HPMC gel crosslink with calcium ions in synergy 
with PAsp. Finally, they stabilize the ACP precursors and induce the remineralization of dentin collagens
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Conclusion
HPMC films can be used as novel amorphous precur-
sor carriers to promote biomimetic mineralization. 
These mineralizing films which demonstrate excellent 
biocompatibility might pave the way for the design 
and fabrication of anti-carious materials for preventive 
dentistry.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12951-​021-​01133-7.

 Additional file 1: Section S1. The preparation of demineralized dentin 
disks, dentin samples for TEM and nanoindentation test, the mineralizing 
film samples for cryo-TEM, The preparation of Cell isolation and culture of 
L929 and human gingival fibroblasts for CCK-8. The preparation of buccal 
mucosa samples for microscopic histological observations; The prepara-
tion of transparent custom trays; the swelling experiments. Table S1. 
Grading system for oral and penile reactions. Table S2. Grading system for 
microscopic examination for oral, penile, rectal and vaginal tissue reaction. 
Figure S1 The photos of the mineralizing film in artificial saliva for 0, 1, 
4, 6, 8, 10, 12 and 24 h at 37 °C. Figure S2. The splitting function (SF) of 
PAsp-ACP nanoparticles and the mineralizing film. Figure S3. The results 
of the histologic examination. Figure S4. TEM images of demineralized 
dentin (control group). Figure S5. TEM images of demineralized dentin 
treated with HPMC film (control group). Figure S6. TEM images of the 
demineralized dentin of rabbits treated with mineralizing film (control 
group). Figure S7. FTIR spectra of pure PAsp, PAsp-ACP, the pure HPMC 
film, the HPMC-PAsp-ACP film, a HPMC-CaCl2 film and a HPMC- Na2HPO4 
film. Figure S8 SEM images of HPMC gel and swelling ratios of HPMC and 
the mineralizing film. Figure S9. FTIR spectra of ACP in different systems.

Acknowledgements
We thank Ying Xu, Wei Yin, Xiaokun Ding and Nianhang Rong for their assis-
tance with experiments and characterization studies. Zhe Wang and Zihuai 
Zhou contributed equally to this work.

Authors’ contributions
ZW and BPF designed experiments. ZW and ZHZH analyzed and interpreted 
the electrochemical data and wrote the original manuscript. RKT and BPF 
conducted the experiments. ZXZ, HYZ, LQZ, JYF, YS, ZYZ and ZFW performed 
the data curation. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(No. 82001097, 81970982) and the Natural Science Foundation of Zhejiang 
Province, China (No. 2020C03037; No. LQ20H140005).

 Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Consent for publication
All authors agree to be published.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Stomatology Hospital, School of Stomatology, Zhejiang University School 
of Medicine, Zhejiang Provincial Engineering Research Center for Oral 
Biomaterials and Devices, Zhejiang Provincial Clinical Research Center for Oral 
Diseases, Key Laboratory of Oral Biomedical Research of Zhejiang Province, 

Cancer Center of Zhejiang University, Hangzhou 310006, China. 2 Department 
of Chemistry, Zhejiang University, Hangzhou 310027, Zhejiang, China. 

Received: 13 August 2021   Accepted: 10 November 2021

References
	1.	 Peres MA, Macpherson LMD, Weyant RJ, Daly B, Venturelli R, Mathur 

MR, et al. Oral diseases: a global public health challenge. Lancet. 
2019;394(10194):249–60.

	2.	 Bernabé E, Marcenes W. Can minimal intervention dentistry help 
in tackling the global burden of untreated dental caries? Br Dent J. 
2020;229(7):487–91.

	3.	 Merchan MT, Ismail AI. Measurement and distribution of dental caries. In: 
Burt and Eklund’s dentistry, dental practice, and the community. Seventh 
Edition. 2021. p. 154–70. https://​doi.​org/​10.​1016/​b978-0-​323-​55484-8.​
00014-9.

	4.	 Vanaei S, Parizi MS, Vanaei S, Salemizadehparizi F, Vanaei HR. An overview 
on materials and techniques in 3D bioprinting toward biomedical appli-
cation. Eng Regener. 2021;2:1–18.

	5.	 Feng X, Hou X, Cui C, Sun S, Sadik S, Wu S, et al. Mechanical and antibac-
terial properties of tannic acid-encapsulated carboxymethyl chitosan/
polyvinyl alcohol hydrogels. Eng Regener. 2021;2:57–62.

	6.	 Oksdath Mansilla M, Salazar-Hernandez C, Perrin SL, Scheer KG, Cildir G, 
Toubia J, et al. 3D-printed microplate inserts for long term high-resolution 
imaging of live brain organoids. BMC Biomed Eng. 2021;3(1):6.

	7.	 Cheng L, Wang Y, Sun G, Wen S, Deng L, Zhang H, et al. Hydration-
enhanced lubricating electrospun nanofibrous membranes prevent 
tissue adhesion. Research. 2020. https://​doi.​org/​10.​34133/​2020/​49071​85.

	8.	 Arifa MK, Ephraim R, Rajamani T. Recent advances in dental hard 
tissue remineralization: a review of literature. Int J Clin Pediatr Dent. 
2019;12(2):139–44.

	9.	 He G, Dahl T, Veis A, George A. DMP-1 in postnatal bone development. 
Nat Mater. 2003;2(8):552–8.

	10.	 Bleek K, Taubert A. New developments in polymer-controlled, bioinspired 
calcium phosphate mineralization from aqueous solution. Acta Biomater. 
2013;9(5):6283–321.

	11.	 De Yoreo JJ, Gilbert PU, Sommerdijk NA, Penn RL, Whitelam S, Joester D, 
et al. Crystallization by particle attachment in synthetic, biogenic, and 
geologic environments. Science. 2015;349(6247):6760.

	12.	 Combes C, Rey C. Amorphous calcium phosphates: synthesis, properties 
and uses in biomaterials. Acta Biomater. 2010;6(9):3362–78.

	13.	 Lotsari A, Rajasekharan AK, Halvarsson M, Andersson M. Transformation 
of amorphous calcium phosphate to bone-like apatite. Nat Commun. 
2018;9(1):4170.

	14.	 Schweikle M, Bjørnøy SH, van Helvoort ATJ, Haugen HJ, Sikorski P, Tiainen 
H. Stabilisation of amorphous calcium phosphate in polyethylene glycol 
hydrogels. Acta Biomater. 2019;90:132–45.

	15.	 Wu D, Yang J, Li J, Chen L, Tang B, Chen X, et al. Hydroxyapatite-anchored 
dendrimer for in situ remineralization of human tooth enamel. Biomateri-
als. 2013;34(21):5036–47.

	16.	 Yao S, Jin B, Liu Z, Shao C, Zhao R, Wang X, et al. Biomineralization: from 
material tactics to biological strategy. Adv Mater. 2017. https://​doi.​org/​10.​
1002/​adma.​20160​5903.

	17.	 Al-Dulaijan YA, Weir MD, Melo MAS, Sun J, Oates TW, Zhang K, et al. 
Protein-repellent nanocomposite with rechargeable calcium and phos-
phate for long-term ion release. Dent Mater. 2018;34(12):1735–47.

	18.	 Luo X, Yang H, Niu L, Mao J, Huang C, Pashley DH, et al. Translation of a 
solution-based biomineralization concept into a carrier-based delivery 
system via the use of expanded-pore mesoporous silica. Acta Biomater. 
2016;31:378–87.

	19.	 Wu Z, Wang X, Wang Z, Shao C, Jin X, Zhang L, et al. Self-Etch adhesive as 
a carrier for ACP nanoprecursors to deliver biomimetic remineralization. 
ACS Appl Mater Interfaces. 2017;9(21):17710–7.

	20.	 Wang Z, Ouyang Y, Wu Z, Zhang L, Shao C, Fan J, et al. A novel 
fluorescent adhesive-assisted biomimetic mineralization. Nanoscale. 
2018;10(40):18980–7.

	21.	 Yu L, Wei M. Biomineralization of collagen-based materials for hard tissue 
repair. Int J Mol Sci. 2021;22(2):944.

https://doi.org/10.1186/s12951-021-01133-7
https://doi.org/10.1186/s12951-021-01133-7
https://doi.org/10.1016/b978-0-323-55484-8.00014-9
https://doi.org/10.1016/b978-0-323-55484-8.00014-9
https://doi.org/10.34133/2020/4907185
https://doi.org/10.1002/adma.201605903
https://doi.org/10.1002/adma.201605903


Page 15 of 15Wang et al. Journal of Nanobiotechnology          (2021) 19:385 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	22.	 Sun J, Chen C, Pan H, Chen Y, Mao C, Wang W, et al. Biomimetic pro-
motion of dentin remineralization using L-glutamic acid: inspiration 
frommbiomineralization proteins. J Mat Chem B. 2014;2(28):4544.

	23.	 Siepmann J, Peppas NA. Mathematical modeling of controlled drug 
delivery. Adv Drug Del Rev. 2012;64:163–74.

	24.	 Ohara T, Kitamura S, Kitagawa T, Terada K. Dissolution mechanism of 
poorly water-soluble drug from extended release solid dispersion system 
with ethylcellulose and hydroxypropylmethylcellulose. Int J Pharm. 
2005;302(1–2):95–102.

	25.	 Termine JD, Posner AS. InfraRed determination of the percentage of crys-
tallinity in apatitic calcium phosphates. Nature. 1966;211(5046):268–70.

	26.	 Biological evaluation of medical devices—part 10: tests for irritation and 
skin sensitization. US-ANSI: 2010; Vol. ANSI/AAMI 10993-10-2010.

	27.	 Qi C, Zhu Y, Lu B, Zhao X, Zhao J, Chen F, et al. Hydroxyapatite hierarchi-
cally nanostructured porous hollow microspheres: rapid, sustainable 
microwave-hydrothermal synthesis by using creatine phosphate as an 
organic phosphorus source and application in drug delivery and protein 
adsorption. Chemistry. 2013;19(17):5332–41.

	28.	 Zhou Z, Zhang L, Li J, Shi Y, Wu Z, Zheng H, et al. The role of polyelec-
trolyte-calcium complex pre-precursor in biomimetic mineralization. 
Nanoscale. 2021;13:953–67.

	29.	 Mei B, Kontrec J, Domazet J, Selmani A, Akula B, Maltar-Strme Ki N, et al. 
How similar are amorphous calcium carbonate and calcium phosphate? 
A comparative study of amorphous phases formation conditions. Cryst 
Eng Comm. 2018;20(1):35–50.

	30.	 Ding C, Zhang M, Li G. Preparation and characterization of collagen/
hydroxypropyl methylcellulose (HPMC) blend film. Carbohydr Polym. 
2015;119:194–201.

	31.	 Liang K, Wang S, Tao S, Xiao S, Zhou H, Wang P, et al. Dental remineraliza-
tion via poly(amido amine) and restorative materials containing calcium 
phosphate nanoparticles. Int J Oral Sci. 2019;11(2):15.

	32.	 He H, Shao C, Mu Z, Mao C, Gu X. Promotion effect of 1 immobilized 
chondroitin sulfate on intrafibrillar mineralization of collagen. Carbohydr 
Polym. 2020;2(229): 115547.

	33.	 Li Z, Zhang X, Guo Z, Shi L, Jin L, Zhu L, et al. Nature-derived bionanoma-
terials for sustained release of 5-fluorouracil to inhibit subconjunctival 
fibrosis. Mater Today Adv. 2021;11: 100150.

	34.	 Vergaro V, Scarlino F, Bellomo C, Rinaldi R, Vergara D, Maffia M, et al. Drug-
loaded polyelectrolyte microcapsules for sustained targeting of cancer 
cells. Adv Drug Deliv Rev. 2011;63:847–64.

	35.	 Yang Y, Jin P, Zhang X, Ravichandran N, Ying H, Yu C, et al. New epigallo-
catechin gallate (EGCG) nanocomplexes co-assembled with 3-mercapto-
1-hexanol and β-lactoglobulin for improvement of antitumor activity. J 
Biomed Nanotechnol. 2017;13:805–14.

	36.	 Li J, Song S, Meng J, Tan L, Liu X, Zheng Y, et al. 2D MOF periodontitis 
photodynamic ion therapy. J Am Chem Soc. 2021;143(37):15427–39.

	37.	 Xue Z, Xue N. Exploration and practice of solid state physics teaching 
reform. OALib. 2020;07(4):1–9.

	38.	 Zhao J, Li Y, Cheng G. Synthesis of CaCO3 crystals using hydroxy-
propylmethyl cellulose hydrogel as template. Chin Sci Bull. 
2007;52(13):1796–801.

	39.	 Khanum H, Ullah K, Murtaz G, Khan SA. Fabrication and in vitro characteri-
zation of HPMC-g-poly(AMPS) hydrogels loaded with loxoprofen sodium. 
Int J Biol Macromol. 2018;120(Pt B):1624–31.

	40.	 Hirshkowitz M, Whiton K, Albert SM, Alessi C, Bruni O, DonCarlos L, et al. 
National Sleep Foundation’s sleep time duration recommendations: 
methodology and results summary. Sleep Health. 2015;1(1):40–3.

	41.	 Tovani CB, Oliveira TM, Soares MPR, Nassif N, Fukada SY, Ciancaglini P, et al. 
Strontium calcium phosphate nanotubes as bioinspired building blocks 
for bone regeneration. ACS Appl Mater Interfaces. 2020;12(39):43422–34.

	42.	 Mokabber T, Cao H, Norouzi N, van Rijn P, Pei Y. Antimicrobial elec-
trodeposited silver-containing calcium phosphate coatings. ACS Appl 
Mater Interfaces. 2020;12(5):5531–41.

	43.	 Shirato M, Nakamura K, Tenkumo T, Kano Y, Ishiyama K, Kanno T, et al. Oral 
mucosal irritation potential of antimicrobial chemotherapy involving 
hydrogen peroxide photolysis with high-power laser irradiation for the 
treatment of periodontitis. J Photochem Photobiol B. 2019;201: 111633.

	44.	 Liu C, Sun S, Feng Q, Wu G, Wu Y, Kong N, et al. Arsenene nanodots with 
selective killing effects and their low-dose combination with ß-elemene 
for cancer therapy. Adv Mater. 2021;33(37): e2102054.

	45.	 Kong N, Zhang H, Feng C, Liu C, Xiao Y, Zhang X, et al. Arsenene-medi-
ated multiple independently targeted reactive oxygen species burst for 
cancer therapy. Nat Commun. 2021;12(1):4777.

	46.	 Li T, Bao Q, Shen J, Lalla RV, Burgess DJ. Mucoadhesive in situ forming gel 
for oral mucositis pain control. Int J Pharm. 2020;580: 119238.

	47.	 Reis NM, Liu ZK, Reis CM, Mackley MR. Hydroxypropyl methylcellulose as 
a novel tool for isothermal solution crystallization of micronized paraceta-
mol. Cryst Growth Des. 2014;14(7):3191–8.

	48.	 Li Z, Zhang X, Ouyang J, Chu D, Han F, Shi L, et al. Ca2+-supplying black 
phosphorus-based scaffolds fabricated with microfluidic technology for 
osteogenesis. Bioact Mater. 2021;6(11):4053–64.

	49.	 Li Z, Chu D, Gao Y, Jin L, Zhang X, Cui W, et al. Biomimicry, biomineraliza-
tion, and bioregeneration of bone using advanced three-dimensional 
fibrous hydroxyapatite scaffold. Mater Today Adv. 2019;3: 100014.

	50.	 Ji X, Ge L, Liu C, Tang Z, Xiao Y, Chen W, et al. Capturing functional two-
dimensional nanosheets from sandwich-structure vermiculite for cancer 
theranostics. Nat Commun. 2021;12(1):1124.

	51.	 Lei Z, Zhu W, Zhang X, Wang X, Wu P. Bio-inspired ionic skin for theranos-
tics. Adv Funct Mater. 2020;31: 2008020.

	52.	 Fatimi A, Tassin JF, Axelos MA, Weiss P. The stability mechanisms of an 
injectable calcium phosphate ceramic suspension. J Mater Sci Mater 
Med. 2010;21(6):1799–809.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Hydroxypropylmethylcellulose as a film and hydrogel carrier for ACP nanoprecursors to deliver biomimetic mineralization
	Abstract 
	Background
	Materials and methods
	Synthesis and characterization of ACP and PAsp-stabilized ACP (PAsp-ACP) nanoparticles
	Preparation and characterization of the mineralizing film
	ICP-AES measurements
	Phase transformation of mineralizing film in artificial saliva—FTIR analysis
	Phase transformation of the mineralizing film in artificial saliva—cryo-TEM analysis
	Biocompatibility test—in vitro cytotoxicity test
	Biocompatibility test—in vivo oral mucosa irritation tests
	Biomimetic mineralization of demineralized dentin—in vitro experiments
	Biomimetic mineralization of demineralized dentin—in vivo experiments

	Results and discussion
	Characterization of the ACP and PAsp-ACP nanoparticles
	Characterization of the mineralizing film
	ICP-AES measurements of the mineralizing film
	Phase transformations of the mineralizing film
	In vitro cytotoxicity tests of the mineralizing film
	Oral mucosa irritation tests of the mineralizing film
	In vitro experiments on the biomimetic mineralization of dentin
	In vivo experiments on the biomimetic mineralization of dentin
	Discussion on the biomimetic mineralization of dentin

	Conclusion
	Acknowledgements
	References




