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Background: Dentin caries remains a significant public concern, with no clinically viable material that effectively combines 
remineralization and antimicrobial properties. To address this issue, this study focused on the development of a bio-inspired multi-
functional nanogel with both antibacterial and biomineralization properties.
Methods: First, p(NIPAm-co-DMC) (PNPDC) copolymers were synthesized from N-isopropylacrylamide (NIPAm) and 2-methacry-
loyloxyethyl-trimethyl ammonium chloride (DMC). Subsequently, PNPDC was combined with γ-polyglutamic acid (γ-PGA) through 
physical cross-linking to form nanogels. These nanogels served as templates for the mineralization of calcium phosphate (Cap), 
resulting in Cap-loaded PNPDC/PGA nanogels. The nanogels were characterized using various techniques, including TEM, particle 
tracking analysis, XRD, and FTIR. The release properties of ions were also assessed. In addition, the antibacterial properties of the 
Cap-loaded PNPDC/PGA nanogels were evaluated using the broth microdilution method and a biofilm formation assay. The 
remineralization effects were examined on both demineralized dentin and type I collagen in vitro.
Results: PNPDC/PGA nanogels were successfully synthesized and loaded with Cap. The diameter of the Cap-loaded PNPDC/PGA 
nanogels was measured as 196.5 nm at 25°C and 162.3 nm at 37°C. These Cap-loaded nanogels released Ca2+ and PO4

3- ions quickly, 
effectively blocking dental tubules with a depth of 10 μm and promoting the remineralization of demineralized dentin within 7 days. 
Additionally, they facilitated the heavy intrafibrillar mineralization of type I collagen within 3 days. Moreover, the Cap-loaded 
nanogels exhibited MIC50 and MIC90 values of 12.5 and 50 mg/mL against Streptococcus mutans, respectively, with an MBC value of 
100 mg/mL. At a concentration of 50 mg/mL, the Cap-loaded nanogels also demonstrated potent inhibitory effects on biofilm 
formation by Streptococcus mutans while maintaining good biocompatibility.
Conclusion: Cap-loaded PNPDC/PGA nanogels are a multifunctional biomimetic system with antibacterial and dentin remineraliza-
tion effects. This strategy of using antibacterial nanogels as mineral feedstock carriers offered fresh insight into the clinical manage-
ment of caries.
Keywords: nanomaterial, mineralization, antibacterial materials, dentinal tubule occlusion, caries

Introduction
Dental caries remains a public health concern that can cause oral pain and gingival abscesses, food intolerance, 
nutritional deficiencies, malocclusions, and other conditions that severely reduce quality of life.1 Caries in children 
younger than six is called early childhood caries (ECC) and remains a serious problem in both developed and developing 
countries due to its high prevalence and low treatment rates.2 Caries, including ECC, occurs when cariogenic micro-
organisms, primarily Streptococcus mutans (S. mutans), decompose carbohydrates to produce acids, leading to the 
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demineralization of dental inorganic materials and the decomposition of collagen organic matter and thus to the 
progressive formation of cavities.3 Currently, the treatment of dental caries is still based on traditional resin fillings 
and remineralization drugs. However, many children are too young to tolerate prolonged filling treatments and require 
general anaesthesia, which is expensive and increases the risks of treatment.4 The remineralization drugs currently used 
for ECC treatments are mainly fluorides, and silver diamine fluoride (SDF) is the most widely used. However, SDF tastes 
bitter and causes discoloration of dentin,5 and its potential toxicity has long been a concern.6,7 In addition, SDF cannot 
produce mineral feedstocks such as calcium ions (Ca2+) and phosphate (PO4

3-), and the structure of remineralized tissue 
formed after the treatment is far from that of dentin. Therefore, identifying an ideal material that provides stable mineral 
ion sources and can safely control cariogenic microorganisms is highly desirable.

Numerous studies have demonstrated that biomineralization strategies are a promising approach in caries 
management.8,9 Biomineralization is a typically dynamic bioprocess by which organisms generate mineralized tissues, 
including bone and teeth, in a hierarchical fashion. Dentin is a collagenous structure consisting mainly of type I collagen, 
which is mineralized intrafibrillarly and extrafibrillarly with carbonated hydroxyapatite (HAp), and the intrafibrillar 
mineralization determines the mechanical properties of dentin.10 Another important component of dentin, noncollagenous 
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proteins (NCPs), plays a key role in regulating dentin remineralization. Numerous materials inspired by NCPs have been 
developed for the remineralization of teeth, among which polymer-induced liquid precursor (PILP) is the most popular. 
In the PILP approach, charged polymers mimic the functions of NCPs, stabilize amorphous calcium phosphate (ACP), 
and then mediate the transformation of ACP into HAp crystals inside collagen fibres.11 Although this strategy has 
achieved gratifying success in promoting dentin mineralization, the mineral precursor fluid system must be prepared 
fresh to ensure stability and effectiveness, which limits its clinical transformation. Additionally, during the PILP process, 
it is necessary to constantly replenish the polymers, Ca2+ and PO4

3- to enable mineralization, and it is difficult to keep the 
mineralizing solution in the demineralization area until the mineralization process is finished.12 In addition, with repeated 
demineralization events due to persistent acid production by cariogenic bacteria, the efficiency of remineralization will be 
greatly reduced.13 In addition, antibacterial activities play a key role in dental remineralization. In summary, the 
development of a stable remineralization system that provides mineral resources while exerting antimicrobial effects 
remains a challenge.

Biomineralization itself provides important clues for the design of new remineralization biomaterials. Nanogels, 
which are hydrogel particles composed of cross-linked polymers, exhibit adjustable chemical and physical properties, 
good mechanical properties, and high biocompatibility.14 In this study, we developed a type of polymer-based nanogel as 
the mineralization template, loaded calcium phosphate (Cap) into the nanogel first to form a stable nanocomplex, and 
then allowed the nanogels to carry the remineralization feedstock into dentin tubules (DTs). Based on this clue, NIPAm 
(N-isopropylacrylamide) and 2-methacryloyloxyethyltrimethylammonium chloride (DMC), a quaternary ammonium salt 
(QAS), were used to synthesize the copolymer p(NIPAm-co-DMC) (PNPDC). QAS is one of the most widely used 
antimicrobials,15–17 and NIPAm is a typical monomer used to prepare temperature-sensitive hydrogels that can achieve 
controlled drug release at human body temperature.18–20 Then, the anionic polymer γ-polyglutamic acid (γ-PGA) was 
added to form nanogels by physical cross-linking, and Cap was loaded. The carboxyl groups enriched in γ-PGA can act 
as nucleation sites for Cap, which is the key to the use of nanogels as mineralized templates.21 The hypotheses to be 
tested were as follows: 1) Cap could be loaded into PNPDC/PGA nanogels and release enough ions for remineralization, 
and the ion release process could be regulated by temperature; 2) Cap-loaded PNPDC/PGA nanogels could induce both 
intra- and extrafibrillar mineralization; and 3) Cap-loaded PNPDC/PGA nanogels exert antibacterial effects against 
S. mutans with good biocompatibility.

Materials and Methods
Materials
N-isopropylacrylamide (NIPAm, 97%, M.W. 113.16 g/mol) was purchased from Sigma‒Aldrich, and 2-methacryloylox-
yethyl-trimethyl ammonium chloride (DMC), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), azoisobu-
tyronitrile (AIBN), tetrahydrofuran (THF), dipotassium phosphate (K2HPO4), calcium chloride dihydrate (CaCl2·2H2O), 
sodium hydroxide (NaOH), sodium chloride (NaCl), ethanol and ammonia were all obtained from Shanghai Macklin 
Biochemical Technology Co., Ltd. Poly-γ-glutamic acid (γ-PGA, Mw=2000 kDa) was purchased from Yuanye 
Biotechnology Co., Ltd. (Shanghai, China). All chemicals were used as received without further purification.

Preparation of p(NIPAm-Co-DMC) (PNPDC)
The typical polymer synthesis procedure was performed as follows. One hundred millilitres of THF was placed in 
a 250 mL round-bottom flask. Next, DMC (0.3 mol) and NIPAm (0.1 mol) monomers and AIBN initiator (1 mmol) were 
slowly added to THF. The molar ratio of DMC and NIPAm monomers was always three to one. Afterwards, the round 
bottom flask was heated in a water bath at 60–65°C, and the reaction mixtures were stirred at 600 rpm/min for 18 h under 
a nitrogen atmosphere. The polymerization reaction was stopped by cooling the mixture to room temperature. The crude 
product was then obtained by rotary steaming. The excess unreacted monomer and initiator were removed by multiple 
ultrafiltration steps using deionized water at room temperature for at least 3 days, changing the water every eight hours. 
After several purification columns and freeze-drying, the PNPDC copolymer was obtained.
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Preparation of PNPDC/PGA Nanogels
For the synthesis of PNPDC/PGA nanogels, a PNPDC homogeneous solution (5 mg/mL) was added to the PGA solution 
(5 mg/mL) dropwise under stirring, and the reaction was carried out for 24 h at room temperature at 600 rpm/min. After 
the reaction was completed, the precipitates were separated by centrifugation at 10,000 rpm/min, washed alternately with 
water and ethanol, and collected by freeze-drying.

Calcium Phosphate (Cap) Loading
The PNPDC/PGA nanogels were first dissolved in HEPES buffer (pH=7.4) to form a homogeneous solution (10 mg/mL). 
The nanogel suspension was then poured into a CaCl2 solution (pH=7.4, 18 mmol/L) of the same volume and stirred for 
2 h at room temperature to form a stable complex of nanogels and Ca2+. Subsequently, a K2HPO4 aqueous solution 
(pH=7.4, 4.2 mmol/L) was dripped into the Ca-nanogel solution. The reaction was carried out for 24 h at room 
temperature. After the reaction was completed, the precipitates were separated through centrifugation at 10,000 rpm/ 
min, washed alternately with water and ethanol, and then collected by freeze-drying. In this reaction, the CaCl2 solution 
and K2HPO4 aqueous solution were prepared with HEPES buffer to maintain a pH of 7.4.

Nanogel Characterization
The sizes and morphologies of the Cap-loaded PNPDC/PGA nanogels were observed via transmission electron micro-
scopy (FEI Tecnai G2 Spirit, Netherlands). The nanogels were dispersed in ddH2O, treated with ultrasound and dropped 
onto a 300-mesh copper mesh (Beijing Zhongjingkeyi Technology Co., Ltd). During this process, the acceleration 
voltage was maintained at 120 kV. A particle tracking analyser (Particle Metrix, Germany) was also utilized to examine 
the zeta potentials and size distributions of the nanogels. Fifty milligrams of the nanogels was blended with 5 mL of 
water with sonication to form a homogeneous suspension and diluted two hundred times before the test. X-ray diffraction 
(Rigaku D/Max-IIIA/PC, Japan) was employed to analyse the phase composition of the nanogels under 40 kV per 100 
mA and 3500 CPS for the Cu target. Fourier transform infrared (FTIR) spectra were acquired by using a PerkinElmer 
2000 spectrometer (NICOLET 6700, Thermo, USA) with KBr pellets at wavelengths ranging from 4000 to 400 cm−1, 
a resolution of 1 cm−1 and an average of 64 scans. The release of Ca2+ was detected following the protocol of a calcium 
assay kit (Arsenazo III method). Nanogels were dispersed in TBS buffer (10 mg/mL) without Ca2+ or PO4

3-, and the Ca2+ 

concentration was measured after 12 h, 1 d, 2 d, 3 d, 5 d, and 7 d at 25°C and 37°C. The release of PO4
3- was detected 

following the protocol of a phosphate assay kit (phosphomolybdic acid method), and the concentration was also 
measured after 12 h, 1 d, 2 d, 3 d, 5 d, and 7 d at 25°C and 37°C.

Antibacterial Test Against Streptococcus Mutans
Determination of MIC (Minimum Inhibitory Concentration) and MBC (Minimum Bactericidal Concentration)
To explore the bacteriostatic effect of Cap-loaded PNPDC/PGA nanogels, an in vitro bacteriostasis experiment against 
S. mutans UA159 was performed using the broth microdilution method.22 Microbes were grown overnight in brain heart 
infusion (BHI, Difco, USA) broth at 37°C with 5% CO2 and then adjusted to a final concentration of 2×106 CFU in BHI 
broth. The Cap-loaded PNPDC/PGA nanogels serially diluted to the desired concentrations from 5 mg/mL to 400 mg/mL 
(gradient dilution) were added to each well, followed by equal amounts of bacterial suspension (100 μL). The mixtures 
were then incubated for 24 h, and a microplate reader was used to evaluate cell growth at 600 nm absorbance (OD 600). 
Then, 200 μL of cultured bacteria was removed from each well, spread on BHI solid medium and cultured for 48 h for 
colony counting. The MIC was determined as the minimum nanogel concentration that completely inhibited the visible 
growth of S. mutans by measuring the OD value at 600 nm using an enzyme marker. The MBC was defined as the lowest 
concentration at which no colony formed on the plates.

Biofilm Formation Assay
The formation of S. mutans biofilms was evaluated through a crystal violet assay, a live/dead fluorescence staining assay 
and scanning electron microscope (SEM) observation. Briefly, the Cap-loaded nanogel suspension was serially diluted 
with BHIs (BHI medium containing 1% sucrose) in 96-well plates (0–100 mg/mL, 100 μL/well),23 and S. mutans grown 
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overnight and diluted to 106 CFU/mL was added to each well (100 μL/well). Blank control samples consisted of BHIs 
without nanogels or bacteria, and negative control samples consisted of BHIs with bacteria. After incubation for 24 h at 
37°C with 5% CO2, the medium was decanted, and each well was washed twice with PBS to remove nonadherent 
bacteria. Anhydrous methanol was used to fix the adhered biofilms at the bottom of the wells. Afterwards, the biofilms 
were stained using 0.1% crystal violet for 15 min. The wells were washed with running water to remove the unbound dye 
and air dried to release the bound dye. Then, 200 μL of 95% ethanol was added to each well and shaken for 30 min. 
Finally, the absorbance at 600 nm was recorded to estimate the biofilm volume. The minimum biofilm inhibitory 
concentration (MBIC) was defined as the lowest concentration of antimicrobial agent necessary to inhibit biofilm 
formation.

Confocal laser scanning microscopy (CLSM) (Olympus, Olympus FV3000, Japan) was used to observe the distribu-
tion of live/dead bacteria and the 3D structure of biofilms. S. mutans biofilms were incubated on confocal dishes with or 
without the addition of nanogels at concentrations of 25–200 mg/mL and rinsed with PBS to remove floating bacteria. 
The biofilms were then stained with 2.5 μM SYTO 9 and propidium iodide (Invitrogen, USA) as described previously24 

and observed by CLSM with a 40× lens objective (Olympus FV3000, Japan), and the percentages of live and dead cells 
were quantified using COMSTAT image-processing software.

For SEM observation, biofilms were formed following the methods used in CLSM assays and crystal violet assays 
and cultured on sterile coverslips with strong adhesion. Then, the biofilms were fixed with 2.5% glutaraldehyde for 4 h, 
dehydrated with graded ethanol (30% to 100%), treated with tert-butanol and freeze-dried. The samples were sputtered 
with gold before being observed with a scanning electron microscope (SEM) system (Hitachi S-4800, Japan).

Assessment of Tubule-Occluding Effects and Dentin Remineralization
Sound maxillary third molars were obtained from donors (18 to 25 years of age) with informed consent under a protocol 
approved by the Medical Ethics Committee of Hospital of Stomatology Sun Yat-sen University review board (KQEC- 
2022-86-01). An exposed dentin surface was obtained by using a wheel cutter (WEIYEE, China) under stable water 
irrigation perpendicular to the long axis of the tooth. The section was then cut into a 4 mm×4 mm×2 mm dentin block. 
The dentin surface far from the pulp was retained as the experimental surface, and the remaining surfaces were sealed 
with acid-resistant nail polish. The experimental surfaces were polished with SiC abrasive papers from 400 to 5000 grit, 
and then the dentin blocks were ultrasonically cleaned for 10 min. The blocks were prescreened with AFM to exclude 
those with occluded tubules. The certified specimens were dipped into 1% citric acid (pH 3.8) for 2 min to ensure 
patency of the dentinal tubules and ultrasonically washed for 10 min before application. A Cap-loaded PNPDC/PGA 
nanogel suspension (10 mg/mL, TBS) was applied at 37°C for 7 days, and TBS buffer (pH = 7.4) was applied to disks by 
the same method as a control. Afterwards, the mineralization of dentin was scanned using SEM (Hitachi S-4800, Japan).

Hardness is an important indicator to assess the effect of dentin remineralization. Microhardness measurements were 
performed using a microhardness tester (HMV-2T SHIMADZU, Tokyo, Japan). Indentations were made within 15s from 
the loading (0.01 kg) for all specimens, and the values were automatically transformed into the Vickers hardness number 
by the tester.

Mineralization of Type I Collagen Fibrils
A single-layer collagen fibril model was used to examine the mineralization ability of the nanogels. The model was 
reconstituted according to the literature.25 Rat tail tendon fascicles from mature SD rats (60 days old) were retrieved in 
iso-osmotic saline. Ten milligrams of rat tail tendon collagen was dissolved in 100 mL of 0.1 M acetic acid (pH 3.0) 
overnight. Collagen stock solution (0.1 mg/mL) was neutralized in an ammonia gas atmosphere for 4 h, and single layers 
of type I collagen were reconstructed on nickel TEM grids. The neutralized collagen solution was incubated at 37°C for 3 
days to allow gelation. Cross-linking was induced in the reconstituted collagen fibrils by floating the collagen-coated 
grids upside-down in 0.3 M EDC/0.06 M NHS solution for 4 h. Thereafter, the collagen-coated grids were rinsed with 
Milli-Q water and air-dried. The collagen-coated grids were mineralized by floating the grids upside-down over the Cap- 
loaded nanogel suspension (10 mg/mL, TBS) for 24 h or 72 h at 37°C. Afterwards, the mineralization of type I collagen 
was scanned using a transmission electron microscope (FEI Tecnai G2 Spirit, Netherlands) without further staining.
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Evaluation of Biocompatibility
Cell viability was determined using a cell counting kit-8 (CCK-8; Dojindo Laboratories, Japan).26 In brief, human 
gingival epithelial cells (hGECs) cultured in medium (10% foetal bovine serum, 90% α-MEM and 1% penicillin/ 
streptomycin) were incubated in a 96-well microplate for 24 h (3000 cells per well). Then, solutions of nanogels at 
different concentrations (0–100 mg/mL) were added for further incubation for 1 day, 3 days, and 5 days. After each time 
point, the CCK-8 working solution (10 μL/well) was added to each well and incubated at 37°C for 2 h. The OD of the 
solution in each well was measured at 450 nm. The cell viability of different groups was calculated according to the kit 
instructions. Each concentration was independently assayed three times with three technical replicates. Based on ISO 
10993–5, cell viability above 80% was considered to indicate that the concentration was noncytotoxic; 80–60% indicated 
weak cytotoxicity; 60–40% indicated moderate cytotoxicity; and below 40% indicated strong cytotoxicity.27

The proliferative activities and morphologies of cells were visually observed by staining under the same experimental 
conditions. After the cells were further incubated with different concentrations of nanogels for 1 day, 3 days, and 5 days, 
the culture medium was removed, and medium containing calcein-AM (2 μM) and propidium iodide (4 μM) was used to 
stain the live and dead cells, respectively. Afterwards, the cells were gently washed with PBS. The cells were imaged 
using CLSM with a 10× lens objective (Olympus FV3000, Japan).28

Statistical Analysis
All statistical analyses were performed with OriginPro 2022 SR1 and SAS version 9.4, and the data are presented as the 
means ± standard deviations (SDs). For multiple group comparisons, P values were derived from one-way ANOVA 
(continuous variables) or chi-square analysis (categorical variables). A p value <0.05 was considered to indicate 
statistical significance for all comparisons.

Results and Discussion
Characterization of the Nanogels
The typical morphology of the nanogels with cross-linked structures is shown in Figure 1a–d. Before the loading of Cap 
(Figure 1a and b), PNPDC and γ-PGA formed spherical nanogels with diameter of 79.08±5.27 nm. After Cap loading, 
nanogels with a smaller diameter (72.52±2.49 nm) were formed, and uniformly distributed high-density crystallization 
points appeared inside (Figure 1c and d). The results obtained from selected area electron diffraction (SAED) show the 
formation of crystals. The X-ray diffraction (XRD) patterns of the nanogels also showed that before loading with Cap, no 
diffraction peaks were observed, but peaks at 27.4°, 28.5°, 31.8°, 45.4°, and 56.5° were observed for the Cap-loaded 
PNPDC/PGA nanogels (Figure 1e). These peaks closely coincided with those for Hap.29 Fourier transform infrared 
(FTIR) spectra of the Cap PNPDC/PGA nanogels and Cap-free PNPDC/PGA nanogels are shown in Figure 1f. The peak 
at 1467 cm−1 was attributed to the methylene groups linked to N+ in the quaternary ammonium group of PNPDC. The 
characteristic peak of PNIPAm were located at 3147 cm−1 (secondary amide N-H stretching), and the peaks at 1710 cm−1 

were attributed to the carbonyl groups of PGA.30 Additionally, PO4 bands were observed at 1103 cm−1, suggesting that 
Cap was present in the Cap PNPDC/PGA nanogels.31 These results demonstrated that the PNPDC/PGA nanogels were 
successfully synthesized and that Cap was loaded into the nanogels. Notably, the intrinsic cross-linked structure of the 
nanogels was not destroyed by the addition of Cap.

The use of a self-assembled polymer scaffold as a template for crystallization has been reported in a previous study, 
and the matrix was employed as a template for calcium carbonate, where amorphous calcium carbonate was imbibed into 
the internal structure.32 In this study, using a self-assembled polymer, nanogel, as a mineralization template, small CaP 
nuclei were generated alongside the γ-PGA chain, clustered into small spheres, and converted into low-crystallinity 
hydroxyapatite (HAp). In light of crystallization theory,33 the nanogels created a very small space for crystal nucleation, 
and the ion consumption associated with crystal nucleus formation led to a continuous depletion of supersaturation and 
thus the driving force for critical nucleus formation. However, this could limit the size of the Cap nuclei formed, even 
preventing nucleation from solution supersaturations that would yield bulk crystals. Thus, Cap can be loaded into self- 
assembled nanogels with suitable crystallinity and release ions in a suitable environment, which will facilitate the 
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transport of Cap by the nanogels to the demineralized areas of the dentin and release ions to promote remineralization. 
Otherwise, overly stable and highly crystalline HAp will be detrimental to the release of ions and to the achievement of 
intrafibrillar mineralization.

In addition, the temperature responsiveness of the nanogels was explored. The size range of nanogels at different 
temperatures was analysed by performing nanoparticle tracking analysis using a ZetaView particle tracker from 
ParticleMetrix (Figure 1g). The mean particle size of PNPDC/PGA nanogels was 207.1 nm at 25°C and 158.3 nm at 
37°C, and the mean particle size of Cap-loaded PNPDC/PGA nanogels was 196.5 nm at 25°C and 162.3 nm at 37°C. 
Notably, the volume observed is smaller than that in aqueous solution due to the swelling property and because the 
nanogels are dry under TEM observation. As dentinal tubules have diameters exceeding 2 μm, the nanogels could easily 
reach deep into the DTs due to their size advantages. In addition, the volume of the nanogels shrinks when the 
temperature rises to 37°C, facilitating their entry into the DTs. The effect of temperature on nanogels was also 
demonstrated in in vitro ion release experiments. As shown in Figure 1h, within three days of incubation at 37°C or 
25°C in TBS buffer, the amount of Ca2+ increased rapidly. During the initial stage, Ca2+ was released in burst mode at 0– 
2 days and then slowly from 2 to 3 days at both 37°C and 25°C. As the temperature affected the Ca2+ release, the 
concentration of Ca2+ in the solution at 37°C was always higher than that at 25°C from 0 to 2 days, with a statistically 
significant difference (p=0.003). On the third day, however, the release of Ca2+ reached saturation, and Cap began to 
deposit; therefore, so the free Ca2+ in the aqueous solution began to decrease sharply. The change in PO4

3- concentration 
exhibited a similar trend to the release of Ca2+. PO4

3- was released in burst mode at 0–1 day and then slowly from 1 to 2 
days, but there was no significant difference at different temperatures (Figure 1i). This might be because the measured 
PO4

3- concentration was too low to show the variation. The release of ions was accompanied by the dissociation of Cap 
PNPDC/PGA nanogels. The TEM results showed the shape of the nanogels at different times, and obvious mineral 
deposition could be observed at 3 days at 37°C and 25°C (Figure S1). These results suggest that the nanogels easily 
decomposed and released ions simultaneously, promoting remineralization. On the other hand, the release rate of Ca2+ at 
37°C was faster than that at 25°C, which may occur for two reasons. One is that the temperature increase accelerated the 

Figure 1 Characterization of PNPDC/PGA nanogels with or without Cap loading. (a and b) TEM observation of the PNPDC/PGA nanogels, which are round particles with 
a uniform network structure inside. (c and d) TEM observation of the Cap-loaded PNPDC/PGA nanogels and the results of selected area electron diffraction (SAED) show 
crystal formation inside the nanogels. (e and f) XRD and FTIR spectra results of the PNPDC/PGA nanogels with or without Cap loading. (g) Nanoparticle size tracker 
results of the nanogels at 37°C and 25°C. (h) In vitro Ca2+ release of the Cap-loaded PNPDC/PGA nanogels at 37°C and 25°C. (i) In vitro PO4

3- release of the Cap-loaded 
PNPDC/PGA nanogels at 37°C and 25°C. 
Abbreviations: Cap-free NGs, PNPDC/PGA nanogels without loaded Cap; Cap NGs, Cap-loaded PNPDC/PGA nanogels.
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degradation of nanogels, and the other is that the temperature responsiveness of PNIPAm promoted drug release. At 
temperatures below the LCST, hydrogen bonds form between the hydrophilic groups on NIPAm and water molecules. 
However, the hydrogen bonds between the polymer and water break at higher temperatures, causing the hydrophobic 
group on NIPAm to become dominant. As a result, the polymer chain shrinks, causing the nanogel volume to shrink.34 

The nanogels exhibited a degree of temperature-controlled Ca2+ release.
Although PNIPAm hydrogels have previously been mixed with HAp for DT occlusion, this mixed form is not 

conducive to ion release and remineralization.35 The purpose of loading calcium phosphate into nanogels was to release 
Ca2+ and PO4

3-, the primary minerals involved in mineralizing dentin, into the DTs for remineralization.36 In the in vitro 
ion release experiments (Figure 1h and i), the Ca2+ release amount reached 4.0 mM at a low concentration of the 
nanogels (10 mg/mL), and the PO4

3- release amount reached 1.6 mM. These ion concentrations are very similar to those 
in conventional remineralizing solutions and are effective for remineralization.9 To our knowledge, this is the first time 
that nanogels have been used as carriers of Cap for remineralization therapy.

Cap-Loaded PNPDC/PGA Nanogels Exhibited Resistance to Bacterial Multiplication 
and Biofilm Formation
S. mutans is the main pathogen that causes dental caries to occur and develop,3 and it is crucial for anti-caries materials to 
exhibit antibacterial activity against S. mutans. However, antibacterial properties are rarely considered in traditional 
biomineralization materials. Traditional antibacterial drugs are prone to resistance, and the formation of plaque biofilm 
also hinders the action of antibacterial drugs.37 To solve this problem, in this study, we synthesized copolymer chains rich 
in quaternary ammonium salt (QAS) groups to prepare nanogels with antibacterial activity. The antibacterial activity of 
the nanogels was evaluated by a plate microdilution assay, and an in vitro model of S. mutans biofilms was established to 
evaluate the effects of the nanogels on the biofilm formation of cariogenic bacterial species. When tested by the plate 
microdilution method, the nanogel MIC50 and MIC90 values were 12.5 and 50 mg/mL, respectively, and the MBC value 
was 100 mg/mL, at which point no colonies formed on the plates (Figure 2a and d). The antibacterial performance of the 
nanogels was concentration dependent, and the higher the concentration was, the better the antibacterial effect.

Bacterial biofilms are the main causes of infectious diseases,38 and dental plaque formed by S. mutans is another 
fundamental factor leading to the occurrence and development of dental caries.3 Therefore, materials that can inhibit the 
formation of plaque biofilm or remove existing biofilm are important for preventing and treating dental caries. The results 
of this study showed that the Cap-loaded PNPDC/PGA nanogels significantly inhibited the formation of S. mutans 
biofilms at concentrations not lower than the MIC90 (Figure 2). According to the results of the crystal violet experiment, 
when the concentration of nanogels reached 50 mg/mL, the amount of biofilm formed decreased sharply, and almost no 
biofilm was observed (Figure 2f and g). The live/dead fluorescent assay showed similar results to those of the crystal 
violet assay (Figure 2c and e). With increasing nanogel concentration, the amount of biofilm formed was significantly 
reduced, and the dead/live ratio was increased considerably. The SEM results (Figures 2b and S2) showed that the 
bacteria in contact with the material (50 mg/mL) swelled, deformed, and lysed into fragments. It is now believed that the 
antibacterial function of QAS was mainly derived from the high cation concentration they carried, which provided these 
compounds with high surface activity. Because of this activity, the cations were adsorbed on the cell surfaces, and 
hydrophobic chains penetrated the membrane, which destroyed the membrane and caused the leakage of intracellular 
substances, such as potassium ions or DNA.39

To modify oral materials for antibacterial activity, various metal ions are widely used, among which silver ions are the 
most commonly studied.40 Although silver ions show good antibacterial activity, the cytotoxicity of metal ions should not 
be ignored.41,42 QASs are more biocompatible.43 When developing oral materials, antibacterial activity and biocompat-
ibility should be fully considered and balanced. Although the nanogels used in this study are electronegative due to the 
addition of PGA, the gels easily decompose into PNPDC and PGA chains, and PNPDC has a strong positive charge, 
which may be the main reason the nanogels exhibited antibacterial activity. Therefore, the excellent antibacterial 
properties of the nanogels used in this study provide a promising solution to the continuous challenge caused by bacteria 
while treating caries.
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Cap-Loaded PNPDC/PGA Nanogels Accelerated Dentin Remineralization and DTs 
Occlusion
To evaluate the potential application of Cap-loaded PNPDC/PGA nanogels for the treatment of caries, their effect on 
dentin remineralization was investigated using an in vitro model. Before acid etching, the dentin tubules were completely 
embolized by minerals (Figure S3), and after acid etching, the dentin showed empty dentinal tubules (Figure 3a–c). Due 
to the small size of the PNPDC/PGA nanogels (approximately 200 nm in the solution state), they should easily enter the 
deep DTs (approximately 2 μm in diameter), where remineralization is expected. After the Cap-loaded nanogels were 
applied on the surface of demineralized dentine for 7 days, the peony-patterned material was connected into networks 
and sheets and completely blocked the dentine tubules (Figures 3g–i and S4). On these surfaces, based on energy 
dispersive spectroscopy analysis, phosphorus (P), calcium (Ca) and oxygen (O) were the main components of the 
elemental composition, and the Ca/P ratio of the newly deposited minerals reached a value of 1.8 (Figure 3j), which was 
similar to that of HAp. From the transverse section perpendicular to the DTs, the depth of materials and minerals 
occluding the DTs exceeded 10 μm (Figure 3g), with similar or even better effects than those in a previous study.44–46At 
the same time, the DTs were still empty and remineralization did not happen after treated with TBS buffer in the control 

Figure 2 Assessment of the antibacterial activity of the Cap-loaded PNPDC/PGA nanogels. (a) The growth inhibition rate (%) of S. mutans cells after treatment with 
nanogels was determined using plate count method. The nanogels were tested at concentrations ranging from 0 to 100 mg/mL for a duration of 24 hours. (b) SEM 
observation of S. mutans UA159 biofilm under the action of different concentrations of the nanogels. (c) CLSM and stereo 3D rendering images of the preformed biofilm of 
S. mutans UA159 treated with different concentrations of the nanogels. Live cells stained with SYTO 9 (green) and dead cells stained with PI (red). (d) Antibacterial rate 
calculated from plate count results. (e) Live and dead bacteria biomass calculated from live/dead bacteria staining results. (f and g) Crystal violet assay and visualized by OD 
600 nm. *p<0.01.
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group (Figure 3d–f). These results suggested that the deposited minerals and nanogels showed an excellent occlusion 
effect.

Microhardness was also calculated. The sound dentin specimens showed optimal mechanical performance with 
a value of 37.2 ± 4.3 HV0.01 (Figure 3k). However, the hardness of the dentin was significantly weakened to 11.08 ± 
0.34 HV0.01 after acid etching. On the other hand, the mechanical strength of demineralized dentine was significantly 
improved by nanogel treatment, with a value of 25.28±0.97 HV0.01 on the exposed uncoated area, although the 
mechanical strength was still lower than that of natural dentin. However, the nanogel-coated zone showed lower hardness 

Figure 3 Cap-loaded PNPDC/PGA nanogels accelerated dentin remineralization and DTs occlusion. (a–c) SEM micrographs of demineralized dentin observed from the 
longitudinal section (a) and surface (b–c). c: A higher magnification view of the boxed area showing demineralized collagens can be observed (arrows). (d–i) SEM 
micrographs of dentin surface treated without (d–f) or with the Cap-loaded nanogels (g–i) for 7 days, and views from the longitudinal section (d and g) and the surface 
(e and f), (h and i) can be observed. (i) Magnified view of tubule showing precipitate crystal and nanogel growth in dentin tubules and remineralized collagens can be 
observed (arrows). (j) Spectra from energy-dispersive analysis show the elemental composition of phosphorus (P), Calcium (Ca), and oxygen (O), which were the main 
components of the Cap-loaded nanogel-treated dentin surface. (k) Microhardness of the dentin surface with or without Cap-loaded nanogel treatment. After remineraliza-
tion, the exposed zone without nanogel coating and the coated zone had totally different hardness values due to the nanogel characteristics. ***p<0.001.
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than the demineralized dentin because the nanogel treatment significantly promoted the remineralization of demineralized 
dentin and partially restored its hardness, but the nanogels themselves were relatively soft due to their inherent properties.

Cap-Loaded PNPDC/PGA Nanogels Accelerated Intrafibrillar Remineralization on 
Type I Collagen Models
The type I collagen scaffold is the most abundant organic substance in dentin and constitutes the greatest difference 
between enamel and dentin. Intrafibrillar mineralization significantly enhances the mechanical strength of dentin by 
creating an organic–inorganic hybrid.47 In this study, the capacity of the Cap-loaded PNPDC/PGA nanogels to mediate 
the intrafibrillar mineralization of collagen fibrils was evaluated. As Figure 4 shows, unstained collagen that was 
mineralized for 24 h (Figure 4a and b) and 72 h (Figure 4c and d) formed intrafibrillar apatite crystallization. Acicular 
and fusiform intrafibrillar crystallites were observed inside the mineralized fibril and alongside the longitudinal axis of 
the collagen fibril (write arrows). In addition, partially and heavily mineralized collagen both became more straight and 
rigid, instead of exhibiting the limp and bent shape of pure collagen (Figure S5). These results indicate that ordered 
mineralization of collagen fibres, producing a structure similar to that of naturally mineralized collagen, can be achieved 
with the Cap-loaded PNPDC/PGA nanogels.

Biologically, the formation of crystalline apatite is initiated by performing heterogeneous nucleation of inorganic 
calcium phosphate on an organic extracellular matrix.48 The results confirmed that the Cap-loaded PNPDC/PGA 
nanogels released Ca/P, which suggested that dentin remineralization is possible. In the oral environment, the Cap 
PNPDC/PGA nanogels underwent degradation and disintegrated into active Cap debris relatively quickly, therefore 
providing continual Ca2+ release and inducing calcium overload. After acting on the demineralized dentin surface, the 
nanogels entered the DTs with a penetration depth greater than 10 μm and released Cap to realize remineralization; in 

Figure 4 Cap-loaded PNPDC/PGA nanogel-mediated intrafibrillar mineralization of reconstructed collagen fibrils. Unstained TEM images of collagen fibrils mineralized with 
the nanogels for 1 day (a and b) and 3 days (c and d). After mineralization of collagen for 1 d, needle-shaped intrafibrillar crystallites could be seen within the partially 
mineralized fibril. Similar to the image in 3 d, high magnification of a heavily mineralized collagen fibril showing electron-dense mineral strands within the fibril (arrows). 
Selected area electron diffraction (SAED) shows apatite crystallites aligned along the fibril’s c-axis (red asterisk).
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addition, heavy intrafibrillar remineralization was observed on the collagen treated with nanogels for 3 days. Since 
researchers first achieved intrafibrillar mineralization in vitro, the mechanism has remained controversial. Although 
a series of theories have been proposed in the past few decades, the importance of polymers in achieving intrafibrillar 
remineralization remains unquestionable. PILP is among the most popular concepts.10 In the PILP process, the charged 
polymer sequesters ions and generates liquid–liquid-phase separation within the crystallizing solution, forming nano-
scopic droplets with a highly hydrated ACP phase. This PILP procedure begins with the formation of an amorphous 
liquid-phase mineral precursor, which enables intrafibrillar mineralization. This is because the fluidic characteristics of 
the amorphous precursor phase allow the precursor to enter the interior space of collagen fibrils by capillary action. Upon 
loss of hydration water, the precursor solidifies and crystallizes into a more thermodynamically stable phase, leaving the 
collagen fibrils embedded with nanoscopic HAp crystals.11 In this study, first, the nanogels released sufficient Ca2+ and 
PO4

3- to achieve remineralization, which could be demonstrated in the ion release assays. Second, the degraded 
components of the nanogels could play the role of noncollagenous proteins (NCPs) to stabilize the calcium phosphate 
precursor to form PILP. Previous studies have demonstrated that both cationic and anionic polymers can stabilize calcium 
and phosphorus ions to form PILP.25 Cap-loaded PNPDC/PGA nanogels could be resolved into PNPDC and γ-PGA, 
which are both charged polymers that may stabilize ACP. This might be the theoretical basis of how the nanogels achieve 
intrafibrillar remineralization.

Another important theory regarding intrafibrillar remineralization is the Gibbs-Donnan equilibrium theory, which was 
proposed by Niu et al.25 In addition to the electrostatic gravity theory proposed in previous studies, this theory further 
highlights the polymer-induced changes in the internal and external osmotic pressure of collagen fibres and their 
contribution to the driving force of intrafibrillar remineralization. Simply, the presence of polymer outside the fibre 
increases the osmotic pressure outside the fibre, causing the collagen fibre to shrink, transporting the ACP into the fibre 
during collagen fibre volume recovery, and finally causing the mineralized crystals to deposit in the collagen fibre. Based 
on this theory, in this study, the nanogels and the polymers produced from these gels increased the osmotic pressure 
outside the collagen fibres, and γ-PGA also strongly adsorbed water, which is conducive to the formation of intrafibrillar 
remineralization.

Biocompatibility
In recent years, researchers have focused much attention on the safety of nanomaterials. Some materials applied to the 
tooth surface may dissolve into the saliva, enter the gastrointestinal tract, or even be absorbed into the blood.49 Therefore, 
biosafety is an important factor that must be considered when developing materials to treat caries. The calcein-AM/PI 
staining assay and CCK-8 assay showed that at 100 mg/mL, the Cap PNPDC/PGA nanogels significantly decreased 
hGEC proliferation, while the Cap PNPDC/PGA nanogels showed no significant influence on hGEC proliferation at 
50 mg/mL and below (Figure 5).

The biocompatibility of nanomaterials is greatly influenced by the synthesis process. Nanogels can be divided into 
those obtained by chemical cross-linking and those obtained by physical cross-linking. During chemical cross-linking 
process, cross-linking agents, initiators, surfactants and other toxic substances must be introduced, which limits the 
clinical transformation of nanogels to a certain extent. However, physical cross-linking uses the hydrogen bonds formed 
between polymer macromolecules, van der Waals forces, hydrophobic forces, electrostatic interactions, etc., so introdu-
cing toxic cross-linkers, catalysts, or by-products as small-molecule cytotoxic substances is not necessary.50 Previous 
studies have fully confirmed the strong biocompatibility of pNIPAm and QAS-pNIPAm.51,52 γ-PGA, a common food and 
skin care additive, also exhibits excellent biocompatibility and degradability.53,54 Another possible source for cytotoxicity 
of the nanogels is the release of CaP; however, in previous studies, Ca-induced cytotoxicity was specifically selective in 
tumour cells but biologically safe in normal cells. Tumour cells utilize different calcium metabolism and homeostasis 
processes from normal cells.55,56 In this study, when the concentration was 50 mg/mL, the nanogels were noncytotoxic. 
The MIC90 and the MBIC of the nanogels were both 50 mg/mL, which was a suitable concentration to achieve 
antibacterial functions. Compared to multifunctional anti-caries materials in previous studies,44,57,58 the nanogels were 
easier to store, which was beneficial for clinical translation. The achievement of intrafibrillar mineralization also made 
the material more suitable for dentin remineralization in addition to enamel remineralization. It should be noted that from 
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current findings and results, the suitable concentration used for remineralization was 10 mg/mL, so If we desire 
a material with dual functions at the same concentration, we need to find a compromise concentration. That is, alternative 
concentrations of Cap-loaded nanogels may also exhibit these dual functionalities, albeit suboptimal for each individual 
function. This is a major limitation of the present study, and we need to do further experiments to determine optimal 
concentrations for different scenarios.

Conclusion
In this study, a systematic synthesis approach was established to prepare Cap-loaded PNPDC/PGA nanogels based on the 
concept of biomineralization. The physically cross-linked PNPDC/PGA nanogels were synthesized first to serve as the 
mineralization template, and Cap was loaded as low-crystallinity HAp. Cap, as well as charged polymers resulting from 
the decomposition of nanogels, could be used as feedstocks for mineralization based on the PILP concept. The Cap- 
loaded PNPDC/PGA nanogels could induce intrafibrillar and interfibrillar remineralization in the dentin and collagen 
model as well as occlude DTs, inhibit the growth and biofilm formation of S. mutans, and show good biocompatibility. 
This strategy of using nanogels to deliver mineral feedstock to the interior of demineralized dentin is effective and shows 
good prospects for clinical caries management.
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