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A B S T R A C T

This work describes an effort to develop an antimicrobial agent (chlorogenic acid - CGA) loaded porous nanogel
based on calcium phosphate-chitosan (CaPNP@Chi) nanogel with biofilm degradative properties and has po-
tential applications in restorative dentistry. The nanogel was prepared by ionic gelation of calcium phosphate
nanoparticles and chitosan in the ratio of 1.25: 1. Chlorogenic acid was loaded to the nanoparticles as an
ethanolic solution and the encapsulation efficiency determined by chromatographic techniques. The particle size
and morphology of CaPNP@Chi and CaPNP@Chi@CGA was determined by dynamic light scattering and
scanning electron microscopic techniques. The minimum inhibitory concentration against S. aureus and K.
pneumoniae was determined through the well diffusion method. The biofilm formation and biofilm decay were
studied through staining assays. The toxicity, if any of the nanogel was assessed by MTT assay against HaCaT
cells. All data were statistically analyzed. The composite had a CGA encapsulation efficiency of 70% and was
thermally stable up to 124 °C. The zone of inhibition was found to be 18.7mm ± 0.6 against S. aureus.
CaPNP@Chi@CGA showed a 68% increase in biofilm degradation when compared with the untreated group.
Results obtained in this study suggest that the positively charged nanogel interacted with the bacterial cell
membrane and brought about the disruption of the cell membrane. Also, CaPNP@Chi@CGA was observed to be
nontoxic up to 40 μg/mL to HaCaT cells. These results support the potential of CaPNP@Chi@CGA nanogel for
biofilm degradation and its application as filling material in restorative dentistry.

1. Introduction

Dental caries and periodontal disease are biofilm dependent oral
diseases affecting humankind (Tove and Nils‐Erik, 2017). Caries in-
volves the adherence of bacteria on the tooth surface as a community of
cells embedded in a matrix of extracellular polymers, called biofilm.
Failure of dental restoration is associated with acid production pro-
moted secondary caries at the restoration margins (Melo et al., 2013),
(Wang and Ren, 2017). Patients with periodontitis compared to the
healthy group, are reported to have a significant incidence of Staphy-
lococcus aureus, Klebsiella pneumoniae, and Pseudomonas aeruginosa in-
fection (Scannapieco and Mylotte, 1996). Strategies to control caries
could include a) inhibition of biofilm development through bacteria
attachment b) arresting or controlling cell signaling pathway, c) mul-
tifunctional therapy by using an appropriate choice of antimicrobials
and d) triggering host defense process. Researchers worldwide are
working to develop nanomaterials that can stimulate either or all of
such process. Resin composites have received attention recently due to
their aesthetics and direct-filling capability coupled with bonding

agents for cavity restorations. There is considerable interest to develop
composites that can fight biofilms and help in remineralization of tooth
lesions. Chemical similarities to the bone and teeth make CaP a desired
material of choice. Also, CaP cement is biocompatible, resorbable, and
has a macroporous structure with micropores that can promote cell
growth and infiltration (Cheng et al., 2012). Research on restorative
dentistry involves the use of calcium phosphate particles of different
nanoformulation that can enhance the efficacy of CaP (Zaltsman et al.,
2017). Calcium phosphate in various structural forms like crystalline,
amorphous, porous, etc., can be synthesized as gels or composites or
cement or as a coating material in dental applications (Pepla et al.,
2014). The treatment strategies that use calcium phosphate include the
capping of pulp, barrier formation in the apical region, triggering me-
chanism of dentin etc. For restorative dentistry, combination of poly-
mers, ceramics and metals can lead to a material of biodegradability
with superior property (Dias et al., 2019; Venkatesan and Kim, 2014).
Among many polymers of biological origin, chitosan forms a re-
sourceful material with its attractive features such as the rich amine
groups that aid in mucosal adhesion (Aijun et al., 2006) and
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antibacterial property against S. mutans and other Streptococci. The
wide range of antimicrobial action of chitosan and its efficacy against
different microbial species are well documented (Yiwen et al., 2018).
The appealness of chitosan has resulted in its incorporation in mouth
wash, tooth pastes, gels, etc. Another essential feature for the multi-
functional approach of scaffolds or gel is the presence of pores that can
aid in cell adhesion, interaction, and sustained drug release (Roohani-
Esfahani et al., 2016). The present study focuses on the development of
a porous nanogel that could inhibit bacterial cell adhesion as well as in
re-mineralization. The choice of CGA was due to its antibacterial effect,
which can exert the intracellular potential, and release cytoplasm
contents of the bacteria resulting in cell death (Lou et al., 2011). CGA is
useful for preventive dental caries (Petti and Scully, 2009) and is a
secondary phenolic metabolite in plants that exists widely in nature,
with cardioprotective, lipid-lowering, antioxidant, neuroprotective,
lowering blood sugar levels and anti-inflammatory properties
(Nallamuthu et al., 2015). Earlier reports on the antibacterial property
of CGA encapsulated chitosan nanoparticles have shown the potential
of CGA. However for restorative dentistry both re-mineralization and
antibiofilm activity are required. Hence in this study, an attempt is
made to prepare porous nanogel of CGA loaded CaPNP@Chi and
evaluate its potential.

2. Materials and methods

2.1. Materials

All Chemicals used in this work were procured from Sigma Aldrich
and/or Himedia, India and were of analytical grade, and used as re-
ceived without further purification. Bacterial strains, Staphylococcus
aureus, Klebsiella pneumoniae and Pseudomonas aeruginosa were gifted by
Department of Microbiology, Chettinad Hospital and Research Institute.

2.2. Synthesis of calcium phosphate nanoparticle

Calcium phosphate nanoparticle (CaPNP) was synthesized following
earlier methods with slight modifications (Danilchenko et al., 2011). To
a solution of 0.86M calcium nitrate tetra hydrate (pH 10), 0.65M
diammonium hydrogen phosphate solution (pH 10) was added drop
wise under stirring (stoichiometric ratio of calcium to phosphate=
1.33:1). Stirring was continued for 2 h and the solution was left un-
disturbed for 24 h. The supernatant was removed; the precipitate was
washed repeatedly using milli Q water to remove unbound ions and
dried at 100 °C for one hour, calcinated.

2.3. Fabrication of calcium phosphate/chitosan nanogel

Fabrication of CaPNP@Chi was done by ionic gelation method using
synthesized calcium phosphate nanoparticle as cross-linker. Different
amounts of chitosan varying from 1 to 5mg (dissolved in 1% glacial
acetic acid) were used, for the preparation of CaPNP@Chi nanogel. The
solution was stirred for 2 h, followed by centrifugation at 3000 rpm for
20min. The solution was washed repeatedly with milli Q water to ob-
tain CaPNP@Chi nanogel. According to the hydrodynamic diameter of
obtained gel, Gel formation was observed at 5mg of CaPNP and 4mg of
chitosan was chosen.

2.4. Preparation of CGA encapsulated CaPNP@Chi nanogel

CGA entrapped CaPNP@Chi nanogel (CaPNP@Chi@CGA) was
prepared by ionic entrapment method as described earlier (Fan et al.,
2012) with slight modifications. To 5mL solution of CaPNP@Chi (5mg
CaPNP and 4mg chitosan), a solution of CGA (5mg dissolved in 70%
ethanol) was added drop wise under stirring. The solution obtained
after stirring for 2 h was washed, centrifuged at 3000 rpm for 20min.
Nanogel was purified and CGA encapsulation efficiency, physiochem-
ical, biological and antimicrobial characterization of the nanogel were
carried out in accordance with reported procedures (Shamaila et al.,

Table 1
Size distribution and zeta (ζ) potential of the synthesized nanogel studied by DLS at pH 7.4 and at salivary pH 6.7.

Samples pH 7.4 pH 6.7 pH7.4 pH 6.7
DH (nm) DH (nm) ζ-potential (mV) ζ-potential (mV)

Uncalcinated CaPNP 329.3 ± 3.61 362.3 ± 2.25 −7.15 ± 0.30 −4.39 ± 0.47
Calcinated CaPNP 76.3 ± 1.36 81 ± 0.89 −11.1 ± 0.25 −6.45 ± 0.16
CaPNP@Chi 559.6 ± 8.5 452.6 ± 2.73 8.58 ± 0.46 20.16 ± 0.68
CaPNP@Chi@CGA 468 ± 2.68 439 ± 0.89 7.06 ± 0.10 18.9 ± 0.32

Fig. 1. SEM analysis of synthesized nanogel (A) CaPNP@Chi, (B) and CaPNP@Chi@CGA at 500 X magnification.
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2016) (Baidamshina et al., 2017; Ommen et al., 2017) (Chen et al.,
2013) (Wang et al., 2015).

2.5. Physiochemical characterization of CaPNP@Chi@CGA nanogel

Dynamic Light Scattering (DLS) was used to measure the hydro-
dynamic size of particles in solution through Malvern Zetasizer Nano ZS
instrument. To understand the surface charge and stability of nanogel,
these samples were further subjected to zeta potential measurements.

The drug encapsulation efficiency in the nanogel was determined by
High Performance Liquid Chromatography (HPLC). For this the amount
of free CGA present in the supernatant was determined.
Phenomenoxgemin 5 μm (150×4.6mm) column was used with the
mobile phase consisted of 30% acetonitrile and 0.6% ortho-phosphoric
acid. The system was run dramatically with a flow rate of 5min, 10 μL
of the sample was injected into the column and quantification was done
at 325 nm using photo diode array detectors.

Scanning Electron Microscopic evaluation (SEM) was performed to
understand the surface morphology and porous structure of nanogel.
For this the samples were separated by centrifugation at 3000 rpm for
30min. The supernatant of the samples were discarded and the pellets
were lyophilized. The lyophilized pellets were examined by SEM.
Fourier Transform Infrared Spectroscopy (FTIR) was used to determine
the adsorption/entrapment of drugs in nanogel. The crystalline phases
and diffraction patterns of precipitated and lyophilized nanogel was
confirmed by X-Ray Diffraction (XRD). Differential Scanning
Calorimetry (DSC) was used to determine the energetics of phase
transitions of CaPNP@Chi@CGA. The thermal stability of
CaPNP@Chi@CGA as a function of temperature was studied by
Thermogravimetric Analysis (TGA).

2.6. Biological characterization of CaPNP@Chi@CGA nanogel

The synthesized nanogel CaPNP@Chi@CGA was tested for

Fig. 2. FTIR spectra of (a) uncalcinated CaPNP, (b) calcinated CaPNP, (c) CaPNP@Chi and CaPNP@Chi@CGA.

Fig. 3. XRD pattern of CaPNP@Chi and CaPNP@Chi@CGA.
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minimum inhibitory concentration for antibacterial potential by well
diffusion method. Biofilm degradation was assessed by crystal violet
and safranin O staining assay. Bacterial cellular morphology was ana-
lyzed by HR SEM and cytotoxicity assay by MTT.

2.6.1. Evaluation of antibacterial activity by well diffusion method
The minimum inhibitory antibacterial potential from the varying

concentration of CGA (1–15 μg) of CaPNP@Chi@CGA nanogel was
evaluated by well diffusion method on nutrient agar for two bacterial
strains (S. aureus and K. pneumoniae). The inhibitory antibacterial po-
tential of CGA (20 μg) of CaPNP@Chi@CGA nanogel against
Pseudomonas aeruginosa was evaluated. The nutrient agar plate was
inoculated by spreading a volume of bacterial inoculum over entire
agar surface under aseptic conditions. Then a hole with 4mm was
created using sterile cork borer, 50 μL of the sample was loaded into the
well and incubated at 37 °C for 24 h. After the incubation, the material
diffuses in the agar medium and inhibits the bacterial growth and zone
of inhibition was measured in mm.

2.6.2. Biofilm formation
Bacterial suspension of 100 μL was inoculated in nutrient broth and

incubated at 37 °C for 24 h. The inoculated bacterial suspension of
100 μL ( ̴ 5000) cfu was added to each well and incubated at 37 °C for
24 h in a sterile flat bottomed 96 well polystyrene microtitre plates, to
permit bacterial adhesion and biofilm formation on surfaces. After the
incubation, the supernatant was discarded and the non-attached bac-
terial cells was washed two times using 100 μL of 0.9% (W/V) NaCl.
Remaining biofilms were treated with 50 μL of nutrient broth con-
taining with or without 50 μL of nanogel (Control, CaPNP, CaPNP@Chi,
CGA and CaPNP@Chi@CGA) incubated at 37 °C for 24 h. Biofilm in-
cubated only with nutrient broth was used as a control. After incuba-
tion, supernatant containing non-attached cells were washed two times
using 100 μL of 0.9% (W/V) NaCl. The biofilm attached in the wells
were fixed using 100 μL of methanol for 20min. The plates were dried
out for 20min at RT.

2.6.3. Crystal violet and safranin O staining assay: Biofilm degradation
assay

Biofilm mass was evaluated by crystal violet (gram positive) and
safranin O staining assay (gram negative) in accordance with previous
procedure. For the crystal violet staining assay, samples in the wells
(control and treated) were stained with 100 μL of 1% crystal violet and
retained for 20min at RT. Then the crystal violet was removed and
plates were washed three times using deionized water. Stained biofilm
was then solubilized using 150 μL of 1% acetic acid. The biofilm mass
were measured at 590 nm in microplate reader. Same procedure has
been performed for gram negative bacteria by safranin O staining assay.
Plates were measured at 550 nm using microplate reader.

2.6.4. Scanning electron microscopic analysis: biocidal activity
The morphology of the biofilm was observed by HRSEM. For biofilm

formation on coverslip, same method was adopted, which was pre-
viously explained. Control and treated samples CaPNP@Chi@CGA were
fixed using 1mL of 2.5% glutaraldehyde and kept at 4 °C for 24 h.
Bacterial cells were washed three times using 1mL of 1X PBS at each
time interval. Cells were dried out using different concentration of al-
cohol for 10min. Coverslips were mounted onto aluminum stub with
carbon tape, sputter coated with gold for the HRSEM analysis.

2.6.5. Cytotoxicity assay by MTT
Cell viability of HaCaT cells upon incubation with nanogel

CaPNP@Chi@CGA was estimated through MTT assay. HaCaT cell line
was grown in DMEM supplemented with 10% FBS, 100 μg/mL peni-
cillin and 100 μg/mL streptomycin at 37 °C in a 5% CO2 incubator. Cells
were grown to reach 70–80% confluence. 200 μL of cells containing
5×103 cells were incubated at 37 °C for 12 h in 96 well plates. The
medium was replaced with the fresh medium containing different
concentration of CaPNP@Chi@CGA (10, 20, 30 and 40 μg/mL) and
incubated at 37 °C for 18 h in triplicate. Cells incubated in the medium
containing no nanogel were used as control. After 18 h of incubation,
10 μL of MTT reagent (5 mg/mL) was added to each well and incubated
for 4 h in a dark room. Medium was removed after the incubation and
100 μL of DMSO was added to each well to solubilize formazan crystals.
The purple color was observed. The plate was read at 570 nm using
microplate reader

2.7. Statistical analysis

The results were expressed as the mean ± SD. The values were
calculated based on the student’s t-test, and p < 0.05 was considered
as statistically significant.

Fig. 4. (a) DSC and (b) TGA analysis of (A) CGA, (B) CaPNP@Chi and (C)
CaPNP@Chi@CGA.
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3. Results and discussion

3.1. Characterization of nanogel: Hydrodynamic diameter, zeta potential
and SEM analysis

Table. 1 shows the hydrodynamic diameter of uncalcinated
(329.3 nm ± 3.6) and calcinated CaPNP (76.3 nm ± 1.4) at pH 7.4.
As saliva plays a significant role in demineralization and re-miner-
alization process, it is vital to entrap the CaPNP in a suitable carrier.
pH-dependent flexibility of chitosan facilitates molecular interactions.
The stoichiometric ratio of chitosan to crosslinker results in the micro
or macroporous structure. The choice of chitosan as a nanocarrier was
due to its capability to disrupt bacterial cell membrane (Kumaraswamy
et al., 2018) and can result in the release of calcium and phosphate ions
to facilitate the re-mineralization process. The hydrodynamic diameter
of CaPNP@Chi in PBS buffer at pH 7.4 was found to be 559.6 nm ±
8.5.

Composites of calcium and phosphate ions are very widely used for
filling tooth cavities. From dental cavities to dental caries to dental cure
the tooth goes through demineralization and re-mineralization process

(Zhang et al., 2015),(Abou Neel et al., 2016). The demineralization
process is well understood to be caused by the presence of oral pa-
thogenic microbes. Nano-sized calcium phosphate composites depen-
dent re-mineralization process can help the minerals to retain mole-
cular structure of the tooth (Xie et al., 2016). Causative agents of dental
cavities are the presence of pathogen and the formation of biofilm.
Chitosan nanoparticles entrapped with CGA can inhibit the biofilm
formation. Earlier reports indicate that reduction in particle size could
be due to the ionic interaction between amine groups of chitosan and
charged groups of drug (Seda et al., 2012). The decrease in the hy-
drodynamic diameter of CaPNP@Chi@CGA (468 nm ± 2.7) when
compared with CaPNP@Chi could be due to the electrostatic interac-
tion between chlorogenic acid with CaPNP and chitosan @ pH 7.4,
which is noticeable even in saliva mimic @ pH 6.7 (Table 1).

The zeta potentials of uncalcinated and calcinated CaPNP were
found to be -7.15mV ± 0.3 and -11.16mV ± 0.2 whereas at pH 6.7
there was an decrease in zeta potential to -4.4 mV ± 0.5 and
-6.5 mV ± 0.1 respectively. The nanogel of CaPNP@Chi and
CaPNP@Chi@CGA in salivary (pH=6.7) there was an increase in zeta
potentials from 8.58mV ± 0.5 and 7.06mV ± 0.1 to

Fig. 5. (a) Antibacterial activity of synthesized nanogel against S. aureus and K. pneumoniae of (A) CaPNP, (B) CGA, (C) CaPNP@Chi and (D) CaPNP@Chi@CGA by
well diffusion method. (b) Biofilm formation assay of synthesized nanogel against S. aureus K. pneumoniae and P. aeruginosa by crystal violet and safranin O staining
assay (A) control, (B) CaPNP, (C) CaPNP@Chi, (D) CGA and (E) CaPNP@Chi@CGA. * P < 0.05 statistically significant compared with control.
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20.16mV ± 0.7 and 18.90mV ± 0.3, respectively. The positive zeta
potential value of CaPNP@Chi indicates entrapment of chitosan. The
decreased zeta potential at pH 7.4 when compared to pH 6.7 could be
due to the protonation of amine groups in chitosan (Qinna et al., 2015)
(Nikpour et al., 2012) or the entrapment and adsorption of CGA on the
surface of the nanoparticles (Table 1).

Verma et al. (Verma et al., 2009) synthesized porous scaffolds by
adding hydroxyapatite nanoparticles to chitosan/polygalacturonic acid.
Sodium tripolyphosphate (TPP) anions are widely used for the pre-
paration of chitosan NPs/gel/scaffold/composites. Gel formation was
noticed at 1.25:1 weight ratio of calcium phosphate nanoparticle to
chitosan. The use of calcium and phosphate ions as a crosslinker for the
formation of CaPNP@Chi nanogel has not been reported. As observed
here the negative zeta potential values of CaPNP could be due to the
presence of phosphate ions. An attempt was made to prepare nanogel
using CaPNP as a crosslinker for the formation of porous structure so
that it can, not only help the intermolecular binding of chitosan but can
also result in entrapment of CaPNP. The detailed methodology is pre-
sented in the Suppl. Fig. 1.

Reports using TPP as a cross linker indicated that techniques like
dense gas forming (Ji et al., 2011), sol-gel method (Tripathi and Basu,
2012), dip coating method (In‐Kook et al., 2007) polyelectrolyte com-
plexion and freeze drying (Griffon et al., 2006) can result in the for-
mation of porous structure, through Ostwald ripening that can trigger
formation of pores. SEM (Fig. 1 and Suppl. Fig. 2) shows the presence of
pores in the nanogels of CaPNP@Chi and CaPNP@Chi@CGA. The near
equal weight ratio of chitosan to CaPNP could have facilitated inter-
molecular interactions where in the water molecules could be en-
trapped within the gel, which on freeze drying can facilitate the

Fig. 6. Antibacterial activity of (A) Control (B) CaPNP and (C–J) CaPNP@Chi@CGA which contains CGA at different concentration (1 μg, 2 μg, 3 μg, 5 μg, 7.5 μg,
10 μg, 12.5 μg, 15 μg) against (a) S. aureus and (b) K. pneumoniae by well diffusion method.

Table 2
Dose-dependent zone of inhibition against S. aureus and K. pneumoniae by
CaPNP@Chi@CGA using well diffusion method.

Different concentration of CGA used in the nanogel*

CaPNP@Chi preparation (μg/mL)
Zone of inhibition (mm)
S aureus K pneumoniae

1 2.2 ± 0.2 -
2 3.1 ± 0.3 -
3 3.3 ± 0.3 -
5 4.2 ± 0.2 1.6 ± 0.3
7.5 5.7 ± 0.2 2.1 ± 0.3
10 7.7 ± 0.2 1.8 ± 0.2
12.5 9.5 ± 0.4 2.8 ± 0.1
15 11.9 ± 0.1 4.0 ± 0.0

* Amount of nanogel CaPNP@Chi used (35 μg/mL).

Table 3
Zone of inhibition of CGA, CaPNP, CaPNP@Chi and CaPNP@Chi@CGA against
S. aureus and K. pneumoniae using well diffusion method.

Samples Zone of inhibition (mm)

S aureus K pneumoniae

CGA 5.8± 0.2 3.5± 0.5
CaPNP 7.3± 0.5* 2.4± 0.5
CaPNP@Chi 11.3± 1.0* 7.2± 1.0*

CaPNP@Chi@CGA 18.7± 0.6* 9.3± 1.4*

Amount of CGA used (20 μg/mL) containing (35 μg/mL) of CaPNP@Chi.
* P < 0.05 statistically significant when compared to CGA.
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formation of porous scaffold.

3.2. Structural characterization of nanogel: FT IR, XRD, DSC and TGA
analysis

Fig. 2b illustrates the FTIR spectra of calcinated calcium phosphate
nanoparticle. The details of the changes in the FTIR spectra, matched
with reported literature (Lai et al., 2005) are provided as supplemen-
tary information. For instance, the changes in asymmetric stretching
and bending vibrations of phosphate, absence of OH stretch and car-
bonate band, a band at 1379 cm−1 that is characteristic of amine group
– phosphate group interaction, the shift in the peak intensities at
1534 cm−1, 1054 cm−1 and 1016 cm−1, the presence of glucosamine
stretching vibrations at 1059 cm-1 are all indicative of the formation of
calcium phosphate-chitosan nanogel with entrapped CGA (Fig. 2c).

Specific bands that are indicative of the formation of calcium

phosphate-chitosan nanogel with entrapped CGA have been observed.
The broader stretch at 1614 cm−1 indicates overlapping of the amide
bond with the C]C stretch of chlorogenic acid and the broader stretch
of −COOH group at 1750 cm−1 also suggest the ionic entrapment of
chlorogenic acid in the porous calcium phosphate/chitosan nanogel
with the amine group of chitosan (Anuradha et al., 2014; Nallamuthu
et al., 2015). The shift in the peak intensities at 1534 cm−1, 1054 cm−1

and 1016 cm−1 indicates entrapment of chlorogenic acid due to it in-
teraction with phosphate groups of calcium phosphate nanoparticles
and amine groups of chitosan (Fig. 2c).

Chlorogenic acid incorporated CaPNP@Chi was amorphous in
character, as revealed by XRD spectra (Fig. 3). CaPNP are crystalline in
nature and chitosan NP are amorphous in nature, and complexion and
incorporation of polymer can result in the loss of crystallinity (Willi and
P., 2010) resulting in broad peaks (Manatunga et al., 2016) in the XRD
pattern of CaPNP@Chi@CGA (Fig. 3). Venkatesan et al. (Venkatesan

Fig. 7. (a) Antibacterial activity of CaPNP@Chi@CGA (CGA@20 μg) against P. aeruginosa by well diffusion method. (b) Optical micrographic images of P. aeruginosa
biofilm degradation assay of synthesized nanogel by safranin O staining assay (A) control, (B) CaPNP@Chi, (C) CaPNP@Chi, (D) CGA and (E) CaPNP@Chi@CGA at
40 X magnification.
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et al., 2012) suggested that amorphous character can be due to the
formation of pores.

It is important to understand the decomposition of materials espe-
cially for dental applications since materials can encounter various
thermal process during intake and digestion of food. In this study, the
sharp endothermic peak observed in the DSC study of CGA (Fig. 4a) is
considered as the melting point of CGA. CaPNP@Chi nanogel showed
an endothermic peak at 93.0 °C, which on interaction with CGA is
shifted to 100.3 °C indicating the interaction of CGA with chitosan
(Rogina et al., 2013). Melting point of CGA or endothermic peak at
211 °C disappeared in CaPNP@Chi establishing the incorporation of
CGA, an observation similar to that made by Zhang et al. (Yuying et al.,
2008). This information aids in understanding the structural stability of

synthesized nanomaterials.
To understand the weight difference of materials TGA analysis was

carried out (Lin et al., 2014). TGA of chlorogenic acid (Fig. 4b) in-
dicates at least 5 decomposition patterns at 69.0 °C, 200.2 °C, 301.8 °C,
398.8 °C and 612.6 °C, four of which are close to earlier reports (Owusu-
Ware et al., 2013) (Wei et al., 2011) (Sharma et al., 2002). In our study,
a fifth decomposition step is observed at 612 °C for CGA. CaPNP syn-
thesized with the ratio of 1.33 indicated most of the degradation pat-
tern below 600 °C. Earlier studies on CaPNP/polymer conjugated with
fluorescent dye had a decomposition temperature between 200–600 °C
(Schwiertz et al., 2009), (Kim et al., 2008). In this study CaPNP@-
Chi@CGA decomposition pattern was observed at 124.4 °C, 247.2 °C,
387.5 °C and 568.7 °C. The thermal stability of the gel is confirmed by

Fig. 8. Optical micrographic images of (a) S. aureus and (b) K. pneumoniae biofilm degradation assay of synthesized nanogel by crystal violet and safranin O staining
assay (A) control, (B) CaPNP@Chi, (C) CaPNP@Chi, (D) CGA and (E) CaPNP@Chi@CGA at 40 X magnification.
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this experiment. Characterization techniques cumulatively suggest that
a porous nanogel of CaPNP@Chi@CGA was formed.

3.3. Antibacterial, biofilm degradation of nanogel

The main causative factor for cavity formation as described earlier is
due to the acid attack by cariogenic bacteria. Among oral pathogens, S.
aureus and K. pneumoniae are opportunistic pathogens (K, K et al., 2009)
which can colonize the mouth (Terpenning et al., 2001). Fig. 5a in-
dicates better growth inhibition by CaPNP@Chi@CGA as compared to
other nanoparticles against gram positive and gram negative bacteria.
Fig. 6 and Table 2 provide information on bacterial growth inhibition of
CaPNP@Chi loaded with different concentration of CGA varying from 1
to 15 μg/mL against S. aureus and K. pneumoniae. The growth inhibition
of CaPNP@Chi@CGA, having a positive zeta potential, was more
against gram positive than gram negative bacteria. Fig. 5a and Table 3
provides information on zone of inhibition values for CaPNP@Chi
containing 20 μg/mL of CGA was compared with 20 μg/mL of CGA and
35 μg/mL of CaPNP@Chi. An earlier report on minimum inhibitory
concentration of chitosan, chitosan nanoparticles and chlorogenic acid
against different bacterial species is indicated in Suppl. Table 1. The
CaPNP@Chi entrapped with CGA inhibited bacterial growth to greater
extent when compared with CaPNP and CGA alone against S. aureus
which was found to be 18.7 mm ± 0.6 (Table 3). For K. pneumoniae
and P. aeruginosa, the zone of inhibition of CaPNP@Chi@CGA was
found to be 9.30mm ± 1.36 (Table 3) and 16.7mm ± 0.83 (Fig. 7a)
respectively. NP with positive surface charge can interact with nega-
tively charged bacteria resulting in inhibition of bacterial growth (Shi
et al., 2016). In this study the nanogel formed was CaPNP and chitosan.
Inhibition of gram positive S. aureus could be via interaction with

negatively charged CaPNP, there by disrupting the cell membrane. The
inhibition of gram negative K. pneumoniae could be via interaction with
positively charged of chitosan. The negatively charged dentin surface
can interact with CaPNP@Chi@CGA through electrostatic interactions
and also inhibit growth of bacteria.

Fig. 5b provides information about antibiofilm activity of
CaPNP@Chi@CGA performed by crystal violet staining assay for S.
aureus; safranin O staining for K. pneumoniae and P.aeruginosa. At the
amount of 20 μg/mL of CGA CaPNP@Chi@CGA used, there was a sig-
nificant change of p < 0.05 for all the groups when compared with the
control against S. aureus. CaPNP@Chi@CGA provided 68% degradation
of biofilm when compared with the control group. The corresponding
values were 41% and 23% for CaPNP@Chi nanogel and CGA alone
respectively. This could be due to the interaction of negative charged
CaPNP against positive charge S. aureus. The greater extent of inhibi-
tion of biofilm by CaPNP@Chi@CGA on S. aureus could be due to the
presence of CaPNP that could have helped in the interaction of gel with
biofilm while the presence of CGA in scaffold help in the reduction of
formation of biofilm against S. aureus. The porous structure of chitosan
scaffolds could slowly release the entrapped CGA and thus inhibit or
disrupt the membrane integrity of K. pneumoniae there by resulting in
cell death. In this study the biofilm was washed with buffer solution.
Hence there is a chance of unbound particles to be washed off. The
charge of CaPNP in binding to the biofilm of gram positive bacteria
could have played a crucial role in significant inhibition of biofilm
against S. aureus. The porous structure of the nanogel could have con-
tributed to a greater extent of biofilm inhibition. The optical micro-
graph images of P. aeruginosa, S. aureus and K. Pneumoniae biofilm
degradation stained by safranin O and crystal violet is shown in Fig. 7b;
Fig. 8a and Fig. 8b respectively.

Biofilm formation on dental surfaces can lead to infection and the
way is to eradicate this menace is to remove the tooth. Researchers
worldwide are currently looking at the mechanism to regenerate the
tooth so as to avoid its removal and prevent formation of biofilm.
CaPNP@Chi@CGA nanogel showed a promising inhibition of growth of
gram positive and gram negative bacteria. To understand the structural
morphology of bacterial cells after the exposure of CaPNP@Chi@CGA,
HRSEM analysis was performed with three organisms Staphylococcus
aureus, Klebsiella pneumoniae and Pseudomonas aeruginosa. Bacterial
cells were grown on cover slips and treated with CaPNP@Chi@CGA for
6 h and untreated cells were incubated under same conditions. Fixed
bacterial cells were collected for HRSEM analysis (Fig. 10a). HR SEM
provides information about cell membrane damage of drugs against
biofilm – bacteria. To understand biocidal activity of CaPNP@-
Chi@CGA, in this study a time course analysis was carried out. Fig. 10a
A–C reveals the bacterial cellular morphology of cells treated and not
treated with CaPNP@Chi@CGA for 6 h. Morphology clearly indicates
that the bacterial cells treated with CaPNP@Chi@CGA lost membrane
integrity during the formation of biofilm. It is interesting to note that
biocidal activity was found in all three microorganisms used in this
study. The first defense mechanism for treating is to eradicate the
biofilm formation. As microorganisms are involved in demineralization
process it is pivotal to disrupt the well-organized architecture of biofilm
formation. The loss of well-organized architecture of biofilm could be
due to the multifunctional mode of compounds. Extracellular poly-
saccharide (EPS) mainly lipids, proteins and polysaccharides plays a
major role in the formation of biofilm. Chitosan being positive charge
can bind to the negative charge of EPS (Pearce, 1973). CaPNP not only
acts in damaging the bacterial cell membrane architecture but also
increase the sorption process due to the change in the membrane efflux
pump caused by CaPNP. Chitosan is a well-known antimicrobial agent
and is known to penetrate the biofilm and inhibit biofilm formation.
The amine group of chitosan can bind with the negative charge of EPS
layer and can also disrupt the biofilm formation. Chitosan can alter the
bacterial metabolism there by preventing the growth of the bacteria by
leading to destabilization of cell membrane (Rakesh et al., 2018) that

Fig. 9. (a) Bacterial growth inhibition of CGA at different concentration 5, 10
and 15 μg/mL (b) Cell viability of CaPNP@Chi@CGA at different concentration
10, 20, 30 and 40 μg/mL by MTT assay on HaCaT cell line. * P < 0.05 sta-
tistically significant compared to control.
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can in turn lead to cell lysis. In another mechanism DNA function would
be inhibited by the binding of chitosan with the phosphate groups of
DNA which is negatively charged. The addition of CGA in the porous
nanogel results in bacterial cell death by tapping the membrane func-
tion there by releasing cytoplasmic contents of bacteria (Kumaraswamy
et al., 2018). With increased menace of multi drug resistance of bac-
teria, it is important to surprise the bacteria by multifunctional

approach (Kumaraswamy et al., 2018). Detailed mechanism of
CaPNP@Chi@CGA nanogel on biofilm degradation, bacterial growth/
inhibition is presented in Fig. 9a and 10 b. The plausible mechanism for
the action of the nanogel is based on the interplay of surface charges.
The synthesis design ensures that each component of the nanogel has its
own charged sites still available for reaction. Accordingly, it is pre-
sumed that the positive charge of chitosan would enable to react with

Fig. 10. (a) Bacterial cellular morphology of S. aureus (A) control and (A1) treated with CaPNP@Chi@CGA (20,000 X magnification), K. pneumoniae (B) control and
(B1) treated with CaPNP@Chi@CGA (30,000 X magnification), P. aeruginosa (C) control (C1) treated with CaPNP@Chi@CGA (10,000 X magnification) by HR SEM
analysis. (b) Mechanism of CaPNP@Chi@CGA against gram positive and gram negative bacteria.
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gram negative bacteria (Helander et al., 2001) and in a similar way the
abundance presence of negative charge on gram positive bacteria (Liu
et al., 2013) can interact with the nanogel and the negatively charged
phosphate ions of calcium phosphate would interact with the compo-
nents of gram positive bacteria (Iqbal et al., 2014). This interaction
between the bacteria and the oppositely charged ions in the nanogel
ensures the bacterial elimination in the surface of dentine. Studies on
the sustained release of the drug from the porous structure of the cal-
cium phosphate chitosan nanogel are underway. The drug chosen and
the chitosan can disrupt the cell membrane, influence the plasma
membrane and permeate through the cell, which in turn can lead to
leakage of cytoplasmic contents and inhibit growth of the bacteria, thus
degrade the biofilms and alter the DNA functions, thus eliminating
carries.

3.4. Cell viability studies

The use of CaPNP@Chi@CGA nanogel warrants understanding
toxicity of nanogel on healthy cells. In our study, we used human
keratinocyte cell line (HaCaT) to understand whether
CaPNP@Chi@CGA can interfere with cell membrane damage. MTT
assay was performed to examine the cytotoxicity of HaCaT cells treated
with various concentrations of CaPNP@Chi@CGA, ranging from 10 to
40 μg/mL for 18 h (Fig. 9b). These results were non-significant when
compared with the control group. CGA is not well adsorbed in rats
(Azuma et al., 2000), and thus, formulations, which can help in ad-
sorption, are required. Cell viability and morphology of nanoporous gel
did not show toxicity in HaCaT cell lines until the concentration of
40 μg/mL. CGA protects HUVEC against peroxide damage in a dose-
dependent manner (0.1 to 10 μg/mL) (Wu et al., 2012). Chitosan and
CaPNP are known to be protective against human keratinocyte cells,
osteoblast-like human cells, human dermal micro vascular endothelial
cells, primary human osteoblasts, and its toxicity is mainly dependent
on physicochemical properties and cell types. The results indicated that
CaPNP@Chi@CGA did not cause toxicity to cells up to 40 μg/mL.

4. Conclusion

Taking note of the dependency of periodontal diseases and dental
caries on bacterial biofilms that remain adhered to the teeth and a need
to prevent from acid promoted secondary caries, this work has been
designed to develop a nanogel that provides a porous structure for
controlled drug release, biocompatibility to the protein structure in the
dentine, elimination of bacterial growth and its subsequent growth. An
ionic gelation method with calcium phosphate nanoparticle as cross-
linker formed the base of the nanostructure. The presence of negative
charge on phosphate ions and a positive charge on chitosan enabled the
neutralization of bacterial growth. Chitosan and CGA could disrupt the
bacterial cell membrane and permeate through the cell, thus elim-
inating the biofilm formation. The nanogel design enables further en-
capsulation of agents that can promote odontoblast differentiation of
mesenchymal stem cells from human dental pulp, in the future.
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