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Objective. The aim of this study was to investigate EDC-assisted collagen crosslinking effect

with  different concentrations of tiopronin-protected gold (TPAu) nanoparticles on deminer-

alized dentine.

Methods. TPAu nanoparticles were fabricated from 0.31-g tetrachloroauric acid and 0.38-

g  of N-(2-mercaptopropionyl) glycine (2.4-mmol). Then co-dissolved using 35-mL of 6:1

methanol/acetic acid and mixed using NaBH4. EDC (0.3-M) was conjugated to TPAu nanopar-

ticles  at TPAU/EDC-0.25:1, and TPAU/EDC-0.5:1 treatment formulations ratios. Dentin

specimens treated with 0.3-M EDC solution alone or left untreated were used as control.

Nanoparticles formulations were characterized in term of particles morphology and size,

Zeta potential, thermogravimetric analysis and small-angle X-ray scattering. Dentin sub-

strates were characterized in term of TEM investigation, dentin proteases characterization,

hydroxyproline liberation, elastic modulus measurement, Raman analysis and confocal

microscopy viewing.

Results. TEM evaluation of tiopronin protected gold nanoparticles dispersion revealed nano-

clusters formations in both groups. However, based on our TEM measurements, the particle-

size was ranging from 2̃0 to 50 nm with spherical core-shape which were almost similar

for  both TPAu/EDC ratios (0.5:1 and 0.25:1). Zeta potential measurements indicate negative

nanoparticles surface charge. SAXS profiles for both formulations, suggest a typical profile

for uni-lamellar nanoparticles. Superior dentin collagen cross-linking effect was found with

the  TPAu/EDC nanoparticles formulations compared to the control and EDC treated groups.

Significance. Cross-linking of dentin collagen using TPAu coupled with EDC through TPAu/EDC

nanoparticles formulations is of potential significance in improving the biodegradation
resistance, proteases inhibition, mechanical and structural stability of demineralized dentin
substrates. In addition, th

higher cross-linking effec
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1.  Introduction

Long term adhesion is a direct result of stability and integrity
of collagen fibers within resin–dentine hybrid layer [1]. Fibril-
lar collagen network forms the organic framework of dentine
which accounts for approximately 90% of the organic den-
tine matrix [2]. Endogenous enzymes present within dentine
and hybrid layer are known to cause degradation via hydrol-
ysis of collagen fibers which are not completely enveloped by
polymerized adhesive [3]. Failure of adhesive layer leads to for-
mation of micro gaps readily penetrated by pathogens [4]. This
degradation has been minimized over time by application of
different strategies including reinforcement of collagen fibers
within resin-dentine hybrid layer [5], deactivation of endoge-
nous enzymes [6,7], and or within a combination of both [8].

Dentine bonding is a continuously challenging clinical
field. Inspired by the important role of cross-linking in tis-
sue function [9], extensive efforts have been made to optimize
collagen matrix inducing exogenous cross-linking [10,11]. It
is widely understood that additional cross-links will pre-
vent collagen molecules from sliding past each other [12]
and thereby increasing mechanical strength and consider-
ably increasing stiffness [13], tensile strength and compressive
strength [14]. Intermolecular cross-links improve resistance of
collagen to enzymatic degradation by masking the cleavage
site of collagen [15]. Enzymatic modifications include forma-
tion of pyridinium and pyrrolic molecules within the N-(NTX)
and C-terminal telopeptides (ICTP and CTX). They are initi-
ated by the oxidation of lysine and hydroxylysine residues
that are catalyzed by the enzyme lysyl oxidase [16]. Increased
intermolecular cross-links within collagen structure prevents
unravelling of the fibrillar collagen structure and restricts the
�-chains’ degree of freedom by masking the cleavage site of
collagen. This will, further resist it against enzymatic degra-
dation due to matrix-bound matrix metalloproteinases and
cysteine cathepsins [17]. Some cross-linkers induce collagen
cross-linking by actively replacing collagen bound water by
reducing the hydrophilicity of acid-etched demineralized den-
tine surface and thereby promoting adhesive infiltration [18].

Cross-linking methods mostly used incorporate a bridge
molecule as a part of the cross-link moiety. There is formation
of covalent cross-links (bonds) produced as a result of exoge-
nous cross-links (carbodiimide, grape seed, glutraldehyde and
riboflavin) which inactivate dentine proteases by blocking
MMP active sites. These endogenous proteases within den-
tine matrices can be inactivated by application of cross-linkers
for as little as 1 min  [19]. In addition, zero-length linkers are
used as coupling agents, such as EDC, 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide, capable of forming peptide bonds
[20]. Structural changes are manifested due to pyridinoline
cross-link providing a three-way connection, which are three
side groups of collagens connected together [21]. A dendrimer
[22] with 4, 8, and 16 amino groups was cross-linked to colla-
gen using EDC, producing thermal stability in case of collagen
molecules and gels with potential applications and effec-
tive carriers for different small molecule deliveries. This also

enables different cross-links and multiple cross over function-
alities that are possible [23,24]. In addition, the application
of EDC to acid-etched dentine helps in maintaining the vis-
 ( 2 0 1 9 ) 1017–1030

coelasticity of the resin–dentine hybrid layers [25]. EDC has
shown lowest collagen degradation [26] in terms of mass loss
and release of telopeptides, against specimens pretreated in
alkaline media [27]. As mentioned above, formation of pep-
tide bonds within the amino groups of collagen molecules is
comprehensively achieved by EDC.

Collagen fibers, when treated with gold nanoparticles,
result in 2D assemblies [28]. There is a guided electrostatic
attraction between the nanoparticle and collagen fibers due to
spatial arrangement of these assemblies [29]. Gold nanopar-
ticles have been widely used to enhance the performance
by using favorable properties associated with reduced size
of the material [30]. Even so, gold nanoparticles can be eas-
ily functionalized with biological macromolecules as they are
biologically inert and have no direct effect on the molec-
ular structure [31]. This allows additional area and greater
number of reactions to occur at the surface of material [32].
For this we  have devised a novel approach using tiopronin-
modified (trade name ‘Thiola’, 2-(2-sulfanylpropanoylamino)
acetic acid) gold nanoparticles to assist in dentine collagen
cross-linking. Au-nanoparticles are known to form various
cross-links with collagen due to the presence of multiple car-
boxyl groups (−COOH) on the surface in the presence of EDC
[24]. The application of Au-nanoparticles as a cross-linking
agent has allowed for multiple and easy incorporation of
biomolecules including peptides, by immobilization at the Au
surface [33]. That said, the aim of the current laboratory study
was to investigate the potential synergetic collagen crosslink-
ing effect of EDC when conjugated with tiopronin-protected
Au-nanoparticles (TPAu) on demineralized dentine substrate
at different ratios of TPAu/EDC. The null hypotheses tested
were: (i) the conjugation of TPAu with 0.3 M EDC; and (ii) the
different ratios of TPAu/EDC (0.25:1 and 0.5:1) have no effect on
collagen crosslinking, biodegradation resistance, endogenous
proteases expression and mechanical properties of deminer-
alized dentine substrate. Our current study also presents a
multi-disciplinary research in order to obtain a complete char-
acterization of the formulation used as a novel approach over
demineralized dentine substrate.

2.  Materials  and  methods

2.1.  Nanoparticles  synthesis  and  characterization

2.1.1.  Chemicals
2-Mercaptopropionylglycine (tiopronin, 99%, also called: 2-
(2-sulfanylpropanoylamino) acetic acid), sodium borohydride
(NaBH4; 99%) and other chemicals were purchased from Sigma
Aldrich. All chemicals were of reagent grade and were used as
received without purification.

2.1.2.  TPAu  nanoparticles  synthesis
Using 0.31 g tetrachloroauric acid (HAuCl4; 0.80 mmol) and
0.38 g of 2-mercaptopropionylglycine (2.4 mmol), a solution
was dissolved using 35 mL  of 6:1 methanol/acetic acid. The

solution produced a ruby red colour and it was further mixed
with NaBH4 (0.6 g, 16 mmol) in 15 mL  of distilled H2O using
a rapid stirrer in a beaker. This was performed via increas-
ing temperature between 24 ◦C to 44 ◦C in 20 min. While

https://doi.org/10.1016/j.dental.2019.04.005
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H of the solution was slowly increased to 5.1 from 1.28,
he suspension was eventually stirred for 40 min  and cooled
emoving the solvent under vacuum at ≤45 ◦C. Available tio-
ronin was completely insoluble in methanol and purified
sing dialysis dissolving in 80 mL  of NANO pure water (Merck
illipore) with dropwise inclusion of HCL, maintaining pH to

. Crude tiopronin-gold (TPAu) solution was slowly stirred with
echarging with fresh water every 10 h over the course of 72 h.
iopronin was removed from the dialysis tubes and solvent
vaporated at ≤45 ◦C [34,35].

.1.3.  EDC  conjugation  with  TPAu  nanoparticles
ifty milliliters of a stirred 2 mM aqueous solution TPAu was
itrated with 2 mM NaOH and was dissolved in 30 mg/mL  of
istilled water (Millipore) with the pH of the resultant solu-
ion maintained to 7̃. TPAu nanoparticles were conjugated
ith EDC, at different ratios, before being applied to den-

ine collagen substrates. EDC (0.3 M)  was added to the TPAu
anoparticles solution at different ratios and left overnight
nder continuous stirring in a horizontal shaker set to 200 rpm
o allow a complete mixing. The final concentration of EDC
o the tiopronin-protected gold particles was maintained at
atios of: TPAu/EDC-0.25:1, TPAu/EDC-0.5:1.

.1.4.  Transmission  electron  microscopy  characterization
f nanoparticles
ormvar (polyvinyl formal) coated copper grids (200 mesh)
ere used onto which 1 mg/mL  aqueous solution was dropped,
llowed to collect for 5 min. Excess solution was removed by
sing a small piece of filter paper touching at the edge of the
opper grids. For further drying, the grids were kept under N2

ow for 15 min. The phase contrast images of the nanoparti-
les were obtained using a Philips CM 200 electron microscope
orking at 200 kV. Three randomly selected regions of each

pecimen were obtained at 340,000x with size distribution
sing Scion Image  Beta Release 2 (Scion Corporation, Freder-

ck, Md).

.1.5.  Zeta  potential  measurements
eta (�) potential of prepared nanoparticles was recorded by
hoton correlation spectroscopy using a Zetasizer 3000 HAS

Malvern Instruments, Germany). Nanoparticles (300 �L) with
ifferent ratios, TPAu/EDC-0.25:1, and TPAu/EDC-0.5:1, were
ixed with 4 mL  of Millipore water immediately before mea-

uring their zeta potential at room temperature. The viscosity
f water and refractive index were used for calculation of the
esults. Thermogravimetric Analysis (TGA), synchrotron small
ngle X-ray scattering (SAXS) and TPAu/EDC Application to
emineralized Dentine were analysed and the methodology
nd results presented in the supplemental data.

.1.6.  TPAu/EDC  application  to  demineralized  dentine
xtracted caries-free human molars (n = 86) were collected
fter the patients’ informed consent and was approved by the
nstitutional Review Board. After disinfection, occlusal enamel
as removed using a slow speed saw under water irrigation
o expose the mid-coronal dentine (Isomet, Buhler, Lake Bluff,
L, USA). Dentine specimens were cut (dimensions and shapes
ary according to the testing procedure indicated below) using
ow speed diamond saw, cleaned in distilled water, deminer-
 0 1 9 ) 1017–1030 1019

alized using 10 wt% phosphoric acid (H3PO4) for 24 h, rinsed
with distilled water for 15 s, and then air-dried.

Dentine specimens were randomly distributed between the
different control and experimental groups. In the first group
(control), no treatment with TPAu/EDC or EDC  alone was done,
and the demineralized dentine specimens subjected to 50 �L
of deionized water for 1 min. In the second, third and fourth
groups, after excess water was removed with absorbent paper
leaving the dentine surface in hydrated condition, each spec-
imen was treated with 50 �L of their respective modification
solutions (EDC, TPAu/EDC-0.25:1 and TPAu/EDC-0.5:1 respec-
tively) for 1 min, and finally rinsed gently with deionized water
for 30 s.

2.2.  TEM  characterization  of  demineralized  dentine
collagen  structure

TEM characterization of demineralized dentine discs
(0.5 ± 0.1 mm thick and 4 mm diameter) was done to study
structural variations of dentine collagen matrix and similar
dentine discs (n = 5) were used, with or without nanoparticles
modification, after storage in artificial saliva (AS) modified
with collagenase (100 �m/L) Type-I (AS/Col) for 3 months
[36]. After storage, specimens were gently rinsed for 5 min,
fixed, buffered with 0.1 M sodium cacodylate for 1 h, treated
by 1% osmium tetroxide (OsO4) in phosphate buffered solu-
tion (PBS) for 1 h, rinsed with distilled water, dehydrated
in ascending concentrations ethanol, and finally followed
by infiltration with araldite resin. Ultra-microtome with a
diamond knife was used to cut ultrathin sections (9̃0 nm)  from
and collected on the grids and stained with uranyl-acetate,
UO2(CH7COO)2·2H2O, for 10 min  before TEM imaging at 100 KV
(JEOL-1010, Japan).

2.3.  Mechanical  characterization  of  the  demineralized
dentine  beams

Mechanical testing was performed to evaluate the apparent
elastic modulus (Eapp) of demineralized dentine beams having
the dimensions of 0.5 mm thickness × 1.7 mm width × 6.5 mm.
The dentine beams (n = 13) divided into the four control and
experimental groups and tested after 1week storage in the
artificial saliva modified with collagenase solution (As/Col).
Three-point bending testing was done at 2.5 mm span-length
with a displacement rate of 0.5 mm min−1 using a universal
testing machine (Instron, 5848 Microtester, USA) in hydrated
condition. The apparent elastic modulus (Eapp) was calculated
as previously described [12].

2.4.  Analysis  of  dentine  proteases

Dentine beams were then prepared with dimensions of
6 mm × 2 mm × 1 mm (a total of 40 beams). After demineral-
ization in 10 wt% H3PO4 at 25 ◦C for 24 h, beams were later
rinsed with deionized water with constant stirring at 4 ◦C for
1 h [37,28]. Dentine beams were randomly allocated to four

groups (n = 10), treated as previously described, blot dried and
placed in individually labelled propylene tubes with 1 mL  cal-
cium and zinc containing media (CM) at 37 ◦C for 7, 14 days, or
1-month in a shaking-water bath (Thermo Fisher Scientific) for

https://doi.org/10.1016/j.dental.2019.04.005
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60 cycles/min [38]. After each incubation time period deminer-
alized dentine beam were rinsed with 10 mL  distilled water at
4 ◦C, blot dried and placed in a desiccator for 3 days. Dry mass
at each time point was measured to the nearest 0.001 mg  using
an analytical balance (XP6 Microbalance, Mettler Toledo, High-
tstown, NJ, USA). After dry mass measurement, beams were
rehydrated in deionized water at 4 ◦C for 1 h before treatment
with designated disinfectants. The medium obtained after
each incubation period was stored in a freezer (−80 ◦C) and
subsequently analyzed for C-terminal cross-linked telopep-
tide (ICTP) and C-terminal peptide (CTX) fragments. Amount
of solubilized type I collagen ICTP fragments using an ICTP
enzyme-linked immunosorbent assay (ELISA) kit (UniQ EIA,
Orion Diagnostica, Espoo, Finland). Collagen matrix degrada-
tion activity of cathepsin K was determined by measuring
the amount of CTX fragments within the incubation medium,
using a Serum Crosslaps ELISA kit (Immunodiagnostic System,
Farmington, UK).

For direct protease detection in demineralized dentine
specimens, dentine powder was prepared using the same pro-
tocol as mentioned previously. Five 1-g aliquots of dentine
powder were demineralized. Demineralized dentine powder
was rinsed with deionized water for 5 times, dried and divided
into the four study groups (n = 7). Extraction buffer (r [50 mM
Tris−HCl at pH 7.5 containing 0.2% Triton X-100, 5 mM CaCl2,
and 100 mM NaCl]) was used to re-suspend treated dentine
powder for 24 h to extract the proteases. Vials were centrifuged
at 20,000 rpm at 4 ◦C for 30 min. Supernatants were collected,
dialyzed in bags with 30 kDa molecular cut-off overnight,
lyophilized and frozen at −20 ◦C until they were analyzed
using ELISA (Human MMP2  ELISA Kit – Lot #5619 for MMP-2;
Human CTSK/Cathepsin K ELISA Kit – Lot #5614 for cathep-
sin K, both from Lifespan Biosciences, Seattle, WA, USA) in
triplicates expressed as ng/mL.

2.5.  Collagenase  mediated  collagen  resistance  to
degradation

Hydroxyproline (HYP) content in supernatant was mea-
sured at 48 h in collagenase using an assay kit (BioVision,
Exton, PA, USA). Dentine slabs (4.5 mm × 3.5 mm × 0.5 mm)
were prepared, demineralized in phosphoric acid, randomly
distributed between the four groups (n = 7) and treated as
described above. HCl (12 M)  were used to hydrolyze 100 �L
aliquots at 120 ◦C for 3 h. From the 100 �L aliquots, 10-�L quan-
tities were transferred to a 96-well plate for evaporation under
vacuum and Chloramine-T buffer reagent (100 �L) added, and
solutions incubated at 27 ◦C for 5 min. 100 �L of DMAB reagent
was added later, incubated for 90 min  at 60 ◦C and absorbance
measured using a spectrophotometer (Ultramark; Bio-Rad,
Hercules, CA, USA) at 560 nm [39].

2.6.  Raman  spectroscopy

Phosphoric acid demineralized dentine discs (1 mm)  from
each group (n = 5) were used for Raman analysis. For Raman

spectroscopy and data acquisition, spectral analyses were
obtained from 5 points randomly distributed over the sur-
face per each dentine disc using a Raman system (Renishaw
InVia Raman microscope), with 2̃ cm−1 spectral resolution and
 ( 2 0 1 9 ) 1017–1030

830 nm laser source (Renishaw Plc, Wotton-under-Edge, UK).
Each spectrum was collected for 5 s at an average of 10 spec-
tra focusing the laser beam randomly onto a 2̃.5 �m spot on
each specimen (20× objective; NA = 0.40). A polynomial fit-
ting algorithm was used for background fluorescence removal.
For sub-peak identification, 1̃670–1640 cm−1, 1̃670–1690 cm−1,

and 1̃670–1610 cm−1 of original Amide I intensities (normal-
ized to �1PO4 at 9̃60 cm−1) were directly calculated. In addition
to this, following ratios of peak intensities were also cal-
culated; hydroxyproline/proline ratio (at 8̃77 cm−1 per Pro at
8̃55 cm−1 or at 922 cm−1) for post-translational modifications
after crosslinking; mineral-to-matrix ratio (�1PO4 at 9̃60 cm−1

per proline at 8̃55 cm−1, �1PO4 per Amide III at 1̃247 cm−1 and
�1PO4 per Amide I at 1̃668 cm−1) as a measurement of miner-
alization.

2.7.  Confocal  imaging

Confocal laser scanning system (Axioplan 200, Carl Zeiss
MicroImaging, Jena, Germany) was used for visualization
within the visible light spectrum. Laser wavelength of 514 nm
(argon, 15 mW)  was used in multi-tracking mode to excite
the luminescence of Au-nanoparticles delivered within dem-
ineralized dentine disc specimens (n = 3), within fixed spectral
bands [40]. Image  variation had an image  detection offset of
−0.02 and a main beam splitter of 80/20. After focusing on the
specimen images were taken at six different spots. Focus of
Au nanoparticles were adjusted using the differential inter-
ference contrast as reference.

2.8.  Macrophage  isolation  and  analysis

Human peripheral blood mononuclear cell line, SC (BPS, Bio-
science, Inc., San Diego, USA) CRL-9855 #LOT: 61834527, ATCC)
at a concentration of 2 × 105 cells was maintained in a flask.
Cells were counted using Iscove’s Modified Dulbecco’s Media
(IMDM; ATCC, Lot 63331110-Manassas/Vancouver, and 1 × 106

cells/mL cultured supplemented with 10% FBS, 0.05 mM 2-
mercaptoethanol (2-sulfanylethan-1-ol) 0.1 mM hypoxanthine
and 0.016 mM thymidine. Resting macrophages (M�), were
generated with induction of lipopolysaccharide (LPS-PG ultra-
pure Porphyromonas gingivalis-TLR4 ligand; 0.1 �g/mL) after
6 h and added over with interferon gamma (IFN�, 20 ng/mL)
using the same protocol from Daood and Yiu [41]. The
wells were than incubated for another 66 h. On the third
day, cells were pretreated with crosslinking formulations:
devoid of treatment (control); EDC 0.3 M; TPAu/EDC-0.25:1,
and TPAu/EDC-0.5:1 for 2 min  (inside medium). After remov-
ing IMDM medium, the cells were washed with PBS and
immunofluorescence staining performed on dentine substrate
with primary antibodies of CD68+, CD80+ (M1 profile), and
CD163+ (M2 profile) respectively. After washing with PBS,
DAPI (Vectashield; Catalog #H-1200-Vector Laboratories, 4′,6-
diamidino-2-phenylindole) was added for analysis of blue
fluorescence for few specimens. On top, the coverslips were
mounted onto the glass slides for CLSM (Fluoview FV 1000,

Olympus, Tokyo, Japan) analysis, which was performed under
dark, and macrophages imaged on a confocal microscope
using light emission between 500–550 nm with an excitation
wavelength of 488 nm at 40x objective lens for direct observa-

https://doi.org/10.1016/j.dental.2019.04.005
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Fig. 1 – Representative TEM images showing the morphology of (A) TPAu/EDC-0.25:1 and (B–C) TPAu/EDC-0.5:1
nanoparticles formulations. All nanoparticles exhibited uniform spherical shape and showed a tendency to be clustered
together with a few separate nanoparticles. High-magnification TEM image (inset C) revealed the spherical structure of the
TPAu/EDC-0.5:1 nanoparticle. (D) TEM micrograph of collagen fibers after enzymatic degradation showing presence of
denatured collagen fibers resembling a moth-eaten appearance (yellow *) with frayed edges. (E) The EDC 0.3 M cross-linked
specimens showed disrupted fibrillar arrangement with unclear cross banding. The TPAu/EDC-0.25:1 treated specimens
showed dense fibrillar arrangement and slightly normal cross-banding of the fibers (F). TPAu/EDC-0.5:1 treated specimens
resulted in fibrillar arrangement and well-maintained collagen architecture (G). (H–I) TEM image showing presence of the
TPAu/EDC-0.25:1 and TPAu/EDC-0.5:1 nano particles inside the dentinal tubules of the demineralized dentine specimens
respectively. TPAu/EDC-0.5:1 nanoparticle are seen to penetrate inside the dentinal tubules (inset red box is high
magnification of nanoparticle cluster) (J). (K) Higher magnification of dentine specimens treated with TPAu/EDC-0.5:1
showed preservation of the well-formed collagen fibril structure. (L) Absence of fibril decomposition in TPAu/EDC-0.5:1
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pecimen. Arrows (I) point to well-maintained cross-bandin

ion. Percentages of M1  and M2  were determined by dividing
D80+ (M1) and CD163+ (M2) by the number of CD68+ cells in
ach field tested [42]. An M1/M2  ratio was then calculated (Eq.
1)) for each specimen as follows:

1/M2  = percent M1  cells/percent M2  cells (1)

.9.  Statistical  analyses

enerally, data were presented as mean ± standard devia-
ion and analyzed by one-way ANOVA followed with the
ukey’s multiple post hoc comparison test using SPSS (SPSS
20, SPSS, Chicago, IL, USA). P values p < 0.05 considered
tatistically significant. Percentage of M1  and M2  cells was
etermined by dividing CD80 (M1) and CD163 (M2) by the num-
er of CD68 cells in each field tested. Values were analyzed
sing one-way ANOVA (  ̨ < 0.05) with the Tukey’s multiple
ost hoc comparison test. Using SPSS (v20, SPSS, Chicago, IL,

SA), data reflecting pixel numbers were analyzed using the
olm–Sidak pair-wise multiple test (p < 0.05). For HYP liber-
tion, data were expressed as means ± standard deviations
nd analyzed by one-way ANOVA followed by the Tukey’s post
 normal sized thick-fibers.

hoc test for repeated-measurement comparison as p < 0.05
was considered statistically significant. Using normality (the
Kolmogorov–Smirnov test) and homoscedasticity (the modi-
fied Levene’s test), percentage of dry mass loss and ICTP (ng
telopeptide/mg dry dentine) and CTX (pg telopep-tide/mg dry
dentine) were analyzed. When the normality and equality
variance assumptions of data were validated, they were ana-
lyzed using repeated measures ANOVA along with post hoc
multiple comparisons using the Tukey’s test. Data for Raman
analysis are presented as mean ± SD and parameters and
assessed by the nonparametric Kruskal–Wallis test. This was
followed by the Dunn’s correction including multiple compar-
isons (p < 0.05). Raman intensities between control and other
experimental groups were analyzed using the Mann–Whitney
test as a function of wavenumbers within Raman change.

3.  Results
3.1.  TEM  analysis

A series of contrast images of nanoparticles were taken at var-
ious magnifications (Fig. 1A–C). The limited contrast between

https://doi.org/10.1016/j.dental.2019.04.005
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Table 1 – Mean (±SD) for inhibition of MMP-2 and cathepsin K activities (ng/mL) obtained with Human MMP-2 and
cathepsin K ELISA Kit system. Mean (±SD) of apparent elastic modulus (Eapp) in MPa of demineralized dentine. Mean
(±SD) of Zeta potential (mV) of the two TPAu/EDC nanoparticles formulations. Groups identified by different superscripts
letter are statistically significantly different within each column.

Groups MMP-2 Cathepsin Eapp Zeta potential (mV)

Control 8.81 (3.11) A 5.50 (4.10) A 3.22 (3.20) A

.70) B

.22) C

.99) D
EDC 0.3M 6.17 (2.70) B 3.41 (2
TPAu/EDC-0.25:1 2.81 (1.70) C 1.88 (1
TPAu/EDC-0.5:1 1.93 (2.50) D 0.34 (1

the background and nanoparticles was one of the pivotal
difficulties while assessing particle size as discussed in sub-
sequent section. TPAu/EDC-0.25:1 (Fig. 1A) and TPAu/EDC-0.5:1
(Fig. 1B–C) specimens showed spherical shaped nanoparticles
clusters having size-range of 20–50 nm with no difference in
appearance was noted between the two groups.

For dentine specimens, TEM micrographs from control
group (Fig. 1D) revealed a collagen matrix that contained
non-intact collagen fibers indicating a significant degrada-
tion effect of collagenase. There was also a clear increase in
interfibrillar space demonstrating an irregular contour. The
0.3 M EDC treated specimens (Fig. 1E) showed an increased
number of fibers in a relatively uniform manner when com-
pared to the control specimens. In addition, specimens were
clearly containing partially deteriorated collagen fibers or
components. The experimental TPAu/EDC-0.25:1 (Fig. 1F) and
TPAu/EDC-0.5:1 (Fig. 1G) groups were indicative of denser and
smoother arrangements of collagen fibers which were thicker
and regularly arranged with intact cross-banding forming
more organized network structures. The TEM investigation
confirmed deep delivery and close association/attachment of
TPAu/EDC nanoparticles (Fig. 1H–J) in non-clustered forms
around collagen fibers and inside the dentinal tubules. High
magnification imaging confirmed the intact collagen structure
with the associated TPAu/EDC-0.5:1 nanoparticle (Fig. 1K) even
after the 3 months’ storage in the artificial saliva/collagenase
solution (Fig. 1L) where collagen fibers preserved their char-
acteristic D-periodic banding pattern, and the micro-fibrillar
structure.

3.2.  Characterization  of  nanoparticles  and  adsorption
of TPAu/EDC  nanoparticles  to  demineralized  dentine

Surface charges of TPAu/EDC (for both experimental groups)
are listed in Table 1. Zeta potential measurements indi-
cate negative surface charge for both of TPAu/EDC-0.25:1
(−37.5 ± 4.2) and TPAu/EDC-0.5:1 (−21.4 ± 5.1) nanoparticles.

3.3.  Analyses  of  dentine  proteases  and  HYP

The loss of dry mass, release of CTX and ICTP over a period
of 7 and 14 days, and one month is shown in Fig. 2. Dentine
beams that were treated with TPAu/EDC-0.25:1 (  ̃ −7.120 ± 2.57,

 ̃ −14.56 ± 3.48,  ̃ −12.34 ± 5.51 for 7 and 14 days and one month)
and TPAu/EDC-0.5:1 (  ̃ −4.11 ± 2.57,  ̃ −6.44 ± 3.86,  ̃ −3.86 ± 6.51
for 7 and 14 days and one month) showed the least amount

of dry mass loss as compared to the control group (Fig. 2A).
Both the factors of incubation time and the cross-linking for-
mulation used and the interaction factor between them had
a significant effect on loss of dry mass for the experimen-
5.11 (1.40) B

7.40 (2.19) C −21.4 (5.1) A

9.60 (3.10) D −37.2 (4.2) B

tal groups (p < 0.001). The percentage of dry mass loss for
both TPAu/EDC-0.25:1 and TPAu/EDC-0.5:1 groups for 7 and
14 days remained not significantly different (p < 0.001). How-
ever, the changes were significantly different after one month
within their own respective groups and when compared to
other EDC and control groups. The dry mass was observed
as highest amongst the control group after one month
(Fig. 2A).

Release of CTX generated by cathepsin K was significantly
decreased for all cross-linker pretreatment groups (p < 0.001)
after all time periods, compared to the untreated control
groups (Fig. 2B). Both factors, cross-linkers and time, had a
significant effect on CTX release and the interaction of the
two factors was also significant (p < 0.001). After one month
of incubation, the CTX release was significantly reduced in
TPAu/EDC-0.5:1 group, instead of an increase. The percent-
age of CTX release was significantly lower in experimental
groups compared to untreated control after 7, 14 days and
one month (p < 0.001). No significant difference in CTX release
was observed within the TPAu/EDC experimental groups at
7 and 14 days (p < 0.05). ICTP telopeptide showed a similar
trend with all experimental groups showing significant differ-
ences in all time periods when compared to the control group
(p < 0.001). There was a higher ICTP release in the first seven
days for EDC groups (1̃4.22 ± 1.86), which gradually decreased
(4̃.11 ± 1.51) after one month (Fig. 2C). Control beams that were
not treated by any cross-linker released 2̃0.73 ± 2.80 ng ICTP
telopeptides/mg dry dentine after 1 month of incubation in
a complete medium (Fig. 2D). The lowest ICTP values were
recorded in beams treated with experimental TPAu/EDC-0.5:1
groups followed by TPAu/EDC-0.5:1. In all treated groups, a low
level of ICTP was detected in the incubation medium, even
though significantly less loss of dry mass was observed after
one month of incubation.

Concentrations of the tested active enzymes present in
the experimental treated nanoparticle groups were signifi-
cantly lower (Table 1) than the ones tested against the control
and EDC groups (<0.05). There was a significant difference
between the control and EDC groups in the concentration
of MMP-2 and cathepsin K. The TPAu/EDC-0.5:1 group had
the least MMP-2 and cathepsin K release from demineralized
dentine specimens when compared to experimental EDC  and
TPAu/EDC-0.25:1 groups.

In groups TPAu/EDC-0.25:1 and TPAu/EDC-0.5:1 cross-
linking significantly decreased (p < 0.05) the HYP liberation
compared with the non-cross-linked and EDC  specimens at

the 48-h time-point (Fig. 2E). No difference was found in
HYP liberation between TPAu/EDC-0.25:1 and TPAu/EDC-0.5:1
groups.

https://doi.org/10.1016/j.dental.2019.04.005
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Fig. 2 – (A) Cumulative loss of dry mass from demineralized dentine beams pretreated with cross-linkers up to one-month
in the incubation medium. Values are means and standard deviations of the percentage dry mass loss (n = 10). The loss of
dry mass from each beam was calculated as a percentage of the original dry mass of that beam at baseline. (B) The amount
of CTX telopeptides released per ng/mg dentine from various treatment groups at 7th day/14th day/one-month in the
incubation medium. (C) The amount of ICTP telopeptides released per ng/mg dentine from various treatment groups at 7th
day/14th day/one-month in the incubation medium. Values are means and standard deviations for all analysis done (n = 10).
*: significant difference groups. Uppercase/lowercase letters/numerals/symbols represent differences between each
pre-treatment (7th day/14th day/one-month) (p < 0.001); ns: no significant difference. (D) Schematic representation of beams
subjected to different or no cross-linking treatment (p < 0.001); (E) Hydroxyproline (HYP) release from solubilized collagen
peptide fragments in incubation medium for 48 h. Values are �g HYP/mg as heights of bars are means; error bars
i e sig
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.4.  Mechanical  characterization

 progressive and statistically significant increases in stiffness
Eapp) were observed in TPAu/EDC-0.25:1 and TPAu/EDC-0.5:1
roups (p < 0.05) compared to the other groups (Table 1). The
owest stiffness value was observed for the control group
nonmodified demineralized dentine) when compared to EDC
nd gold nanoparticle treated demineralized dentine speci-
ens.

.5.  Raman  analyses

omparing average Raman spectra across groups per
rosslinking methods (Table 2), there were significant changes
n hydroxyproline, crystallinity and carbonate signals when
reated with TPAu/EDC-0.5:1. The TPAu/EDC-0.5:1 specimens
howed intensity values which were higher as compared to
ontrols and the TPAu/EDC-0.25:1 specimen, except the car-

onate and �1PO4/Amide I parameters. Effects of EDC can be

solated for �1PO4/Amide I, �1PO4/Amide III, and �1PO4/CH2

hich showed lower changes with significant changes when
ompared to controls. TPAu/EDC-0.25:1 specimens showed no
nificantly different (p < 0.05); Insert: Regression analysis.

significant differences except for the carbonate parameter
when compared to control (Table 2).

The Amide I and Amide III peaks appeared as strong
organic Raman signal peaks and were not affected by noise
within the spectrum as compared to other Raman peaks.
Based on the analysis, the Amide III peaks were seen
slightly shifted to different locations at 1̃237 cm−1, 1̃243 cm−1,
1̃245 cm−1 and 1̃246 cm−1 for control, EDC, TPAu/EDC-0.25:1
and TPAu/EDC-0.5:1 specimen respectively (Fig. 3B). These
peaks were seen to be sensitive to the type of cross-linking
method used distinguishing different intensities amongst the
experimental groups for both TPAu groups with TPAu/EDC-
0.5:1 showing the highest intensity. A difference in intensity
between TPAu groups were identified as 5 cm−1. For the Amide
I changes (Fig. 3C), and as expected for the crosslinking meth-
ods applied, the associated Amide III peaks showed changes
amongst the spectra with a difference in intensity also seen
between control and their respective cross-linked experi-

mental groups. The acquired Raman spectra were control
1̃678 cm−1>, EDC 1̃676 cm−1>, TPAu/EDC-0.25:1 1̃669 cm−1>,
TPAu/EDC-0.5:1 1̃665 cm−1. The Raman spectra of experimen-
tal groups compared to control groups showed that intensities

https://doi.org/10.1016/j.dental.2019.04.005
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Table 2 – Comparison of Raman parameters of control, EDC and TPAu/EDC nanoparticles treated dentine specimens with
significant p-values 0.001.

Parametrics Wavenumber cm−1 Value Control EDC TPAu/EDC-0.25:1 TPAu/EDC-0.5:1

Raman
param-
e-
ters

Hyp/Pro
877  cm−1–855 cm−1 0.68 ± 0.01 0.66 ± 0.03 0.76 ± 0.05 0.81 ± 0.02

vs control
n.sig.  n.sig.  p < 0.000

Crystallinity 1/FWHM (�1PO4) 0.086 ± 0.003 0.093 ± 0.005 0.074 ± 0.002 0.065 ± 0.002
vs control
n.sig.  n.sig.  p < 0.000

Mineral/matrix �1PO4/amide I 31.36 ± 2.12 22.34 ± 3.33 26.77 ± 2.61 29.91 ± 4.1
vs control
p  < 0.000 n.sig.  n.sig.

�1PO4/amide III 16.64 ± 0.54 13.12 ± 1.11 14.50 ± 0.79 16.11 ± 1.89
vs control
p  < 0.000 n.sig.  n.sig.

�1PO4/CH2 wagging 14.11 ± 0.79 11.33 ± 2.33 13.10 ± 2.79 15.22 ± 2.77
vs control
p  < 0.000 n.sig.  n.sig.

Carbonate CO3/�1PO4 0.147 ± 0.004 0.139 ± 0.004 0.178 ± 0.003 0.165 ± 0.001
vs control
n.sig.  p < 0.000 p < 0.000

Key: n.sig.  = not significant.

Fig. 3 – (A) Average Raman spectra from 1100 cm−1 to 3000 cm−1 of dentine; (B–C) TPAu/EDC-0.25:1 and TPAu/EDC-0.5:1
treated dentine showing different spectra (Amide I and III; C–H bonds of organic content) respectively visualizing spectral
contributions of organic matrix and collagen after treatment with different groups. Both Amide I and III bands show higher
intensities for specimens treated with TPAu/EDC-0.25:1 and TPAu/EDC-0.5:1 experimental groups when compared to

control and EDC.

at the wavenumber locations of the Amide III and Amide I
associated peaks decreased and increased respectively.
3.6.  Confocal  microscopy

Representative images taken for TPAu/EDC-0.25:1 and
TPAu/EDC-0.5:1 groups are shown in Fig. 4. The appearing
irregular arrays of pixels reflected a probable Brownian
motion of diffusing particles. However, some of the particles
did not appear fixed on dentine. The box plots represent the
median with 35 and 65% quartiles of reflecting pixels in each

of the TPAu/EDC-0.25:1 and TPAu/EDC-0.5:1 experimental
groups, respectively, after excitation at � = 514 nm.  There
was no reflection of control samples, while others showed

https://doi.org/10.1016/j.dental.2019.04.005


d e n t a l m a t e r i a l s 3 5 ( 2 0 1 9 ) 1017–1030 1025

Fig. 4 – Representative images of (A) confocal intensities of different groups (B) control; (C) TPAu/EDC-0.25:1 and (D)
TPAu/EDC-0.5:1 in 10-pL volumes. Size of TPAu/EDC-0.25:1 was 1̃00 nm.  Excitation was performed at � = 514 nm.  The box
p after

r
a
�

t
g

3

T
c
t
s
t
T
t
(
w
(
a
i
w
D
o
c
m
i
p
T
C
g
e
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eflection of excitation wavelengths in the TPAu/EDC-0.25:1
nd TPAu/EDC-0.5:1 groups. That said, data from excitation at

 = 514 nm accounted for the highest number of reflection due
o the proximity to the reflection of gold in TPAu/EDC-0.5:1
roup.

.7.  Macrophage  phenotype

he M1/M2  macrophage ratios after application of different
ross-linking solution showing a distribution of macrophages
o analyze for the different subtypes of macrophages are
hown in Fig. 5. The results of one-way ANOVA showed
hat M1/M2  ratio (Fig. 5A) was significantly reduced in
PAu/EDC-0.25:1 and TPAu/EDC-0.5:1 groups, when compared

o control, and EDC groups (p < 0.001). An M1 type response
pro-inflammatory) is indicative when values are above 1.0

hile values less than 1.0 are considered an M2  type response
anti-inflammatory). Mononuclear macrophages of CD68+ (in
bsence of induction) were present in all cells when observed
n confocal analysis (Fig. 5B–D). Macrophage cells treated

ith TPAu/EDC-0.25:1 (Fig. 5B) and which were stained with
API show nuclei of cells for total cell observation. More-
ver, the image  using confocal microscopy confirmed the
ellular components. Staining showed a clear presence of
acrophages (data not shown for TPAu/EDC-0.25:1). In a qual-

tative analysis of phenotype of macrophages, cells were
redominantly CD163+ in the TPAu/EDC-0.25:1 (Fig. 5C) and

PAu/EDC-0.5:1 groups (Fig. 5D, indicative of M2 markers.
onversely, the CD80+ markers were also found in the EDC
roups (Fig. 5A inward) as the CD80+ and CD163+ mark-
rs distinguish between different macrophages. With double
 excitation at 514 nm.

immune-fluorescent staining and confocal analysis, these
markers to a large extent separate between two different cel-
lular populations.

4.  Discussion

Amongst the strategies for dentine collagen crosslinking, one
such approach involves the use of cross-linking agents [43–46].
That said, using functionalized nanoparticles for collagen
cross-linking is a newly adopted approach for reinforcing
collagen tissues by binding directly to collagen side-chain moi-
eties. Moreover, cross-linking of functional nanoparticles to
collagen may optimize its physico-chemical and biological
properties [47]. After bonding with biological molecules such
as collagen, nanoparticle surface changes cause a change in
the refractive index, making use of nanoparticles, such as gold
nanoparticles, feasible for utilizing biomolecule interactions.
Use of such multiple-way cross-linkers result in development
of novel materials exhibiting unique, optimized properties
[48]. These exciting findings also open new avenues in applica-
tion of nanoparticle-based strategies for cross-linking collagen
for dental applications. Since most of collagen crosslinking
involve a two-point link between collagen molecules, in the
current study we have deployed TPAu as a connecting (or link-
ing) agent because of its ability to form more  than two  bonds
with collagen biomolecules.

The principle of this study is based on tiopronin-protected

gold nanoparticles (TPAu) are cross-linked to dentine only
through carbodiimide coupling such as EDC with average for-
mation of up to eight amide-bonds for each particle with
collagen lysine/hydroxylysine moieties [49–51]. Accordingly,

https://doi.org/10.1016/j.dental.2019.04.005
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Fig. 5 – (A) Ratio of the percentage of M1/M2  macrophages after application of different cross-linkers. Values above 1.0 are
indicative of an M1  type response while values less than 1.0 are indicative of an M2  type response. CD80+ and CD 163+
distinguish between macrophage phenotypes. Confocal images of immuno fluorescence staining in (B) DAPI staining for
specimens treated with TPAu/EDC-0.25:1; Nuclei are clearly revealed by DAPI staining (blue), and overlay is fluorescence
collected by all channels; (C–D) TPAu/EDC-0.5:1. CD163+ and CD80 + positive cells were detected in both TPAU/EDC-0.25:1
(data not shown) and TPAu/EDC-0.5:1 groups. Specimens of Dapi (4′,6-diamidino-2-phenylindoleblue), CD163+ (green), and

CD80+ (red). Scale bar = 100 �m.

two experimental formulations having ratios of TPAu/EDC-
0.25:1 and TPAu/EDC-0.5:1 were investigated in this study.
Based on the results of this study, the null hypotheses should
be rejected as superior dentine collagen cross-linking effect
was found with the TPAu/EDC nanoparticles formulations
compared to the control and EDC treated groups. The superior
cross-linking effect found with the TPAu/EDC nanoparticles
formulations could be generally attributed and explained
based on cross-linking of collagen with TPAu was performed
via the EDC carbodiimide coupling reaction with the forma-
tion of amide bonds between each TPAu particle and collagen
lysine moieties as explained in detail below.

The TPAu nanoparticles were synthesized according to
a protocol mentioned previously [49]. We  have analyzed
TEM images by measuring the diameter of nanoparticles
(Fig. 1A–C). TEM evaluation of tiopronin protected gold
nanoparticles dispersion revealed nano-clusters formations in
both groups. However, based on our TEM measurements, the
particle-size was ranging from 2̃0 to 50 nm with spherical core-
shape which were almost similar for both TPAu/EDC ratios
(0.5:1 and 0.25:1) due to similar estimated tiopronin groups
are present on Au nanoparticles surface.

It is known that cross-linking can be evaluated on basis
of loss of free amino groups during the cross-linking pro-

cess as Au nanoparticles attach to only one lysine group [50].
Cross-linking carried out via EDC alone can result only in
2̃.3% loss of amino groups which seems to be engaged in
inter and intramolecular cross-linking of collagen [51]. It is
speculated that the TPAu ratios with EDC used may have
enabled the majority of free amino groups be utilized in
formation of bonds. This could have resulted in increased
cross-linking density between collagen carboxyl groups and
nanoparticles/EDC. Even so, this resulting higher cross-linking
intensity was visible in high magnification TEM of TPAu/EDC-
0.5:1 experimental groups. It is well known that amino acids
may prefer to bind to nanoparticles with a specific diame-
ter through their anionic group or an aromatic group [52].
Average mass of Type I collagen molecule is 300 kDa  and the
average number of cross-links present on each nanoparticle is
7.9 ± 0.4 [53]. That said, it does appear that the new TPAu/EDC
nanoparticles formulation provides multiple porosities and
linkers that can explain the structure of the actual nanoparti-
cle. By looking at the TEM (Fig. 1) and Raman (Fig. 3) analyses,
we can assume that all amino moieties present in collagen
showed a stable collagen structure with cross-banding seen
in TPAu/EDC groups. The experimental groups TPAu/EDC-
0.25:1 and TPAu/EDC-0.5:1 appeared very similar and may have
caused the same amount of collagen cross-links. The nanopar-
ticle formulation had achieved deep nanoparticle delivery and
infiltration inside the dentinal and lateral tubules (Fig. 1H–K).
These nanoclusters formed were facilitated through the denti-
nal tubules of demineralized dentine. Presence of water or

electrostatic attraction inside demineralized dentine may
have facilitated nanoparticles delivery and infiltration [54].
The quantification of nanoparticles inside dentinal tubules
was not done at this stage of the study.

https://doi.org/10.1016/j.dental.2019.04.005
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TEM analysis of dentine matrix, from the control group,
fter degradation (Fig. 1D) revealed dispersed collagen fibers
howing irregularities, of different shapes and complete loss
f alternate light and dark bands. The resulting collagen fibers
ppear to be having a crimped appearance with loss of D-
anding pattern maintaining a very loose alignment with
he thin fibrillar arrangement. After cross-linking with the
PAu/EDC formulations, there was dense collagen packing and

he appearance of D-bands seen amongst demineralized den-
ine sections with uniform diameters (Fig. 1F & G). These are

 characteristic fingerprint of the fibrous collagen and on the
asis of these correlated images, regions of fibril alignment
ould be identified. In addition, TEM investigation supported
he synergetic effect of TPAu/EDC nanoparticles formulations
ompared to using EDC alone (Fig. 1E).

Dentine protease analysis showed that our novel colla-
en cross-linking nanoparticles formulations can act as good
nhibitor of cathepsin-K and MMP  activities in demineralized
entine matrices. The effect on MMP  activities is generally
onsidered source dependent and is highly variable [55]. In
rder to see a longer effect, the current study was investi-
ated for one month and the results clearly suggested that
he hypothesis (i.e. different ratios of tiopronin protected Au
old nanoparticles have no effect on endogenous proteases
xtracted from dentine) can be rejected. Control specimens
ad shown an increased loss of dry mass compared to
ther experimental groups. Interestingly, same trends were
bserved in our recent study [56], as MMP-2 attack C-terminal
elopeptides while MMP-8 can cleave triple helical part of col-
agen into ¾ N-terminal and¼ C-terminal of collagen [57].
owever, in exogenous cross-linker groups, proteases may
ave been inactivated resulting in lesser loss of dry mass, with

east results recorded for TPAu/EDC-0.5:1 groups (−1.22 ± 5.36).
s mentioned above, when it has been suggested that TPAu

atios with EDC used may have utilized majority of free amino
roups, they may have been causing increasing cross-linking
ensity. Nevertheless, this increasing cross-linking restricts
he degree of freedom of its �-chains and prevents unrav-
ling of collagen microfibrillar arrangement. Release of CTX
elopeptides showed similar trends for all groups. One inter-
retation for this result is that the accessibility for EDC
ith TPAu/EDC groups was more  and with passage of time,
hen peptides are cleaved, release is limited. One-month CTX

elease in all pretreatment groups was significantly (p < 0.05)
ower than in control group. Treatment of the demineralized
entine matrix with TPAu/EDC cross-linking formulations sig-
ificantly reduced the 1-month release of ICTP, which was
ore pronounced with TPAu/EDC-0.5:1 group (Fig. 2C). The

act that nanoparticles based cross-linking treatment groups
id not release any more  ICTP could be interpreted as an

ndication of sustained cross-linking effect. EDC inactivated
roteases in pretreatment media as 0.3-M EDC forces reaction
f matrix-free carboxylic acids in collagen and endogenous
roteases to form activated carboxyl groups that sponta-
eously react with free amino groups to form amide-type
atrix bonds [58]. The effect was stronger when compared
o TPAu/EDC groups indicating that the conjugation of EDC
ith TPAu nanoparticles has an important role on both the

ubsequent solubility of dentine matrix and on the degree of
nactivation of MMPs  and cathepsin K. However, this estima-
 0 1 9 ) 1017–1030 1027

tion may carry along some errors associated with dispersion
of nanoparticles. In the current study, the two  TPAu/EDC for-
mulations had inhibited endogenous proteases. This said,
it was found that TPAu/EDC-0.25:1 and TPAu/EDC-0.5:1 can
be considered as minimum thresholds that had significantly
reduced MMP  activities, also effecting the modulus of elas-
ticity (Table 1) of dentine (p < 0.05) and some other dentine
properties. Nevertheless, the results require the rejection of
null hypothesis that tiopronin protected Au gold nanoparticles
have no effect on mechanical properties of dentine substrate
and will improve biomechanical properties.

It is noteworthy that HYP release is due to degrada-
tion of collagen based to collagenase enzymes such as
cysteine and cathepsins [59]. HYP assay is considered non-
specific, and this can indicate tissue collagen concentration
[60]. Accordingly, lower HYP release found with experimen-
tal TPAu/EDC cross-linking might indicate a higher collagen
content and resistance of demineralized dentine matrix to
bacterial collagenase-mediated collagen degradation. This
effect could be further explained with micro-Raman results.
A representative Raman spectrum of TPAu/EDC groups versus
control group were compared (Fig. 5). In both spectra, there
was clear indication of major contributions of protein-based
Raman signals with clear and identifiable bands seen at
Amide I and Amide III regions with striking difference seen
between the TPAu/EDC groups and other groups. The Amide
I band correlates to the secondary structure of the pro-
teins, [61] predominantly the �-helix mode centered around
1645–1650 cm−1 [62]. The Amide I band depicts stretching car-
bonyl ( CO) vibrations while the Amide III is the NH plane
deformation along with CN-stretching. These shifts, which
are at higher intensities in the TPAu/EDC groups, are primar-
ily due to sensitivity and secondary changes in polypeptide
chains. Therefore, these spectral changes may have showed
changes due to the degree of cross-linking effect. Triple heli-
cal structure and its stability is achieved by formation of
peptide bonds within and between collagen chains. Further-
more,  collagen Type-I triple-helical domains have an amino
acid sequence (primary structure) that, in addition to glycines,
is rich in hydroxyproline and proline, which impart rigid-
ity and stability to collagen triple-helical domain [63]. The
decrease and increase of Raman shifts and intensities in the
Amide I and III regions can be interpreted and attributed to
the formation of stable cross-links within collagen network
indicating the penetrative effect of TPAu/EDC modification.
The HYP/Pro ratio was considered as an indicator of Type
I collagen changes as a result of enzymatic processing of
proline (proline residue hydroxylation). The TPAu/EDC-0.5:1
groups showed significant changes compared to control along
with changes in crystallinity (Table 2). This is primarily
due to a slight supramolecular rearrangement which was
detected by Raman spectrometry, causing a sensitive response
to HYP than to proline, leading to an increase in intensity
of hydroxyproline peak, relative to proline peak (data not
shown). Similarly, an increase in the mineral/matrix ratio was
inversely associated with increase in mechanical properties of

the substrate detected [64]. Even so, in our current study, the
ratio increased with use of TPAu/EDC-0.5:1 formulation, sug-
gesting an increase in mechanical properties. This is indicative
also for the three-point bending test and it is also reject-
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ing the first null hypothesis that ‘tiopronin protected Au gold
nanoparticles have no effect on mechanical properties of den-
tine substrate’. This might be possibly due to the increase in
the matrix-maturity ratio [65]. On the other hand, the observed
Raman peak changes do not indicate direct changes to the
secondary collagen. This aspect merits further research in the
near future.

Confocal microscopic visualization shows patches of
TPAu/EDC-0.25:1 and TPAu/EDC-0.25:1 nanoparticles appear-
ing bigger than 100 nm sized particles and being rather from
70 nm to 80 nm respectively. This is probably reflecting the
size difference providing massive reflective spots on both
specimens. From Au nanoparticles smaller than 20 nm,  no
reflection could be recorded. Perhaps interestingly, all these
findings result in a rather continuous spread of particles in
TPAu/EDC-0.25:1 specimen. In addition, the present study
also examined the effects of TPAu/EDC formulations on the
macrophage phenotype, which can be identified and dif-
ferentiated according to the cell surface markers, cytokine
and gene expression markers [66]. The M1  and M2 reac-
tions are involved in early or late inflammatory and tissue
remodeling phases respectively [67]. The CD 80+ identifies
M1-activated cells and CD163+ show high expression in M2-
activated macrophages. Any imbalances seen in the ratios can
increase or decrease chronic inflammatory conditions. Appli-
cation of both TPAu/EDC groups shifts the polarization profile
of macrophages to anti-inflammatory or M2  phenotype profile
indicating tissue repair and regeneration. These findings sug-
gest normal regulation of M1–M2—and a cross-linking strategy
that is biocompatible.

5.  Conclusion

In summary, cross-linking of dentine collagen using TPAu cou-
pled with EDC through TPAu/EDC nanoparticles formulations
is of potential significance in improving the biodegradation
resistance, proteases inhibition, mechanical and structural
stability of demineralized dentine substrates. In addition, the
cross-linking effect is dependent on TPAu/EDC ratio, whereas
higher cross-linking effect was found at TPAu/EDC ratio of
0.5:1.
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