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Integration of dual drugs into a collagen scaffold by
a combination of apatite coating and impregnation

with apatite particles for periodontal regeneration
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Bioresorbable porous scaffolds capable of promoting osteoregeneration while preventing bacterial

infection are needed for regenerative periodontal therapy. Previously, a porous collagen sponge coated

with low-crystalline apatite has been shown to possess superior bioresorption and osteogenic properties

compared to the uncoated sponge. In this study, we integrated osteogenic and antibacterial dual drugs

into the sponge utilizing two types of apatite matrices to achieve further functionalization. First, the

collagen sponge was coated with apatite loaded with an osteogenic drug, L-ascorbic acid 2-phosphate

(AS), using a metastable supersaturated calcium phosphate (CaP) solution supplemented with AS.

Second, the coated sponge was impregnated with apatite particles loaded with an antibacterial drug,
ciprofloxacin (CF), which were fabricated using a labile supersaturated CaP solution supplemented with
CF. The resulting dual drug-immobilized sponge demonstrated biological activities arising from both AS
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and CF; it enhanced proliferation of osteoblastic MC3T3-E1 cells and exhibited antibacterial activity

against the oral bacterium Actinomyces naeslundii. The proposed technique to fabricate multifunctional

DOI: 10.1039/d5ra02963e

rsc.li/rsc-advances therapy.

1. Introduction

Periodontal disease, an infectious disease caused by oral
bacteria, often results in the destruction of alveolar bone, which
is essential to the tooth-supporting system.' In the regenerative
therapy of periodontal disease, three-dimensional (3D) porous
scaffolds are used as a structural framework that supports cell
growth and tissue regeneration. Conventional scaffolds are
constructed from osteoconductive bioceramics, such as
hydroxyapatite: Ca;o(PO4)s(OH),, carbonate apatite, and p-tri-
calcium phosphate, and/or bioresorbable polymers such as
collagen and gelatin.”® However, these materials are inferior to
autologous bones in osteogenic activity. Because autologous
bones are difficult to obtain, scaffolds with improved osteogenic
activity have been in great demand. On the other hand, since
bone defects caused by periodontal disease are located close to
the oral cavity, scaffolds are prone to bacterial infection. To
reduce the risk of infection, scaffolds should be resorbed and
replaced rapidly with the regenerated bone tissue, while being
strong enough to retain their porous structure in the initial
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scaffolds would offer a solution to provide more effective, patient-tailored regenerative periodontal

stage.” Thus, ideal scaffolds for periodontal regeneration are
composed of a 3D porous framework that has sufficient initial
strength, is bioresorbable, and can promote bone cell growth
and osteoregeneration while preventing bacterial infection.
Because systemically administered drugs hardly reach the
affected site owing to the destructed vascular network, various
osteogenic and antibacterial drugs have been incorporated
together or separately into a scaffold.>®® However, even with the
use of multiple drugs, the management of both large bone loss
and bacterial infection remains a major challenge owing to the
difficulty in controlling local concentrations of multiple drugs
and the trade-off between the antibacterial and osteogenic
activities. In this study, we propose a new approach for the
development of a multifunctional scaffold immobilizing oste-
ogenic and antibacterial drugs based on the technique of
fabricating drug-immobilized apatite coatings and particles
using supersaturated calcium phosphate (CaP) solutions.'”** A
collagen sponge was used as a 3D porous framework, and it was
functionalized with osteogenic and antibacterial drugs utilizing
low-crystalline apatite as a matrix for drug immobilization. As
osteogenic and antibacterial drugs, we selected r-ascorbic acid
2-phosphate (AS) and ciprofloxacin (CF), respectively. AS,
a stable derivative of r-ascorbic acid (vitamin C), is a nutrient
that can enhance collagen synthesis and osteoblastic prolifer-
ation and differentiation, and help in the repair and mainte-
nance of healthy bones and gingiva.">** CF is a broad-spectrum
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fluoroquinolone antibiotic that has been used clinically to treat
bacterial infection.**** Both AS and CF show high affinity with
CaPs and can coprecipitate with CaP in supersaturated CaP
solutions.*®”

The purpose of this study was to integrate AS and CF into
a collagen sponge utilizing two types of apatite matrices
through apatite coating, followed by impregnation with apatite
particles, and to demonstrate the potential of the resulting
sponge as a multifunctional scaffold. First, the collagen sponge
was coated with AS-immobilized apatite using a metastable
supersaturated CaP solution supplemented with AS based on
our coating technique.’® Second, the coated sponge was
impregnated with CF-immobilized apatite particles” which
were fabricated using a labile supersaturated CaP solution
supplemented with CF. The two supersaturated CaP solutions
are different in stability, the metastable solution stays trans-
parent without inducing homogeneous CaP precipitation
during coating, whereas the labile solution, with a higher
degree of supersaturation, induces homogeneous CaP precipi-
tation soon after preparation. We hypothesized that the
resulting dual drug-immobilized sponge should exhibit both
osteogenic and antibacterial activities. As a preliminary evalu-
ation, a cell proliferation assay using osteoblastic MC3T3-E1
cells and an antibacterial assay using Actinomyces naeslundii
(A. naeslundii), an oral bacterium associated with periodontal
infections, were performed.

2. Materials and methods
2.1 Preparation of collagen sponges

Sterile sponge sheets (3 mm-thick) made from calf dermal-
derived type I and III atelocollagen (Terudermis; GC corpora-
tion, Tokyo, Japan) were used. These sponge sheets feature a 3D
porous structure with a longer axis of pores of 178 + 54 pm.*
The sheet was cut into 5 mm-diameter circular discs. The
resulting collagen sponges, referred to as Col, were stored at
room temperature until required for the experiments. In the
sample preparation for cell proliferation (Section 2.5) and
antibacterial (Section 2.6) assays, the sponges were treated
under aseptic conditions until the final step, i.e., lyophilization
in Sections 2.2 and 2.3.

2.2 Coating with apatite and AS-immobilized apatite

Prior to the coating process, an initial stock of a metastable
supersaturated CaP solution was prepared following the previ-
ously published protocol.® Briefly, NaCl (142 mM), K,HPO,-
-3H,0 (1.5 mM), HCI (40 mM), and CacCl, (3.75 mM) (all from
Nacalai Tesque, Inc., Kyoto, Japan) were dissolved in ultrapure
water one by one, and the solution was buffered to pH 7.40 at
25 °C with 50 mM of tris(hydroxymethyl)Jaminomethane and
HCI. The prepared solution was stored at 4 °C and used within
a month of preparation. Just before the coating process, the
supersaturated CaP solution was supplemented with 60 pg/mL
L-ascorbic acid phosphate magnesium salt n-hydrate (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan, Lot. WTF5181;
n = 4.4, water content = 21.5 mass%) as an AS source. The
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Fig. 1 Fabrication scheme of Ap, ApAS, Ap-CF, and ApAS-CF.

solutions with and without AS were then filtered using a 0.22
um-pore-sized filter.

The collagen sponges (Col) were precoated with CaP by the
plasma and alternate immersion treatments.’®* The plasma
treatment was performed for 2 min in an O, atmosphere under
a pressure of 30 Pa and power density of 0.1 W/cm® using
a compact ion etcher (FA-1, SAMCO Inc., Kyoto, Japan) oper-
ating at 13.56 MHz. In the subsequent alternate immersion
treatment, each sponge was immersed in 10 mL of a 200 mM
CaCl, aqueous solution for 20 min under reduced pressure
using a 6-well plate and washed with 10 mL of ultrapure water.
The sponge was then immersed in 10 mL of a 200 mM K-
HPO,-3H,0 aqueous solution for 20 min under reduced pres-
sure. The resulting CaP-precoated sponge was immersed in
10 mL of the supersaturated CaP solution with and without AS
supplementation after prewashing with the same solution, and
it was then incubated at 25 °C for 24 h with orbital shaking at
150 rpm in a thermostatic shaker (M-BR-104P, Taitec Corpora-
tion, Koshigaya, Japan). As a control, the AS-supplemented
supersaturated CaP solution without any sponge was also
incubated under the same conditions. After incubation, the
sponges were thoroughly washed with ultrapure water and
frozen at —80 °C followed by lyophilization. The lyophilized
sponges, prepared using the supersaturated CaP solutions with
and without AS, are referred to as ApAS and Ap (Fig. 1),
respectively.

The AS-supplemented supersaturated CaP solutions after
incubation with (test solution) and without sponge (control
solution) were analyzed for residual AS quantification by
measuring the absorbance at 260 nm using a UV-vis spec-
trometer (UV-2450, Shimadzu Corporation, Kyoto, Japan). The
AS content immobilized in ApAS was estimated by subtracting
the amount of AS in the test solution from that in the control
solution. Three independent batches were used to obtain the
average and standard deviation (SD).

2.3 Impregnation with CF-immobilized apatite particles

CF-immobilized apatite particles were prepared following the
previously published protocol*” with slight modifications. First,
three source solutions, solutions A, B, and C, were prepared in

RSC Adv, 2025, 15, 19480-19488 | 19481
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separate 50 mL centrifuge tubes. Solution A was prepared by
mixing a 500 mM calcium ion solution (Calcium Chloride
Corrective Injection 1 mEq/mL, Otsuka Pharmaceutical Co.,
Ltd, Tokyo, Japan) and ultrapure water in a volume ratio of 4:
21. Solution B was prepared by mixing a 500 mM phosphate ion
solution (Dibasic Potassium Phosphate Injection 20 mEq Kit,
Terumo Corporation, Tokyo, Japan), a 500 mM sodium
carbonate solution (prepared by dissolving Na,COj; in ultrapure
water), and ultrapure water in a volume ratio of 4:4:17. Solu-
tion C, 2 mg/mL CF solution, was prepared by dissolving CF
(Fluorochem Ltd, Hadfield, UK) in 7.5 mM HCI solution.
Second, a labile supersaturated CaP solution supplemented
with CF was prepared by sequential addition of 1 mL of solution
B, 1 mL of solution C, and 2 mL of solution A in a 15 mL
centrifuge tube maintained at 25 °C. The final 4 mL of the labile
supersaturated CaP solution was vortexed for 60 s, followed by
incubation for 24 h at 25 °C with shaking at 150 rpm in the
thermostatic shaker (M-BR-104P). Incubation for 24 h leads to
the formation of the CF-immobilized apatite particles. The
particles were collected via centrifugation for 5 min at 6000 rpm
and washed with ultrapure water twice and then with aqueous
solution of 50 vol% ethanol.

The final CF-immobilized apatite particles were dispersed in
200 pL of an aqueous solution of 50 vol% ethanol through
sonication for 3 min. This particle dispersion was diluted with
aqueous solution of 50 vol% ethanol with a dilution factor of 2
or 3. Then, a 50 pL aliquot of the particle dispersion with and
without dilution was drop-casted onto the sponge of ApAS.
Immediately after drop-casting, the whole sponge image (side-
view image) was captured using a digital camera (Tough TG-6,
Olympus Corporation, Tokyo, Japan) to assess the sponge's
impregnating ability of the particle dispersion. The particle
dispersion (50 pL), diluted by the selected factor of 3, was drop-
casted onto the sponges of Ap and ApAS, which were subse-
quently frozen at —80 °C, followed by lyophilization to prepare
Ap-CF and ApAS-CF (Fig. 1), respectively.

The CF content in Ap-CF and ApAS-CF was estimated as
follows. The particle dispersion after 3-fold dilution was further
diluted with 0.1 M HCI aqueous solution with a dilution factor
of 50 for complete dissolution of the particles. The CF concen-
tration of the resulting solution was determined by measuring
the absorbance at 277.5 nm using the UV-vis spectrometer.
From the measured CF concentration, we calculated the CF
content in 50 uL of the particle dispersion used for drop-casting
(corresponding to the CF content in Ap-CF and ApAS-CF). Two
independent batches were used to obtain the average and SD.

2.4 Material characterizations

The as-prepared CF-immobilized apatite particles were analyzed
using a field emission scanning electron microscope (FE-SEM; SU-
8020, Hitachi High-Tech Corporation, Tokyo, Japan) and an
analytical transmission electron microscope (TEM; Tecnai Osiris,
FEI, Hillsboro, OR, USA) operated at 200 kV, in conjunction with
an energy dispersive X-ray spectrometer (EDX; Super-X system,
FEI) and a high-angle annular dark-field scanning TEM (HAADF-
STEM) system with a probe diameter smaller than 1 nm. Before
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FE-SEM observation, the particle dispersion was drop-casted onto
a silicon substrate, dried under reduced pressure, and sputter-
coated with Au using a sputtering system (SC-701MKII, Sanyu
Electron Co., Ltd, Akishima, Japan). Before TEM analysis, the
particle dispersion was drop-casted onto a Cu grid covered with
holey carbon film. Four distinct regions were analyzed by STEM-
EDX to estimate Ca/P atomic ratio of the particles as average + SD.

The prepared sponges (Ap, ApAS, Ap-CF, and ApAS-CF) and
untreated Col were characterized using a tabletop scanning elec-
tron microscope (SEM; TM4000Plus II, Hitachi High-Tech Corpo-
ration) equipped with an EDX (AZtecOne, Oxford Instruments plc,
Abingdon, UK), and an X-ray diffractometer (XRD; MiniFlex600-C,
Rigaku Corporation, Tokyo, Japan). EDX analysis was performed
without any conductive coating, whereas SEM observation was
performed after sputter-coating with Au. In the XRD measure-
ments, CuKa radiation was used at 40 kV and 15 mA. The
measurements were conducted with a 26 step width of 0.01°, and
a scan speed of 4° per minute.

The precipitates on selected sponges (Ap and ApAS) were
further analyzed using the analytical TEM in conjunction with
the EDX and HAADF-STEM system. Before TEM analysis, the
precipitates were carefully collected from the sponge surface
and transferred onto a Cu grid covered with holey carbon film.
Crystalline structure of the precipitates was examined by
selected area electron diffraction (SAED) analysis. In the STEM-
EDX analysis, three distinct regions (regions non-overlapping
with the grid) were analyzed to estimate C/Ca, O/Ca, and Ca/P
atomic ratios of the precipitates as average + SD.

2.5 Cell proliferation assay

Mouse osteoblastic MC3T3-E1 cells (RIKEN BioResource
Center, Tsukuba, Japan) were cultured in a minimum essential
medium (MEM o-GlutaMAX-I, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) supplemented with 10% fetal bovine serum
(Qualified FBS, BioWest, Nuaillé, France) and 1% penicillin-
streptomycin antibiotic cocktail (10 000 U/mL, Thermo Fisher
Scientific Inc.) under humidified atmospheric conditions of 5%
CO, at 37 °C.

Just before cell seeding, each sponge was put in 0.2 mL of the
culture medium in each well of a 96-well plate and subjected to
vacuum degassing for 30 min to remove air bubbles and ensure
complete immersion of the sponge in the medium. The cells (1
x 10* cells/0.2 mL per well) were seeded on each sponge and
cultured for 3 d. After culture, the cells were treated with
a water-soluble tetrazolium salt to quantify the relative number
of viable cells in each well using a cell counting kit (CCK-8,
Dojindo Laboratories, Mashiki, Japan). Absorbance at 450 nm,
proportional to the number of viable cells, was recorded using
a microplate reader (Multiskan™ FC, Thermo Fisher Scientific
Inc.). The absorbance data were normalized to the absorbance
of Ap.

2.6 Antibacterial assay

Freeze-dried pellet stock of the anaerobic bacterium A. nae-
slundii was obtained from American Type Culture Collection
(ATCC27039, Manassas, VA, USA). The frozen bacterial stock

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was subjected to thawing and anaerobically cultured at 37 °C in
a brain heart infusion medium (Pearl Core®, Eiken Chemical
Co., Ltd, Tokyo, Japan). The culture was then stored at —80 °C
until further experiments.

Each sponge was placed in 0.2 mL of the culture medium in
each well of a 96-well plate and subjected to vacuum degassing
for 30 min to remove air bubbles. The bacteria (2.0 x 10°
colony-forming units/0.2 mL per well) were inoculated on each
sponge and incubated anaerobically at 37 °C. After 24 h of
incubation, 180 pL of the medium was collected, and 10 uL of
adjusted chromogenic reagents (WST solution and electron
mediator reagent from Microbial Viability Assay Kit-WST,
Dojindo Laboratories) were added. Following incubation for
2 h, absorbance at 450 nm, proportional to the number of
bacteria, was measured using the microplate reader. The
absorbance data were normalized to the absorbance of Ap.

2.7 Statistical analysis

For cell proliferation and antibacterial assays, 6 and 5 sponges
were used, respectively, for each sample group to obtain average
and SD. The statistical differences were analyzed using a two-
tailed one-way ANOVA with the post hoc Turkey HSD test (for
comparisons among the sample groups) using the SPSS soft-
ware package (version 11.0; IBM Corporation, Armonk, NY,
USA). Differences with p < 0.05 were taken to be statistically
significant.

3. Results and discussion
3.1 Coating with apatite and AS-immobilized apatite

In the present coating process, the surface of the collagen
sponge (Col) was coated with apatite in the metastable super-
saturated CaP solutions with (for ApAS) and without (for Ap) AS
supplementation. As shown in the SEM images (Fig. 2), Col had
a smooth surface, whereas Ap and ApAS had micron-sized
particulate layers on their surfaces. These particulate layers on
Ap and ApAS were composed of CaP from their EDX spectra
(Fig. 3a). The Na and Cl peaks detected for all sponges were
attributed to NaCl contained in the pristine collagen sponge. On
the XRD patterns, diffraction peaks ascribed to NaCl were
clearly detected for Col (Fig. 3b). These NaCl peaks decreased in

Fig.2 SEM images of the surfaces of Col, Ap, ApAS, Ap-CF, and ApAS-
CF.
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intensity, whereas broad peaks ascribed to apatite (more
specifically, hydroxyapatite: JCPDS 09-0432) appeared on both
Ap and ApAS. This result indicates that the main CaP phase in
the particulate layers on Ap and ApAS was low-crystalline
apatite. This conclusion was further supported by the results
of SAED analysis. The CaP precipitates (Fig. 4a) collected from
Ap and ApAS both provided Debye rings attributed to apatite
(Fig. 4b).

Supplementation of AS to the supersaturated CaP solution
led to the immobilization of AS within the apatite coating; the
coating on ApAS was AS-immobilized apatite. According to the
chemical analysis using UV-vis spectroscopy, the amount of AS
in the metastable supersaturated CaP solution decreased after
the coating process (incubation of the CaP-precoated sponge for
24 h). From the difference in residual AS between this CaP
solution and the control solution (CaP solution incubated
without any sponge), the AS content in ApAS was estimated at
201 + 9 ug (per sponge). That is, the loading efficiency of AS was
approximately 48%; about half of AS supplemented to the
supersaturated CaP solution was immobilized within the
apatite coating on ApAS. The STEM-EDX analysis revealed the
difference in the coating composition between Ap and ApAS. In
the STEM-EDX spectra (Fig. 4c), the precipitates collected from
ApAS showed stronger peaks of C (at 0.28 keV) and O (at 0.53
keV) with respect to the Ca peak (at 3.69 keV) compared to those
collected from Ap. This observation was confirmed by the
quantitative analysis using three different precipitates; precip-
itates collected from ApAS showed higher C/Ca and O/Ca atomic
ratios compared to those from Ap as summarized in Table 1.
Considering the chemical formula of AS, CsHoO.P, the
compositional difference described above should be due to the
presence of AS in the apatite coating on ApAS.

The presence of AS might account for the lower Ca/P atomic
ratio of the apatite coating on ApAS than that on Ap (Table 1).
Even without AS, the apatite coating on Ap had a lower Ca/P
atomic ratio (~1.5) than that of stoichiometric hydroxyapatite
(1.67). The coating on Ap might contain Ca-deficient apatite
together with its precursor phases; amorphous CaP and octa-
calcium phosphate, although these precursor phases were not
clearly detected either by XRD or SAED analysis. A Mg peak (at
1.25 keV) was hardly detected in the STEM-EDX spectrum of
ApAS (Fig. 4c), because magnesium in the AS source is ionized
and dissociate from AS in the supersaturated CaP solution.

The supplementation of AS to the supersaturated CaP solu-
tion affected not only the coating composition but also the
coating morphology. As can be seen in Fig. 2, the particulate
size in the AS-immobilized apatite coating on ApAS was smaller
than that in the apatite coating on Ap. A possible cause of this
phenomenon is the inhibitory effect of AS and magnesium ions
(derived from the AS source) on crystal growth of apatite in the
supersaturated CaP solution. Certain molecules** and
magnesium ions*?** are known to inhibit growth of apatite
crystals by adsorbing onto their growth sites, thereby influ-
encing the morphology and maturation of the grown apatite.
Such an inhibitory effect might be another reason (besides the
presence of P-containing AS) for the lower Ca/P atomic ratio of
the apatite coating on ApAS.

RSC Adv, 2025, 15, 19480-19488 | 19483
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3.2 Impregnation with CF-immobilized apatite particles

The CF-immobilized apatite particles were prepared as reported
previously.”” The prepared particles were a few tens of nano-
meters in size from their FE-SEM image (Fig. 5a). From the
STEM-EDX analysis (Fig. 5b) and our previous results,"” these
particles were composed of CF-immobilized, Ca-deficient
apatite with a Ca/P atomic ratio of 1.53 £ 0.02 (n = 4). The
small F peak in the STEM-EDX spectrum (Fig. 5¢) substantiates
the presence of CF (chemical formula of C;,H;3FN;03) immo-
bilized in the particles. According to our previous results,"”
a single batch, ie., 4 mL of the labile supersaturated CaP
solution in one tube, yields 15.8 mg of apatite particles immo-
bilizing 1.35 & 0.02 mg of CF, with the CF loading efficiency of
~68%. This means that approximately 68% of CF supplemented
to the labile supersaturated CaP solution is immobilized in the
final particles.

The CF-immobilized apatite particles were incorporated into
the mineralized sponges (Ap and ApAS) via drop-casting of the
particle dispersion after dilution with an adequate dilution

®) 121, 291, 112
22l

121, 211, 112
/

022

+—022

Fig. 4
and ApAS. The Cu peak in (c) is derived from the TEM grid.
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Table 1 C/Ca, O/Ca, and Ca/P atomic ratios (calculated from the
STEM-EDX data) of the precipitates collected from Ap and ApAS
(average + SD, n = 3)

C/Ca O/Ca Ca/P
Ap 1.39 + 0.34 2.03 + 0.31 1.51 £+ 0.01
ApAS 3.56 £+ 0.81 2.83 £+ 0.25 1.43 £+ 0.01

factor. Without dilution (1-fold), the particle dispersion was very
dense and hardly infiltrated into the sponge of ApAS as shown
in the left image of Fig. 6. With 2-fold dilution, the particle
dispersion penetrated the sponge (Fig. 6, middle); however,
a small amount of the dispersion remained outside the sponge
most likely due to the pore clogging. With 3-fold dilution, the
entire particle dispersion penetrated throughout the sponge
(Fig. 6, right). In the following experiments, the particle
dispersion (50 pL) with a fixed dilution factor of 3-fold was drop-
casted onto the sponges of Ap and ApAS. The CF content in the

(c)
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(a) TEM images, (b) SAED patterns obtained from the circled regions in (a), and (c) STEM—-EDX spectra of the precipitates collected from Ap
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peak in (b) and (c) is derived from the TEM grid.

resulting sponges (Ap-CF and ApAS-CF, respectively) was esti-
mated to be 21.3 £+ 0.2 ng (per sponge) from the chemical
analysis of the particle dispersion using UV-vis spectroscopy.

Impregnation with the CF-immobilized apatite particles
delivered no apparent changes in the surface morphology,
composition, and crystalline structure of the mineralized sponges
under the tested analytical conditions. Under SEM observation,
Ap-CF and ApAS-CF proved similar surface morphologies to those
of Ap and ApAS, respectively (Fig. 2). The CF-immobilized apatite
particles on Ap-CF or ApAS-CF were unidentifiable by FE-SEM due
to their small size. There were no noticeable differences in either
SEM-EDX spectra (Fig. 3a) or XRD patterns (Fig. 3b) between the
sponges before (Ap and ApAS) and after (Ap-CF and ApAS-CF,
respectively) particle impregnation. These results are not
surprising because the particles were similar in composition and
crystalline structure to the mineralized coatings on these
sponges. From these results, the CF-immobilized apatite particles
should have only limited effects on the physicochemical proper-
ties of the sponge, such as porosity, flexibility, and mechanical
strength, although they brought about an antibacterial effect as
will be described later.

3.3 Cell proliferation assay

AS immobilized in the scaffold as a form of the AS-immobilized
apatite coating enhanced proliferation of osteoblastic MC3T3-
E1 cells. After incubation for 3 d, the relative numbers of
viable cells were higher for ApAS and ApAS-CF than for Ap and
Ap-CF, respectively (Fig. 7). AS released from the apatite coating

3-fold

1-fold

2-fold

Fig. 6 Side view images of the ApAS sponge after drop-casting of the
differently diluted (dilution factor: 1-fold, 2-fold, and 3-fold) disper-
sions (50 ul) of the CF-immobilized apatite particles.

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) FE-SEM image and (b and c) STEM—-EDX spectra, in (b) wider and (c) narrower ranges, of the CF-immobilized apatite particles. The Cu

and its hydrolyzed product (1-ascorbic acid, vitamin C) should
be responsible for the enhanced cell proliferation on the AS-
immobilized sponges as reported in previous reports.>'®** AS
has been known to hydrolyze into r-ascorbic acid in the pres-
ence of serum and accelerate proliferation of osteoblast-like
cells (MG-63) at a concentration range from 0.25 to 1.0 mM in
a culture medium.'” Assuming that only 7% of AS immobilized
in ApAS is released into the medium (0.2 mL), the nominal AS
concentration in the medium reaches 0.27 mM, that falls within
the effective concentration range. Note that the relative number
of viable cells was higher for ApAS-CF than for ApAS, although
there was no significant difference between Ap and Ap-CF
(Fig. 7). This might be owing to the synergistic effect of AS and
CF, although details remain uncertain.

3.4 Antibacterial assay

CF immobilized in the scaffold as a form of the CF-immobilized
particles exhibited antibacterial activity against A. naeslundii.
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Fig. 7 Relative number of viable MC3T3-E1 cells (absorbance at
450 nm normalized to that of Ap) after incubation for 3 d on Ap, ApAS,
Ap-CF, and ApAS-CF (average + SD, n = 6, * p < 0.05).
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The relative numbers of bacteria after 24 h of incubation were
significantly smaller for Ap-CF and ApAS-CF than for Ap and
ApAS (Fig. 8). This should be owing to the bacteriostatic and
bactericidal activities of CF specific to bacterial DNA.***>?¢ The
differences between Ap-CF and ApAS-CF and between Ap and
ApAS were not significant, indicating that AS showed no anti-
bacterial effect.

Considering the estimated CF content in one sponge (~21
pg, described in Section 3.2) and the minimal inhibitory
concentration (MIC) of CF for A. naeslundii (3.9 pg/mL),*” at least
3.7% of CF immobilized in Ap-CF and ApAS-CF should be
released into the medium (0.2 mL) during incubation (24 h). It
has been reported that similarly prepared CF-immobilized
apatite particles (“CF-CaP24h” in ref. 17) release approxi-
mately 19% of immobilized CF in a physiological salt solution
through a dialysis membrane after incubation for 24 h. There-
fore, the estimated minimum release fraction of 3.7% seems to
be a reasonably achievable level, although the release condi-
tions are different. It should be emphasized that the CF-
immobilized apatite particles have been shown to exhibit not
only antibacterial activities against other oral bacteria (Strepto-
coccus mutans and Porphyromonas gingivalis) but also an acid-
neutralizing effect."” It is known that the implantation of
a scaffold is liable to acidify the surrounding environment by
postoperative inflammation reactions.?® Proliferation of osteo-
clasts® and certain bacteria® also acidify the surrounding
environment. An acidified environment is unfavorable for bio-
mineralization, because solubilities of apatite and its precursor
phases increase by a decrease in environmental pH from the
physiological pH (~7.4).*" Therefore, the acid-neutralizing effect
of the CF-immobilized apatite particles should be a side benefit
for periodontal regeneration.

3.5 Potential as a scaffold for periodontal regeneration

The mineralized, dual-drug-immobilized collagen sponge
(ApAS-CF) has potential as a multifunctional scaffold for
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Fig. 8 Relative number of viable A. naeslundii (absorbance at 450 nm
normalized to that of Ap) after incubation for 24 h on Ap, ApAS, Ap-CF,
and ApAS-CF (average + SD, n =5, * p < 0.05).
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periodontal regeneration. The base framework of this scaffold is
a 3D porous collagen sponge coated with low-crystalline apatite
(Ap), which mimics the natural bone tissue comprised of
collagen and low-crystalline apatite. It has been known that low-
crystalline apatite can be replaced with regenerated bone tissue
through bioresorption different from sintered hydroxyapatite.*
Thus, from the low-crystalline apatite coating, the collagen
sponge gains osteogenic activity while retaining its bioresorb-
ability. Our previous in vivo study confirmed substantial
resorption of a similarly prepared apatite-coated collagen
sponge (corresponding to Ap) and its superior osteogenic
activity compared to the untreated sponge (corresponding to
Col).”?** The integration of osteogenic and antibacterial drugs
(AS and CF, respectively) proposed in this study should further
improve the functionality of Ap as a scaffold for periodontal
regeneration. According to the manufacturer's information, the
AS source, when dissolved in water, retains 85% activity for 1
week at 37 °C, whereas CF has been reported to be stable for 2
days at 37 °C.** Therefore, AS immobilized in the apatite coating
in ApAS-CF should exert its osteogenic activity; it should
promote osteoblastic cell proliferation and differentiation, and
enhance the regeneration of bones and gingiva."»**'® In the
meantime, CF immobilized in ApAS-CF as a form of the CF-
immobilized apatite particles should exert its antibacterial
activity; it should prevent bacterial growth and biofilm forma-
tion around the sponge,"” thereby decreasing the risk of infec-
tion. Our preliminary results demonstrated that ApAS-CF is
endowed with biological activities arising from both AS and CF;
it showed antibacterial activity without deteriorating the
sponge's good cytocompatibility (Fig. 7 and 8). Further in vitro
and in vivo studies are needed to fully clarify the functionality of
this scaffold and its clinical potential in regenerative peri-
odontal therapy.

In conventional regenerative therapy for periodontal disease,
a scaffold is implanted into a periodontal bone defect, and then
antibiotics are administered orally to prevent postoperative
infection. However, infection control with oral antibiotics is
extremely difficult because the defect site lacks functional
vascular networks, teems with bacteria, and is located close to
the oral cavity. Localized delivery of antibiotics from the scaf-
fold should ensure the reduction of infection risk, although it is
not easy to bring out sufficient antibacterial activity without
deteriorating the biocompatible and osteogenic properties of
the scaffold. In this study, we integrated osteogenic and anti-
bacterial drugs within a scaffold utilizing low-crystalline apatite
as a matrix for drug immobilization. Low-crystalline apatite,
a major component of human biominerals, has several advan-
tages over other biodegradable materials; it shows good
biocompatibility and osteogenic activity,”*>** dissolves into
calcium and phosphate ions, and exhibits acid-neutralizing
effects,” all of which are beneficial for periodontal regenera-
tion. In addition, a mineralized coating can increase the
compressive strength of a collagen sponge,* that would help
retain its porous structure, without the complete loss of its
flexible and compressible nature. In fact, a similarly prepared
apatite-coated collagen sponge (corresponding to Ap) could be
compressed to fulfill a deep (5-6 mm) furcation defect upon

© 2025 The Author(s). Published by the Royal Society of Chemistry
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implantation.” Such mechanical properties of the mineralized
sponge profitable as a scaffold should be retained even after
particle impregnation, as it caused no apparent physicochem-
ical difference on the mineralized sponge (Fig. 2 and 3). More-
over, low-crystalline apatite can immobilize various drugs and
allows their sustained release.'®'* Drug release from a low-
crystalline apatite matrix is finely tunable by controlling
parameters of the coprecipitation process, such as drug
concentration of the solution®**” and supplementation of
certain ions to the solution.” In this study, we combined two
processes for drug loading, AS-immobilized apatite coating and
impregnation with CF-immobilized apatite particles, so that the
release of each drug can be controlled independently.

The present methodology potentially allows integration of
a variety of drug combinations into a scaffold. Besides AS and
CF, various types of drugs, such as lactoferrin,* tetracycline,*
heparin,*® and basic fibroblast growth factor,"*® have been
immobilized within apatite coatings and particles via copreci-
pitation in supersaturated CaP solutions.’®* By choosing an
appropriate combination of drugs, the function of the resulting
scaffold could be customized to meet the needs of each patient,
which may lead to a new platform to fabricate a multifunc-
tional, customized scaffold for periodontal regeneration.

4. Conclusion

An osteogenic drug and an antibacterial drug, AS and CF,
respectively, were integrated into the porous collagen sponge
utilizing two types of apatite matrices through apatite coating
followed by impregnation with apatite particles. The resulting
dual-drug-immobilized sponge enhanced proliferation of oste-
oblastic cells and exhibited antibacterial activity against A.
naeslundii and thus demonstrated its potential as a multifunc-
tional scaffold for periodontal regeneration.
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