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Alveolar ridge absorbs rapidly following tooth extraction. To promote implant rehabilitation, an adequate bone
and soft tissue volume are required. Three-dimensional (3D) cell printing technique provides the advantages of
precise spatial distribution and personalization. In this study, 3D cell printing was used to establish a soft-hard
construct that is composed of alginate/gelatin (AG)/gingival fibroblast cells (GFs) and alginate/gelatin/nano-
hydroxyapatite (AGH)/bone marrow-derived mesenchymal stem cells (BMSCs). Physicochemical results showed
that nano-hydroxyapatite (nHA) added in the bioink maintained its crystalline phase. In addition, an increase of
viscosity, the improvement of compressive modulus ( p < 0.01), and slow degradation rate ( p < 0.01) were found
after adding nHA. SEM showed cell stretched and attached well on the surface of the 3D printed construct. At
day 7 after printing, the viability of GFs in AG was 94.80% – 1.14%, while BMSC viability in AGH was
86.59% – 0.75%. Polymerase chain reaction results indicated that the expression levels of ALP, RUNX-2, and
OCN in BMSCs were higher in AGH than AG bioink ( p < 0.01). After 8-week implantation into the dorsum of
6- to 8-week-old male athymic and inbred (BALB/c) nude mice, the cellular printed construct displayed a more
integrated structure and better healing of subcutaneous tissue compared with the acellular printed construct. In
conclusion, this 3D cell printed soft-hard construct exhibits favorable biocompatibility and has potential for
alveolar ridge preservation.

Keywords: 3D cell printing, gingival fibroblast cells, bone marrow-derived mesenchymal stem cells, lock-key
structure, soft and hard tissue regeneration

Impact Statement

Alveolar ridge resorption after tooth extraction has posed great difficulty in the subsequent restorative procedure. Clinically,
to preserve the dimension of alveolar ridge, covering soft tissue healing and underlying bone formation is necessary after
tooth extraction. Three-dimensional (3D) cell printing, which can distribute different biomaterials and cells with spatial
control, provides a novel approach to develop a customized plug to put in the fresh socket to minimize bone resorption and
improve gingiva growth. In this study, an integrated and heterogeneous soft-hard construct with lock-key structure was
successfully developed using 3D cell printing. The physicochemical and biological properties were tested in vitro and
in vivo. This 3D cell printed soft-hard construct will be a customized plug in alveolar ridge preservation in the future.

Introduction

Alveolar process is the supporting tissue of the teeth,
which is composed of the gingiva and underlying al-

veolar bone. In general, 6 months after tooth extraction, a
29–63% and 11–22% bone resorption in the width and

height were expected,1–3 which make it difficult for implant
placement especially in the esthetic zone. Even though
various alveolar ridge preservation techniques were pro-
posed to overcome this problem with different outcomes,
there is a demand to enhance covering soft tissue heal-
ing and bone regeneration. Gingiva healing can minimize
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surgical complications (e.g., gingiva shrinkage and dehis-
cence) and provide an ideal, functional, and esthetic foun-
dation for prosthetic rehabilitation.4,5 Three-dimensional
(3D) bioprinting is a newly proposed approach that may
provide an integrated soft-hard construct to improve the
clinical outcomes.

A conventional 3D bioprinting process, consisting of
manual cell seeding over the scaffold, exhibits some limi-
tations, including a nonhomogenous cell distribution and
poor controllability of architecture.6,7 The improved 3D cell
printing technique can establish a cell-laden construct using
various bioinks.8,9 This 3D structure has been shown to
facilitate cell proliferation and differentiation in situ.10 By
adopting bottom-up strategy, bioinks deposit cells layer-by-
layer according to their desired characterization, which
contributes to the controllable spatial distribution of differ-
ent biomaterials and cells.11 These unique properties play a
critical role for cell organization that is needed to generate a
heterogeneous and integrated soft-hard construct. Further-
more, customized geometry and porosity of the construct
could be established during the printing process.12

The combination of alginate/gelatin (AG) in the construct
exhibited improvement of reepithelialization and collagen
synthesis after skin injury.13 Although AG serves as a versa-
tile bioink in 3D bioprinting, its physiological properties and
biological activity are inadequate to support osteogenesis in
hard tissue engineering.14,15 Nano-hydroxyapatite (nHA) is a
suitable substitute for inorganic components in natural bone
mineral.16,17 Due to superior osteoconductive property, nHA
has become a popular nanomaterial, to be added into bioink to
enhance osteogenesis especially in bone tissue engineer-
ing.18–20 Therefore, in this study, AG/gingival fibroblast cells
(GFs) and alginate/gelatin/nano-hydroxyapatite (AGH)/bone
marrow-derived mesenchymal stem cells (BMSCs) were
used, respectively, to establish a soft-hard construct with the
lock-key structure to improve the regeneration in alveolar
process.

Early attempts of using 3D cell printing have focused on
establishing a heterogeneous construct in articular cartilage
and skin regeneration, but none for extensive clinical prac-

tice.21–24 The tooth extraction socket appears to be a good
model for testing this newly developed soft-hard cell printed
construct since it provides a stable environment for soft and
hard tissue regeneration.25 Hence, the aim of this study was
to create a 3D cell printed soft-hard construct using two
types of bioinks for the socket healing and to evaluate its
biocompatibility.

Materials and Methods

Cell and bioink preparation

Human BMSCs (ScienCell Research Laboratory,
Carlsbad, CA) and human GF lines (Stomatology School
and Hospital of Peking University) between 2 and 5 pas-
sages were used in the experiments. According to the report
from the supplier, CD90, one of the MSC surface-specific
antigens, is positive on the surface of BMSCs. Vimentin is
positive but CD31 is negative on the surface of GFs. The
cells were cultured in proliferation medium (PM), composed
of Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum and 1% antibiotics,
and stored at 37�C in an incubator. Osteogenic medium
(OM) for the differentiation of BMSCs was freshly prepared
before its addition to the cell culture, which contained
100 nM dexamethasone, 50 mM l-ascorbic acid, and 10 mM
b-glycerophosphate.

Sodium alginate powders (Cat no. 180947; Sigma-
Aldrich) with the viscosity of 15–25 cP (1% in H2O), Ge-
latin from porcine skin (Cat no. 180947, Type A, 300
bloom; Sigma-Aldrich), and nHA (average size 100 nm,
MW:502.31) (YuanyeBio-Technology, Shanghai, China)
were sterilized by ultraviolet (UV) irradiation for 60 min and
then dissolved into phosphate-buffered saline (PBS) at 37�C
and incubated for 1 day to form bioink. The 3D extrusion-
based bioprinter (Medprin, China) was used for bioprinting
the soft-hard construct (Fig. 1). Three types of bioinks were
loaded into 1 mL syringes (as shown in Fig. 2b) to measure
the printability of the 2 wt% alginate -8 wt% gelatin with
different nHA contents (AG, AG +3% nHA, AG +5% nHA).

FIG. 1. Schematic illustration of the cell printing procedure to establish the soft-hard construct with lock-key structure
using the extrusion-based 3D bioprinter. 3D, three-dimensional; BMSCs, bone marrow-derived mesenchymal stem cells;
GFs, gingival fibroblast cells; nHA, nano-hydroxyapatite. Color images are available online.
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During the printing process, a 340mm inner diameter cy-
lindrical needle was applied for AG, while a 600mm inner
diameter cylindrical needle was applied for AG +3% nHA and
AG +5% nHA. AG and AG +3% nHA could be extruded as
filaments, while AG +5% nHA in 1 mL syringe could hardly
be extruded under the pressure of 6.0–6.5 bar (Fig. 2c).

3D cell printing

A lock-key structure was designed using SOLIDWORKS
2018 to avoid discontinuity across the two regions and to
strengthen cellular interaction at the interface. Before cell
printing, the lock-key cuboid model with up and down structures
was imported into the printer as stereolithography file and con-
verted by MP Bioprint-v41 for slicing it into layers (Fig. 2a).
There were 8 layers in the soft and hard region, respectively, with
4 embedded layers making up the lock-key structure, leading to
the 12 layers of 3D printed soft-hard construct. Two types of
cellular bioinks were then loaded aseptically into two 1 mL sy-
ringes (Table 1). At 30% and 25% infill for soft and hard regions,
respectively, the bioinks were extruded along the X–Y paths for
each layer and translated to Z paths at the end of one layer to
create a 10 · 10 · 4 mm3 cellular soft-hard construct (Fig. 2d).

After repeated printing tests, the parameters for cell
printing presented in Table 2 were finally optimized to
ensure consistency of the printing process and maximum
cell viability with time. Ultimately, the construct was
cross-linked with 50 mM sterilized CaCl2 solution for 5–
10 min at room temperature and then rinsed in PBS several
times to remove residual CaCl2 before culturing.
After printing, it was suggested to transfer the construct
into the culture medium as soon as possible. Twenty

FIG. 2. (a) The lock-key
cuboid model viewed from
the side and top after slicing.
(b) Macroscopic appearance
of three bioinks with different
concentration of nHA in 1 mL
syringe. (c) The printability
of three AG bioinks with
different concentration of
nHA under 6.0–6.5 bar. (d)
AG and AG +3% nHA were
extruded along the X–Y paths
for the first layer, and the
image of the 3D cell printed
AG+GFs/AGH+BMSCs con-
struct. AG, alginate/gelatin;
AGH, alginate/gelatin/nano-
hydroxyapatite. Color images
are available online.

Table 1. Cellular and Acellular Bioink

Ingredients to Bioprint the Soft-Bone Construct

Bioinks
Alginate

(%)
Gelatin

(%)
nHA
(%)

Cell
(3–4 · 106

cells/mL)
Printed
position

Printed
tissues

Cellular 2 8 — GFs Up Soft
2 8 3 BMSCs Down Hard

Acellular 2 8 — — Up Soft
2 8 3 — Down Hard

GFs, gingival fibroblast cells; BMSCs, bone marrow-derived
mesenchymal stem cells; nHA, nano-hydroxyapatite.
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percent fetal bovine serum was supplemented into the
adequate medium to culture the 3D cell printed construct
before the evaluation.

Physicochemical characterization

The compressive modulus of two constructs composed of
AG and AGH was analyzed by applying a uniaxial com-
pression force with a rate of 6.0 N/min using Dynamic
Thermomechanical Analysis (TA) at room temperature. The
compressive modulus was calculated from the slope of the
linear elastic region of the stress–strain curve, which was
between 5% and 15% deformation for all samples.

Chemical components of AG and AGH hydrogels were an-
alyzed using an Attenuated Total Reflectance-Fourier Trans-
form Infrared Spectroscopy (ATR-FTIR; Bruker, Germany) in
the range from 600 to 4000 cm-1 with a resolution of 4 cm-1.
Each sample was directly analyzed on an ATR accessory
equipped with a diamond crystal. The number of scans was 32.
Crystal phase compositions of AGH that were measured by
X-ray diffraction spectroscopy (XRD; Bruker, Germany) used
the setup of nickel-filtered Cu Ka radiation at 40 kV and 40 mA.
The diffraction spectra were recorded with a scanning speed of
0.2�/s and a step size of 0.02� in the range of 2h between 5� and
90�. The construct was ground into powder after lyophilized to
test its chemical components and crystal phase compositions.

The rheological characterization was measured by the
viscosity at 25�C, when the shear rate varied from 0.01 to
100 s-1 using HAAKE Mars 40 Rheometer (Thermos
Electron GmbH, Karlsruhe, Germany).

The degradation of AG and AGH hydrogels was also
measured. Cubes measuring 10 · 10 · 4 mm3 with 30% infill
were printed using AG, while 10 · 10 · 4 mm3 cubes with 25%
infill were printed using AGH. After cross-linking, samples
were placed in a 12-well plate and immersed in PBS. During
the 8-week observation, PBS was changed every 2 days. Each
sample was lyophilized for 3–4 h before weighing at days 0, 3,
7, 14, 21, 28, 42, and 56. Dry weight at each time was recorded
(W1). The mass loss (ML) was calculated by the equation listed
below: (W0: dry weight at day 0)

ML¼ W0�W1

W0

· 100%

All physicochemical experiments were conducted in
triplicate.

Morphology observation by scanning electron
microscopy

Macroscopic morphology of the construct and cell mor-
phology on the construct were observed using a scanning
electron microscopy (SEM, Quanta 200, Netherlands). Four

percent paraformaldehyde for 10–15 min was necessary to
fix the encapsulated cell. After that, the sample was ly-
ophilized and mounted on aluminum stubs and sputter
coated with gold–palladium before analysis. Construct
morphology and cell adhesion were examined at an accel-
erated voltage of 5–20 kV.

Cell viability assay

Cell viability in two constructs composed of AG and AGH
was analyzed using a Live/Dead Viability Kit (KGAF001;
KeyGEN Bio-TECH, China). Before the Live/Dead assay,
each construct was cross-linked with 50 mM sterilized CaCl2
for 5–10 min at room temperature. It was then incubated in
8mM propidium iodide and 2mM Calcein-AM (dispensed in
PBS) for 25 min. The sample was visualized using Confocal
Microscopy (Leica TCS, SP8, Germany) after three consec-
utive washes with PBS. 3D images were generated after
scanning 8 mm · 8 mm · 440mm stack of each construct, and
the cell viability in each group was quantified using Image J
analysis from three different samples.

Cell proliferation analysis

Cell Counting Kit-8 (CCK-8; Dojindo, Japan) was applied
for cell proliferation analysis at days 1, 3, 5, and 7 after printing.
After incubation for 2 h at 37�C, the supernatant was harvested
into a 96-well plate, and the optical density (OD) was measured
at 450 nm using a Microplate Reader (ELx800, Biotek). Con-
structs without cells were used as the control (n = 3).

Quantitative reverse transcription-polymerase chain
reaction analysis of gene expression

By applying quantitative reverse transcription-polymerase
chain reaction (qRT-PCR), the transcriptional levels of ap-
propriate genes in GFs and BMSCs were quantified at days
7 and 14 in the construct. To release the encapsulated cells,
constructs were transferred into 2 mL of 55 mM Na-citrate
for 5 min at 37�C, and then the cells were collected by
centrifugation at 1000 rpm for 10 min.

Total RNA was extracted using the TRIzol Reagent (In-
vitrogen) according to the manufacturer’s recommended
protocol. PrimeScript� RT Reagent Kit (TaKaRa, Japan)
was applied for reverse transcription, and FastStart Uni-
versal SYBR Green Master (Roche, Germany) was used for
qRT-PCR. In GFs, the expression level of COL-I was
quantified, while ALP, OCN, and RUNX-2 were assessed in
BMSCs using the primers listed in Table 3. GAPDH served
as a normalization control, and fold differences were cal-
culated by the 2-DDCt method (n = 3).

In vivo study

According to ethical principles of the Peking University
Institutional Animal Care and Use Committee (License No.
LA2020006), the constructs were inserted subcutaneously
into the dorsum of 6- to 8-week-old male BALB/c nude
mice to verify the biocompatibility of this 3D cell printed
construct. Animals were fed in two individually ventilated
cages in a barrier SPF unit 1 week before the study. A single
animal was considered as an experimental unit. The im-
plants were divided into two groups: the cell printed
AG+GFs/AGH+BMSCs group and the acellular printed AG/

Table 2. The Printing Parameters of the

Extrusion-Based Three-Dimensional Bioprinter

Parameters

Platform
temperature

(�C)

Storage
temperature

(�C)
Pressure

(bar)
Speed
(mm/s)

Needle
gauge (G)

AG 15.0 24.5 2.0–2.5 10.0 23.0
AGH 15.0 22.5 2.5–3.0 8.0 20.0

AG, alginate/gelatin; AGH, alginate/gelatin/nano-hydroxyapatite.
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AGH group as the control. Taking the Reduction principle
into account, five nude mice were used in each group to
ensure the reproducibility and reliability of data obtained
from the animal model.

All instruments used were sterilized by Co-60, and the
surgery was carried out in the clean bench with infection
control. Six- to eight-week-old male BALB/c nude mice
(Vital River, approximately 20–25 g, n = 10) were divided
into two groups with the principle of simple randomization
and anesthetized with 4% chloral hydrate (100 mL/10 g).
Two percent lidocaine hydrochloride for local anesthesia
was supplied to alleviate postoperative pain. The soft region
consisting of AG+GFs or AG was positioned externally,
while the bone region with AGH+BMSCs or AGH was
placed in contact with muscle. After the surgery, animals
rewarmed on a warming pad and then returned to the cages
for further observation. Sterilized jelly and egg yolk were
supplemented during the first 3 days after the surgery to
promote wound healing.

Animals were sacrificed with an overdose injection of
chloral hydrate at weeks 4 and 8. Subcutaneous constructs
were retrieved and fixed in 4% formalin fixative, dehy-
drated, and embedded in optimal cutting temperature com-
pound. After that, the constructs were sectioned to a
thickness of 4–6 mm with the mineral component preserved
for hematoxylin and eosin (HE) staining, while constructs at
week 8 were also sectioned for Masson trichrome staining.
Histomorphometry was conducted in terms of the report
from the ASBMR Histomorphometry Nomenclature Com-
mittee.26 The fiber density was measured using ImageJ, and
blood vessels were counted to semiquantify the different
performance between the cell printed construct and the
acellular printed construct.

To better illustrate the performance of BMSCs and GFs
in vivo, GFs and BMSCs were fluorescently labeled using
LV10N-NC and LV3-NC lentiviruses (GenePharma Co.,
Shanghai, China), respectively. After that, cells were mixed
with the hydrogel in preparation for cell printing. Constructs
were kept in the dark in the dorsum of nude mice and im-
aged at weeks 2 and 4 postimplantation. From the macro-
scopic view, live in vivo imaging was performed to monitor
the viability of implanted cell using Small Animal Fluor-
escence Imaging System CRI (Maestro2, Xenogen). Then,
the animals were sacrificed, and the implants were retrieved
to visualize the fluorescent-labeled cell performance under
the Confocal Microscopy.

There were three different experimenters dominating the
surgery operation, the outcome assessment, and the data
analysis, respectively.

Statistical analysis

Data were expressed as mean – standard deviation of ex-
periments performed in triplicate and analyzed using SPSS
20.0 software. T-test and one-way analysis of variance
(ANOVA) were performed for statistical analysis. A p-value
lower than 0.05 was determined as statistically different.

Experiment

Bioink characterization

Mechanical characterization. The mechanical testing in-
dicated that predesigned lock-key construct composed of AG
and AGH withstood normal mechanical loading. As seen in
Figure 3c, compared with AG (43.74 – 2.69 KPa), the addition
of nHA improved the compressive modulus (61.62 – 3.42 KPa).

Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy analysis. In the ATR-FTIR spectra (Fig. 3a),
the peak at 3291.90 cm-1 was ascribed to the OH- stretching
vibration, while the peak at 1643.64 cm-1 arose from the
C = O absorption of Amide I. The peak at 1122.98 cm-1 was
associated with the major bond of SO4

2- in gelatin. In ad-
dition, the peak at 2934.88 cm-1 was attributed to CH2

stretching vibrations, while 1085.39 and 1084.30 cm-1 sig-
nals were the result of CH stretching vibrations. The AG and
AGH hydrogel displayed analogous peaks associated with
alginate/gelatin. The peak at 1030.74 cm-1 observed for
AGH was ascribed to the PO4

3- absorption of nHA, which
was not present in the spectrum of AG.

X-ray diffraction spectroscopy analysis. The XRD pat-
tern of AGH presented in Figure 3e revealed diffraction
peaks at 2h = 25.8�, 31.8�, 32.9�, corresponding to the
characteristic diffraction pattern of nHA added in the AGH
hydrogel. The degree of crystallinity of nHA and AGH was
characterized using the fundamental parameter approach27

and was estimated to be 59.9% and 52.6%, respectively.

Rheological characterization. The viscosity of both AG
and AGH hydrogel had a descending trend with increasing
shear rate within certain scope, indicating that AG and AGH
hydrogels have proper viscosity. The viscosity was increased
after adding nHA compared with the AG hydrogel (Fig. 3d).

Degradation rate analysis in vitro. Figure 3b showed that
two constructs composed of AG and AGH degraded over
time. The addition of nHA made this degradation slowdown
in comparison to the AG construct in the 8-week observation
( p < 0.01). At day 7, the ML of the AG construct was about
52.1%, while the ML of the AGH construct was 33.2%. At day
28, 90.9% AG degraded, and only some amorphous residue
was left. However, the ML of the AGH construct was 64.7%
at day 28, and the AGH construct still maintained its grid-like
structure. At day 56, the ML of the AGH construct was 89.6%.

Scanning electron microscopy analysis (SEM). The
grid-like inner structure of this 3D printed construct was
presented in Figure 4a and b. The pore diameters for the soft

Table 3. Primers for Transcription Factors

for GAPDH, COL-I, ALP, RUNX-2, and OCN

Gene Primes

GAPDH F: CGGACCAATACGACCAAATCCG
R: AGCCACATCGCTCAGACACC

COL-I F: CAAGA TGTGCCACTCTGACT
R: TCTGACCT GTCTCCATGTTG

ALP F: ATGGGATGGGTGTCTCCACA
R: CCACGAAGGGGAACTTGC

RUNX-2 F: CCGCCTCAGTGATTTAGGGC
R: GGGTCTGTAATCTGACTCTGTCC

OCN F: CACTCCTCGCCCTATTGGC
R: CCCTCCTGCTTGGACACAAAG

THREE-DIMENSIONAL CELL PRINTED LOCK-KEY STRUCTURE 5
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region (composed of AG) and hard region (composed of
AGH) were *300 and 400 mm, respectively. The micropore
size of the soft and hard region was in the range 30–200mm
(Fig. 4c, d). nHA was successfully deposited and spherically
distributed on the surface, which made the surface of the
hard region rougher compared with the soft region.

Cell morphology on the construct

Cell morphology on the construct was observed by SEM
in the four groups at day 14 postprinting. As seen in
Figure 4e and f, both GFs and BMSCs stretched and at-
tached to the surface of the AG construct. Upon the addition
of nHA, both cell types became elongated and homogenous,
exhibiting a high degree of cell connectivity (Fig. 4g, h).
The appearance of GFs resembled a typical fibrous shape
compared with that of BMSCs.

Cell viability (Live/Dead) assay

Figure 5a and b illustrated the cell Live/Dead images in
the four groups. Dead cells were distributed uniformly in the
constructs at day 3, while at day 7 their distribution was
more localized. Cell viability in all four groups increased
over time. The data presented in Figure 5c showed that GFs’
viability was consistently higher compared with BMSCs.
Upon addition of nHA, BMSCs’ viability at both day 3
(71.99% – 1.57%) and day 7 (86.59% – 0.75%) decreased
compared with the AG+BMSCs group (75.19% – 1.30% at
day 3 and 89.29% – 0.80% at day 7). The GFs’ viability
was lower in the AGH group (81.32% – 1.10%) than in the
AG group (87.75% – 0.97%) at day 3; at day 7, GFs’ via-
bility in AG constructs reached to 94.80% – 1.14%, which
was higher than that observed in AGH constructs
(92.47% – 0.77%).

Cell proliferation assay

The cell proliferation result indicated an upward trend
during 7 days of culture in the four groups (Fig. 5d, e). At
day 7, two GF groups exhibited higher OD values compared
with two BMSC groups. The highest proliferation rate was
observed between days 5 and 7 in all four groups.

Gene expression analysis

As seen in Figure 6a, a higher expression level of COL-I
in GFs was observed in AGH constructs compared with AG
constructs. However, the expression level of COL-I in both
AG and AGH constructs decreased with time.

The expression levels of osteogenic gene markers in
BMSCs (ALP, RUNX-2, and OCN) in OM were enhanced
compared with those in parallel PM and increased over time,
reaching a maximum at day 14 (Fig. 6b–d). In the parallel PM
groups, the expression levels of three osteogenic gene markers
in AGH constructs were 1–2 times higher than those in AG
constructs. In the OM groups, the fold increases (compared
with PM groups) of ALP, RUNX-2, and OCN were 1–3 times
higher in AGH constructs than those in AG constructs.

In vivo experiments

Constructs were harvested at weeks 4 and 8 following
implantation with no exclusions (n = 5 for each group). The
residual construct volume in both acellular printed AG/AGH
group (Fig. 7a) and cell printed AG+GFs/AGH+BMSCs
(Fig. 7e) group was smaller than the preimplantation vol-
ume. The acellular printed construct was more irregular and
fragile compared with the cell printed construct. The surface
of the soft region was smooth and soft in texture, while the
surface of the hard section appeared resilient and rough in
texture.

FIG. 4. (a) The SEM image of the grid-like inner structure in the soft region. The pore diameter was *300mm. (b) The SEM
image of the grid-like inner structure in the hard region. The pore diameter was *400mm. The black arrows indicate the
deposited nHA. Scale bar: 500mm. The SEM images of microstructure in (c) the soft and (d) the hard region. The pore size was
about 30–200mm. Scale bar: 100mm. (e–h) The SEM images of cell morphology on the construct. GFs and BMSCs stretched and
attached well at day 14 postprinting. Scale bar: 50mm for (e, f) and 20mm for (g, h). SEM, scanning electron microscopy.
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The cross-sectional views of the acellular printed con-
struct (Fig. 7b, c) and the cell printed (Fig. 7f, g) construct
were observed by HE staining. Porous grids, nHA nodes,
and vascular distribution could be partially observed in both
the groups without inflammatory responses.

At week 4, more vascular distribution was observed in the
cell printed construct than that in the acellular construct, and
the former group exhibited better healing in upper subcu-
taneous tissue ( p < 0.01). At week 8, differences in the inner
structure of constructs and behavior of subcutaneous tissue
were observed: (1) structure of the acellular printed con-
struct broke down, while the cell printed construct main-
tained as integrated. (2) In the cell printed group,
subcutaneous tissue close to the printed construct was dense

and orderly, while the subcutaneous layer was loose in the
acellular printed group. (3) In the cell printed construct,
osteoblasts were found in the bone region, especially in the
vicinity of nHA nodes. (4) By Masson staining (Fig. 7d, h),
the cell printed construct was stained as deep red, which was
probably caused by mineralized extracellular matrix.28

From Figure 7i and j, there were statistically significant
differences in the fiber density of the subcutaneous tissue
and the number of vessels between the cell printed construct
and the acellular printed construct.

In Figure 8, green fluorescent protein-labeled BMSCs and
red fluorescent protein-labeled GFs could be detected during
the 4-week implantation. What’s more, the cell density in-
creased at week 4 (Fig. 8i, l) compared with week 2 (Fig. 8c, f).

FIG. 5. Live/Dead assay and the proliferation of GFs and BMSCs in AG and AGH constructs. Live/Dead assay of GFs
and BMSCs (a) in AG and (b) AGH constructs at days 3 and 7. Scale bar: 2 mm; living and dead cells are displayed in green
and red, respectively. (c) Cell viability of the above four groups at days 3 and 7. The proliferation of (d) GFs in AG and
AGH constructs and (e) BMSCs in AG and AGH constructs at days 1, 3, 5, and 7 postprinting. Data are presented as
mean – standard deviation, n = 3; *Statistical difference at p < 0.05; **Statistical difference at p < 0.01. 3d, day 3; 7d, day 7;
AG+GF, GFs encapsulated in the construct composed of alginate/gelatin; AGH+GF, GFs encapsulated in the construct
composed of AGH; AG+BMSC, BMSCs encapsulated in the construct composed of alginate/gelatin; AGH+BMSC, BMSCs
encapsulated in the construct composed of AGH. Color images are available online.
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FIG. 6. Quantitative gene expression levels of (a) COL-I in GFs at days 7 and 14 in AG and AGH constructs. The
expression levels of (b) ALP, (c) RUNX-2, and (d) OCN in BMSCs at days 7 (left) and 14 (right) after culturing in OM and
PM in AG and AGH constructs, respectively. The y-axis represents the relative ratio of related gene expression normalized
to GAPDH. Data are presented as mean – standard deviation, n = 3; **Statistical difference at p < 0.01. OM, osteogenic
medium; PM, proliferation medium. Color images are available online.
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Discussion

With recent advancements in tissue engineering, creating a
heterogeneous construct to regenerate the oral soft and hard
defects becomes possible but remains challenging.29 Al-
though multilayered 3D bioprinted scaffolds have achieved
some successful outcomes, the lack of scalability and cell
organization may attribute to the surgical failure in an attempt
to repair the lost periodontal tissue.30–32 Hence, it is clinically
relevant to design a heterogeneous construct that can not only
bear patient-specific geometries but also maintain functional
integration with distinct features (e.g., soft and hard tissues).

With a more accurate spatial control, 3D cell printing is now
capable of engineering a highly anisotropic structure with
zonal biomechanical properties in the articular cartilage field.33

Idaszek et al. have used articular chondrocytes and BMSCs
dispersed into two hydrogels to bioprint a hyaline-calcified
cartilage construct, and results suggested long-term and func-
tional cell survival and the formation of zone-specific matri-
ces.34 The special anatomy of the tooth extraction socket
provides a stable and favorable condition for soft-hard tissue
regeneration, which is advantageous to the clinical transfor-
mation in the future. Therefore, using 3D cell printing for al-
veolar soft-hard tissue engineering is promising these days.22,35

In this study, we set out to design a lock-key heteroge-
neous construct to promote soft-tissue healing and hard-
tissue regeneration by 3D cell printing. Physicochemical and
biological properties (viability, proliferation, and osteogenic
differentiation) all suggested that the 3D cell printed lock-
key structure had potential for further clinical studies in soft-
hard regeneration in alveolar process.

The demand to maintain cell viability in 3D printed
constructs limits the application of biomaterial. The hydro-
gel used in this study belongs to a class of naturally derived
polymers, which have been widely implemented in 3D cell
printing due to their similarity to extracellular matrix and
hydrophilic properties. Nonetheless, alginate lacks cell-
adhesive ligands, which can be improved by adding gelatin—
a thermoresponsive hydrogel containing built-in ligands and
an arginine-glycine-aspartic acid (RGD) peptide.36–38 When
culturing in the medium at 37�C, a part of gelatin tends to
leach out from the mixed gel, contributing to the porous
microstructure in the construct.

The desired construct needs to provide micropores for
vasculature and matrix. The porous microstructure of the
printed filaments can facilitate cellular infiltration and mi-
crovascularization in the construct, thereby promoting sur-
vival and integration.39 Moreover, the porous biomaterial
with a spongy-bone like structure promotes the osteo-
conductivity while minimizing fibrotic encapsulation.40

As alginate is ion-sensitive, ionic cross-linking agents
such as Ca2+ can transform an aqueous alginate solution into
a gel.41–43 Data from our previous studies suggested that a
blend of 2 wt% alginate and 8 wt% gelatin cross-linked by
50 mM CaCl2 for 5 min was good for bioink preparation.44

Besides that, Zhang et al. found that soft scaffold with low
concentration of alginate was better for osteogenic differ-
entiation of stem cells than stiff scaffolds with high con-
centration of alginate.45 Thus, 2 wt% alginate and 8 wt%
gelatin were used to encapsulate cells in this study. Two
kinds of bioinks (GFs in AG and BMSCs in AGH) were
loaded and extruded through two needles at 22–25�C.F
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Considering the increase in viscosity and consequently
nozzle clogging upon the addition of nHA,46 a smaller
needle gauge was necessary for printing the AGH bioink. To
achieve good printability, nHA was stored at a dry envi-
ronment to avoid forming liquid bridge between particles.
Ultrasonic and mechanical agitation was applied in turn
during the preparation of the AGH hydrogel. Owing to a
relatively low concentration of nHA added and methods
used above, the AGH hydrogel composed of 3% nHA was
extruded fluently. However, the concomitant rise in shear
stress and dispensing pressure could lead to a decrease in
cell viability.47,48 At day 3 after printing with AGH, GFs’
viability decreased to 81.32% – 1.10% and BMSCs’ viabil-
ity was 71.99% – 1.57%. Adequate porosity, proper param-
eters during the cell printing, and optimum culture condition
make sense to maintain cell viability in the 3D cell printed
construct.

The physicochemical characterization of AG and AGH
hydrogel demonstrated that the AG hydrogel was composed
of alginate/gelatin, while additional nHA existed in the AGH
hydrogel. The lower degree of crystallinity in AGH than nHA
is likely due to the addition of the amorphous alginate/gelatin.
According to a previous report, HA promoted the mechanical
properties of a freeze-dried molding scaffold.49 In this study,
the addition of 3% nHA into the AG hydrogel not only
contributed to an increase in mechanical properties but also
slowed down the degradation rate, which was helpful for
osteogenic differentiation of BMSCs.

In cell studies, SEM images demonstrated adequate at-
tachment of both GFs and BMSCs on the 3D printed con-
struct. Specifically, the construct containing nHA performed
better than the AG construct, as it presented a rough sub-
strate for cell attachment. CCK-8 result showed that cell
proliferation of BMSCs slowed down in the AGH construct
compared with the AG construct, which could be partly
caused by the nHA added.50 As confirmed by PCR analysis,
nHA could promote the osteodifferentiation of BMSCs.
Besides that, the enhanced expression of COL-I in GFs was
found in the AGH construct, which could be partially due to
the high cell connectivity establishing on the AGH construct
according to the SEM images. However, a decrease in the
expression of COL-I was observed at day 14 compared with
day 7, which probably indicated increased cell migration,
which could temporarily suppress proliferation.51,52

Finally, the implantations were harvested from nude mice at
weeks 4 and 8. Both acellular and cell printed constructs were
observed without the presence of inflammation, indicating their
positive effects on microenvironment provision.53–55 In the cell
printed construct, more integrated structure and vascular dis-
tribution were observed, which could be partly due to cells en-
capsulated in the constructs.56,57 At week 8, osteoblasts were
found around nHA in the cell printed construct, and the construct
was stained deep red by Masson, indicating the better ability to
form new mineralized extracellular matrix. Although bilayer
structure was not apparent in both the groups, dense and mature
subcutaneous tissue close to the cell printed group indicated the
better ability to promote subcutaneous tissue healing.

By tracking the encapsulated cell in vivo, the result fur-
ther demonstrated that GFs and BMSCs could maintain
survival and proliferation in the soft and hard region, re-
spectively, indicating the good biocompatibility of this 3D
cell printed construct.

From above, GFs and BMSCs maintained their cell via-
bility, proliferation, and function in this integrated and
heterogeneous soft-hard construct. The difficulties of de-
veloping an integrated construct with heterogeneity and
ensuring its dual function were overcome in this study.

Conclusion

An integrated and heterogeneous soft-hard construct was
successfully assembled as a lock-key structure by 3D cell
printing, and it was confirmed that this soft-hard construct
composed of AG/GFs (soft) and AGH/BMSCs (hard) could
maintain cell viability and functional differentiation of GFs
and BMSCs according to their desired characterization. These
preliminary results indicate that the 3D printed soft-hard
construct could promote soft-tissue healing and hard-tissue
regeneration. This 3D printed soft-hard construct has the po-
tential to be a customized plug in alveolar ridge preservation.
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7. Weems, A.C., Pérez-Madrigal, M.M., Arno, M.C., and
Dove, A.P. 3D printing for the clinic: examining contem-
porary polymeric biomaterials and their clinical utility.
Biomacromolecules 21, 1037, 2020.

12 ZHANG ET AL.

D
ow

nl
oa

de
d 

by
 M

ar
y 

A
nn

 L
ie

be
rt

, I
nc

., 
pu

bl
is

he
rs

 f
ro

m
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
7/

20
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 

FOR REVIEW ONLY  

NOT INTENDED FOR DISTRIBUTION 

OR REPRODUCTION 



8. Ozler, S.B., Bakirci, E., Kucukgul, C., and Koc, B. Three-
dimensional direct cell bioprinting for tissue engineering. J
Biomed Mater Res B Appl Biomater 105, 2530, 2017.

9. Choe, G., Oh, S., Seok, J.M., Park, S.A., and Lee, J.Y.
Graphene oxide/alginate composites as novel bioinks for
three-dimensional mesenchymal stem cell printing and
bone regeneration applications. Nanoscale 11, 23275, 2019.

10. Chae, S., Lee, S.S., Choi, Y.J., et al. 3D cell-printing of
biocompatible and functional meniscus constructs using
meniscus-derived bioink. Biomaterials 267, 120466, 2021.

11. Gillispie, G., Prim, P., Copus, J., et al. Assessment meth-
odologies for extrusion-based bioink printability. Biofab-
rication 12, 022003, 2020.

12. Kang, H.W., Lee, S.J., Ko, I.K., Kengla, C., Yoo, J.J., and
Atala, A. A 3D bioprinting system to produce human-scale
tissue constructs with structural integrity. Nat Biotechnol
34, 312, 2016.

13. Afjoul, H., Shamloo, A., and Kamali, A. Freeze-gelled al-
ginate/gelatin scaffolds for wound healing applications: an
in vitro, in vivo study. Mater Sci Eng C Mater Biol Appl
113, 110957, 2020.

14. Chen, Q., Tian, X., Fan, J., Tong, H., Ao, Q., and Wang, X.
An interpenetrating alginate/gelatin network for three-
dimensional (3D) cell cultures and organ bioprinting. Mo-
lecules 25, 756, 2020.

15. Augst, A.D., Kong, H.J., and Mooney, D.J. Alginate hy-
drogels as biomaterials. Macromol Biosci 6, 623, 2006.

16. Cross, L.M., Thakur, A., Jalili, N.A., Detamore, M., and
Gaharwar, A.K. Nanoengineered biomaterials for repair
and regeneration of orthopedic tissue interfaces. Acta
Biomater 42, 2, 2016.

17. El-Meliegy, E., Abu-Elsaad, N.I., El-Kady, A.M., and
Ibrahim, M.A. Improvement of physico-chemical proper-
ties of dextran-chitosan composite scaffolds by addition of
nano-hydroxyapatite. Sci Rep 8, 12180, 2018.

18. Chiesa, I., De Maria, C., Lapomarda, A., et al. Endothelial
cells support osteogenesis in an in vitro vascularized bone
model developed by 3D bioprinting. Biofabrication 12,
025013, 2020.

19. Holmes, B., Bulusu, K., Plesniak, M., and Zhang, L.G. A
synergistic approach to the design, fabrication and evalu-
ation of 3D printed micro and nano featured scaffolds for
vascularized bone tissue repair. Nanotechnology 27,
064001, 2016.

20. Li, Q., Lei, X., Wang, X., Cai, Z., Lyu, P., and Zhang, G.
Hydroxyapatite/collagen three-dimensional printed scaf-
folds and their osteogenic effects on human bone marrow-
derived mesenchymal stem cells. Tissue Eng Part A 25,
1261, 2019.

21. Bas, O., De-Juan-Pardo, E.M., Meinert, C., et al. Biofab-
ricated soft network composites for cartilage tissue engi-
neering. Biofabrication 9, 025014, 2017.

22. Demirtasx, T.T., Irmak, G., and Gümüsxderelioğlu, M. A
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