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A PHD (prolyl hydroxylase) inhibitor, 1,4-dihydrophenonthrolin-4-one-3-carboxylic acid (1,4-DPCA), is a
drug that can artificially promote tissue regeneration by enhancing metabolic activity through the upregu-
lation of hypoxia inducible factor 1 subunit alpha (Hif-1a) under normoxic conditions. This study presents
a novel design methodology for a drug delivery system to maximize the regenerative effect of 1,4-DPCA.
Specifically, by encapsulating 1,4-DPCA in polydopamine (PDA) that generates reactive oxygen species
(ROS), the combined effects of Hif-la upregulation and the induction of cellular antioxidant defense
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mechanisms by localized ROS can significantly enhance tissue regeneration. The study confirmed that
each material (PDA and 1,4-DPCA) triggers a positive synergistic effect on the regenerative mechanisms.
As a result, the use of a PDA drug delivery system loaded with 1,4-DPCA showed approximately six times
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Introduction

Bone regeneration is crucial for restoring the structural integ-
rity and functionality of damaged bone tissue. Traditionally,
bone regeneration has relied on the use of autografts, allo-
grafts, and various biomaterials to replace or repair defective
bone."™ However, these methods have resulted in significant
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greater bone regeneration compared to the control (no treatment) in a mouse calvarial defect model.

challenges, including donor site morbidity, limited graft avail-
ability, immune rejection, and a heightened risk of infection.’
Furthermore, these approaches often fall short of fully replicat-
ing the natural bone healing process, leading to less-than-
ideal outcomes in terms of integration and mechanical stabi-
lity. In response to these limitations, there is increasing inter-
est in drug-induced therapeutic strategies that specifically
enhance bone regeneration at the targeted site.

The compound 1,4-dihydrophenonthrolin-4-one-3-car-
boxylic acid (1,4-DPCA) is a small molecule that promotes
tissue regeneration by acting as a proline hydroxylase (PHD)
inhibitor.® The detailed mechanisms are as follows: 1,4-DPCA
inactivates PHD, leading to the upregulation of Hif-1a instead
of its spontaneous degradation. This upregulation promotes
erythropoiesis, metabolism, and angiogenesis, thereby indu-
cing tissue regeneration.”® Notably, several studies have
reported that the regenerative effect of 1,4-DPCA caused by
increased Hif-1o protein expression is particularly effective in
bone regeneration. For example, 1,4-DPCA injected into the
injured area of a mouse has been shown to promote cartilage
tissue regeneration,® and its delivery has facilitated alveolar
bone regeneration in a periodontal disease mouse model.'
Furthermore, it was revealed that this bone regenerative effect
is accelerated by the inherent properties of Hif-1a, including
its inhibitory effect on the inflammatory response’’ and its
ability to regulate osteogenic differentiation.”> However,
despite the effective regenerative capabilities of 1,4-DPCA,
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several issues need to be addressed. For example, due to its
inherent hydrophobicity, it has low solubility in water, making
it difficult to use independently. Additionally, there are con-
cerns about cytotoxicity when using high concentrations of
1,4-DPCA. A hydrogel-based drug delivery system (DDS) that
chemically binds to 1,4-DPCA and releases it via ester hydro-
lysis has been developed to overcome this;*° however, rapid
decomposition caused by enzymatic reactions in vivo limits
control over drug release. Taken together, the development of
a new DDS for 1,4-DPCA is essential to maximize its tissue
regeneration effect.

A representative synthetic polyphenol, polydopamine (PDA),
is highly valued for its role as a versatile drug carrier.® This
capability stems from PDA’s unique chemical structure, which
allows it to encapsulate a wide range of chemical drugs
efficiently. The catechol groups in PDA facilitate diverse non-
covalent interactions, including hydrogen bonding, electro-
static interactions, and n-rn stacking.''® These interactions
are not only pivotal for stabilizing the encapsulated drugs but
also enhance the loading capacity of PDA, enabling it to
control release the various types of therapeutic agents
effectively.'®'” This multifunctionality makes PDA an advan-
tageous candidates in the design of targeted drug delivery
systems, offering potential improvements in drug solubility,
stability, and controlled release profiles.

The efficacy of PDA extends beyond its role as a versatile
drug carrier; it is also recognized for its potential to enhance
bone regeneration.'® PDA can produce ROS and induce loca-
lized oxidative stress, similar to natural polyphenols.'®*° The
generated ROS can activate the expression of antioxidant genes
by regulating the Nuclear factor erythroid-2-related factor 2
(Nrf2) signaling pathway,>'* which is crucial for maintaining
cellular homeostasis within bone tissue.>*** This regulation
plays a significant role in mitigating inflammation,*® and pro-
moting the proliferation and differentiation of osteoblasts,
which are essential for bone formation.?”® Therefore, main-
taining an appropriate level of H,O, production can support
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the bone healing process.>**' In this context, a ROS-generat-
ing PDA-based drug carrier could be particularly advantageous
for enhancing bone regeneration, addressing the specific
needs of bone repair and recovery.

Based on these considerations, we hypothesized that
loading 1,4-DPCA onto PDA and delivering it as a single DDS
could maximize bone regeneration. This is because the regen-
erative ability of 1,4-DPCA, combined with the promoted anti-
oxidant gene expression from ROS delivery by the PDA nano-
particle-based drug carrier, can achieve a synergistic effect.
Additionally, the drug release kinetics of 1,4-DPCA loaded onto
PDA can be controlled by non-covalent interactions (e.g.,
hydrogen bonding) between the drug and the drug carrier,
which we expect to address the inherent cytotoxicity problem
of 1,4-DPCA associated with its burst release.

Herein, we demonstrated that encapsulating the regenera-
tive drug 1,4-DPCA in PDA drug carriers and delivering it to
bone defect sites can maximize bone regeneration efficacy.
Scheme 1 illustrates the detailed mechanism by which the
developed DDS (PDA w/1,4-DPCA NPs) promotes bone tissue
regeneration. In the DDS, PDA NPs induce ROS generation,
which activates Nrf2, thereby promoting the expression of anti-
oxidant genes, reducing inflammation, and enhancing cell
proliferation. Simultaneously, 1,4-DPCA inhibits prolyl
hydroxylase (PHD), stabilizing Hif-1a, which promotes erythro-
poiesis, metabolism, and angiogenesis. The ROS-generating
capability of the developed DDS was confirmed through a per-
oxide assay. Subsequently, RT-qPCR and ELISA analyses
demonstrated that the released ROS and 1,4-DPCA each
promote the expression of antioxidant genes (heme oxygenase
1 (Hmox1) and Glutathione S-transferase alpha 1 (Gsta1)) and
Hif-1a, respectively. As a result of the synergistic effects on
tissue regeneration, bone tissue regeneration was maximized,
as confirmed by in vitro ALP analysis and an in vivo mouse
cranial defect model. Considering the versatility of the tissue
regeneration mechanism of the developed DDS, it is expected
that its use can be extended beyond bone defect-related dis-
eases to other conditions requiring accelerated tissue
regeneration.

Experimental section
Chemicals and materials

Dopamine hydrochloride was purchased from Thermo
Scientific (Massachusetts, MA, USA), and sodium chloride
(NaCl) was purchased from SAMCHUN (Pyeongtaek, South
Korea). Ammonium hydroxide, hydrochloric acid, and hexane
were purchased from OCI (Seoul, South Korea). All other
chemical reagents were purchased from Sigma-Aldrich
(St Louis, MO, USA). L929 murine fibroblast and MC3T3-
E1 murine preosteoblast cell lines were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA).
Minimum Essential Medium Alpha Modification (Alpha MEM)
was purchased from WelGene (Gyeongsan, South Korea).
Dulbecco’s Modified Eagle Medium (DMEM, high glucose),
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Scheme 1 The combination of PDA NPs and 1,4-DPCA leads to a synergistic effect that enhances bone tissue regeneration in vivo.

fetal bovine serum (FBS), penicillin-streptomycin, trypsin
0.25% solution, and Dulbecco’s phosphate-buffered saline
(DPBS) were purchased from Cytiva (Marlborough, MA, USA).
The Cell Counting Kit-8 (CCK-8) for cytotoxicity test was pur-
chased from Dojindo (Kumamoto, Japan).

Synthesis and characterization of 1,4-DPCA

The drug 1,4-DPCA was synthesized following the previous
paper.®® In detail, the synthesis of 1,4-DPCA was performed by
the following procedures: 8-aminoquinoline (1.6 g, 11.1 mmol)
and diethyl ethoxymethylenemalonate (2.36 mL, 11.7 mmol)
were heated to 100 °C for 1 h. Then, diphenyl ether (33 mL)
was added, and the mixture was refluxed at 250 °C for 2 h
before cooling to room temperature. The precipitate product
(1) was separated by centrifugation, washed with 10 mL of
diethyl ether, and subsequently washed twice with 5 mL of
diethyl ether. The product (1) (2.00 g, 7.46 mmol) was com-
bined with 40 mL of 10% (w/v) KOH, refluxed (110 °C) for 1 h,
allowed to cool to room temperature, and the residual diphe-
nyl ether was extracted using 28 mL of petroleum ether
(boiling point 80-110 °C). The product was precipitated with
40 mL of 10% (w/v) HCI, filtered, washed with deionized water,
and dried under high vacuum conditions overnight. The syn-
thesized 1,4-DPCA was confirmed using proton nuclear mag-
netic resonance ("H NMR) spectroscopy (AVANCE III 500,
Bruker, Billerica, MA, USA).

Synthesis of the PDA NPs

A cosolvent system consisting of deionized water (8 mL),
ethanol (4 mL), and 0.2 mL of 25% NH,OH was used as the
reaction solution. Dopamine hydrochloride (0.05 g) dispersed
in deionized water (1 mL) was gradually injected into the
mixture solution. After the mixture was allowed to react with
constant stirring (200 rpm) for 24 h, the PDA NPs were col-
lected by centrifugation at 8000 rpm for 5 min. The process of
washing with deionized water and centrifugation at 8000 rpm
for 5 min was performed three times. The prepared PDA NPs
were lyophilized and frozen before use.
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Synthesis and characterization of 1,4-DPCA-loaded PDA NPs

The drug 1,4-DPCA (0.01 g) was dispersed in a cosolvent com-
posed of ethanol (4 mL) and deionized water (8 mL) with
0.2 mL of 25% ammonium hydroxide (NH,OH). Subsequently,
0.05 g of dopamine hydrochloride was dispersed in 1 mL of de-
ionized water and was injected into the 1,4-DPCA mixture. By
varying the reaction time while maintaining constant stirring
at 200 rpm, 1,4-DPCA-loaded PDA NPs (PDA w/DPCA NPs) of
different average size of 282 nm were produced over stirring
durations of 24 h. The nanoparticles were collected by centrifu-
gation at 8000 rpm for 5 min. The process of washing with de-
ionized water, followed by centrifugation, was repeated three
times. The gathered nanoparticles were then lyophilized and
frozen for later use. The average hydrodynamic diameter of the
nanoparticles was determined by dynamic light scattering
(ELSZ-2000ZS, Otsuka Electronics, Japan).

Morphological analysis of PDA w/DPCA NPs

The morphology (i.e., surface and nanostructure properties) of
PDA w/DPCA NPs was observed using scanning electron
microscopy (SEM) (SU8220 & SUS8230, Hitachi, Tokyo, Japan)
and transmission electron microscopy (TEM) (Tecnai 12,
Phillips, Amsterdam, Netherlands).

X-ray photoelectron spectroscopy analysis

The element composition of the synthesized NPs was analyzed
by X-ray photoelectron spectroscopy (XPS) (Thermo Fisher,
Nexsa, MA, USA). For sample preparation, copper double-sided
tape was attached to a silicon wafer, and the sample was
securely positioned and dried with nitrogen. The deconvoluted
spectra were obtained using Avantage software (version 4.0).

Calculation of the drug loading efficiency

To calculate the drug loading efficiency, we forcefully released
the total amount of drug that was loaded into the carrier.
Briefly, 1 mg of lyophilized PDA w/DPCA NPs was dispersed in
50 mL of dimethyl sulfoxide (DMSO). The solution was sub-
jected to tip sonication using a pulsed power system (Sonics &

This journal is © The Royal Society of Chemistry 2024
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Materials, Inc.) for 100 h, employing a cycle of 30 s on/30 s off
at 30 Amp% and 500 W. After drug release, centrifugation was
performed to collect the supernatant for high-performance
liquid chromatography (HPLC) analysis using a Nexera X2
system (Shimadzu, Kyoto, Japan). The mobile phase, consist-
ing of acetonitrile and water (30/70; v/v), was used as the
eluent at a constant flow rate of 1 mL min~" for HPLC analysis.
The fully released drug was quantified using the standard
curve of 1,4-DPCA.

In vitro drug release test

To assess the in vitro drug release rate, 3 mg of lyophilized
PDA w/DPCA NPs with a particle size of 282 nm was intro-
duced into a conical tube containing 3 mL of 1x phosphate-
buffered saline (1x PBS) at pH 7.4. The samples were allowed
to release the 1,4-DPCA over periods ranging from 1 h to 31
days. Following each release interval, centrifugation was per-
formed to separate the supernatant for HPLC analysis. The
HPLC analyses used a mobile phase of acetonitrile and water
(30/70; v/v) as the eluent, maintaining a constant flow rate of
1 mL min~". The concentration of the drug released at each
time point was quantified against the standard curve of 1,4-
DPCA.

Quantification of ROS from PDA w/DPCA NPs

The concentrations of ROS (i.e., hydrogen peroxide) generated
from PDA w/DPCA NPs and its control PDA were quantified
according to the instructions of the Quantitative Peroxide
Assay Kit (Thermo Fisher Scientific, MA, USA). Briefly, samples
were prepared at different concentrations (10, 25, and 50 pg
mL™") in 1x PBS solution (pH 7.4). Each solution mixture was
incubated for 20 minutes at room temperature, and the absor-
bance was measured at 595 nm using a microplate reader
(Infinite 200 Pro, Tecan, Ménnedorf, Switzerland). A standard
curve for the calculation was generated by measuring the
absorbance at the same wavelength (595 nm) with a 0.001 to
1 mM H,0O, solution.

Enzyme-linked immunosorbent assay (ELISA)

MC3T3-E1 cells were thawed, cultured in T-75 flasks through
three cycles for adaptation, then dissociated with 0.25%
trypsin-EDTA (Thermo Fisher Scientific, MA, USA), and
counted using 0.4% trypan blue (Sigma-Aldrich, MO, USA).
The cells were seeded at 2.2 x 10° cells per well in 100 mm
dishes and incubated for 2 days in Alpha MEM medium sup-
plemented with 10% FBS and 1% penicillin-streptomycin anti-
biotics in an incubator with 5% CO, at 37 °C. Then, to induce
osteogenic differentiation, a special medium containing 50 pg
mL™" of ri-ascorbic acid 2-phosphate and 10 mM
B-glycerophosphate was prepared and PDA NPs, PDA w/DPCA
NPs, and 1,4-DPCA were added at a concentration of 10 pg
ml ™. In addition, equal amounts of DMSO, which was used to
dissolve 1,4-DPCA, were added to all samples and the cells
were incubated for 3 days. The differentiated cells were lysed
in RIPA buffer (ELPIS Biotech, Daejeon, South Korea) to extract
cellular proteins, which were then quantified using the

This journal is © The Royal Society of Chemistry 2024
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Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, MA,
USA). Quantification of Hif-la in MC3T3-E1 cells was per-
formed using the human/mouse total HIF-1o/HIF1A Kit (R&D
Systems, MN, USA), with 100 pg of total protein used per well.
Absorbance was measured at 450 nm with a correction at
540 nm using a microplate reader (Infinite 200 Pro, Tecan,
Minnedorf, Switzerland).

Western blot analysis

MC3T3-E1 cells were thawed, grown in T-75 flasks for three
cycles for adaptation, then dissociated with 0.25% trypsin-
EDTA (Thermo Fisher Scientific, MA, USA) and counted using
0.4% trypan blue (Sigma-Aldrich, MO, USA). Cells were seeded
at 2.2 x 10° cells per well in 100 mm dishes and incubated for
2 days in Alpha-MEM medium supplemented with 10% FBS
and 1% penicillin-streptomycin in an incubator with 5% CO,
at 37 °C. Then, to induce osteogenic differentiation, a special-
ized medium containing 50 pg ml™' r-ascorbic acid 2-phos-
phate and 10 mM f-glycerophosphate was prepared and PDA
NPs, PDA w/DPCA NPs and 1,4-DPCA were added at a concen-
tration of 10 pg ml™". In addition, equal amounts of DMSO,
which was used to dissolve 1,4-DPCA, were added to all
samples and the cells were incubated for 3 days. The differen-
tiated cells were lysed in RIPA buffer (ELPIS Biotech, Daejeon,
South Korea) to extract cellular proteins, which were then
quantified using the Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific, MA, USA). The resulting cell lysates were
denatured and separated on sodium dodecyl sulfate-polyacryl-
amide gel (SDS-PAGE), followed by transfer to nitrocellulose
membranes (GE Healthcare, IL, USA). The membranes were
then blocked in 5% non-fat milk in Tris-buffered saline sup-
plemented with Tween 20 (TBST) for 1 hour at room tempera-
ture, followed by immunoblotting with primary antibodies
overnight at 4 °C. The membranes were then washed twice
with TBST for 20 minutes each and immunoblotted with sec-
ondary antibodies for 2 hours at room temperature, followed
by two washes with TBST for 20 minutes each. Protein bands
were detected with SuperSignal™ West Femto maximum sensi-
tivity substrate (Thermo Fisher Scientific, MA, USA) on a
ChemiDoc™ XRS + system (Bio-rad, CA, USA) using Hif-1a
(abcam, Cambridge, UK) and p-actin (Cell Signalling
Technology, MA, USA) antibodies. Bands were quantified using
Image] software.

Flow cytometric analysis of Hif-1a protein expression

To evaluate Hif-1a protein expression in MC3T3 cells, treated
cells, as in the ELISA and western blot experiments, were pre-
washed with sterile PBS and harvested by trypsin treatment.
The cells were then filtered through 70 pm strainers and
blocked with anti-mouse CD16/CD32 (TruStain FcX antibody,
Biolegend, CA, USA) for 10 minutes on ice. After blocking, the
cells were fixed and permeabilized using the FoxP3/
Transcription Factor Fixation/Permeabilization Kit (Invitrogen,
CA, USA) for 30 minutes. Next, the cells were stained with anti-
human/mouse Hif-1a monoclonal antibody (clone 241812,
APC-conjugated, R&D Systems, MN, USA) for 1 hour on ice.
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Hif-1a expression was detected using a FACSymphony A5 flow
cytometer (BD Biosciences, CA, USA) and analyzed using
Flow]Jo software (version 10, BD Biosciences, CA, USA).

RNA purification and real-time quantitative PCR

The MC3T3-E1 cells were cultured for 2 days in Alpha MEM
medium supplemented with 10% FBS and 1% penicillin-strep-
tomycin antibiotics in an incubator with 5% CO, at 37 °C.
Then, to induce osteogenic differentiation, a special medium
containing 50 pg mL™" of r-ascorbic acid 2-phosphate and
10 mM p-glycerophosphate was prepared and PDA NPs, PDA w/
DPCA NPs, and 1,4-DPCA were added at a concentration of
10 pg ml™". In addition, equal amounts of DMSO, which was
used to dissolve 1,4-DPCA, were added to all samples and the
cells were incubated for 3 days. Total RNA was isolated from
the cells using TRIzol™ Reagent (Invitrogen, MA, USA) and

(absorbance of sample) — (absorbance of negative control)
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(pH 7.4) to late endolysosomes (pH 6.2). A volume of 190 pL of
red blood cell (RBC) suspension was seeded in each well of a
96-well plate. Subsequently, 10 pL of various concentrations of
the DDS, prepared in DPBS, were added to each well. The plate
was then incubated at 37 °C for 1 h. Afterward, the 96-well
plate was centrifuged at 500g for 5 min to pellet the RBCs. The
absorbance of hemoglobin in the supernatants was measured
at 590 nm using a microplate reader (Infinite 200 Pro M Plex,
Tecan, Minnedorf, Switzerland). Considering that, in addition
to hemoglobin, other cytoplasmic components derived from
erythrocytes, including proteins and carbohydrates, may
contain small amounts of signal that interfere with the spec-
trophotometric measurements, 100% hemolysis was calibrated
with Triton X-100-treated erythrocyte lysates. Hemolysis per-
centages of the RBCs was calculated using the following
formula:

X 100

Hemolysis (%) =

prepared for complementary DNA synthesis using the
PrimeScript 1st strand cDNA Synthesis Kit (Takara Bio, Shiga,
Japan). Gene expression was determined by RT-qPCR analysis
using AccuPower® 2X GreenStar™ gPCR Master Mix
(BIONEER, Daejeon, South Korea) on CFX Duet Real-time PCR
system (Bio-rad, CA, USA). Gene expression levels were normal-
ized using the p-actin housekeeping gene.

Cytotoxicity test

The cytotoxicity of the synthesized 1,4-DPCA, PDA NPs, and
PDA w/DPCA NPs with a particle size of 282 nm was evaluated
using a CCK-8 assay. Briefly, mouse fibroblast 1L929 cells were
seeded into a 96-well cell culture plate (Costar, USA) at a
density of 1 x 10* cells per 100 uL per well. They were cultured
in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin and incubated in a 5% CO, environment at
37 °C. After 24 h of culture, a range of compounds (10, 25, and
50 pug mL™") were added to the cells. Samples treated with only
DMEM and DMSO were used as controls. After 24 h of incu-
bation, 10 pL of CCK-8 solution was added to each well and
further incubated for 3 h. Subsequently, absorbance was
measured at 450 nm using a microplate reader (Infinite 200
Pro, Tecan, Mannedorf, Switzerland). Cell viability was calcu-
lated according to the following equation:

Normalized cell viability (%)
__ absorbance of cells with compounds
~ absorbance of cells without compounds

100

Hemolysis assay

The hemolytic activity of the PDA w/DPCA NPs with a particle
size of 282 nm was investigated according to the reference.?
EDTA-stabilized single-donor human whole blood was pur-
chased from Innovative Research (Novi, MI, USA) and centri-
fuged at 500g for 5 min. The pellet was washed with 150 mM
NacCl solution and pH 7.4 1x PBS buffer, then resuspended in
a series of buffers representing a pH range from physiological

20122 | Nanoscale, 2024, 16, 20118-20130

(absorbance of positive control) — (absorbance of negative control)

A hemolysis percent value <2% indicates that the test
sample is not hemolytic; between 2% and 5% indicates that
the test sample is slightly hemolytic; and >5% indicates that
the test sample is hemolytic.

Alkaline phosphatase activity test

MC3T3-E1 cells were seeded into a 96-well cell culture plate at
a density of 1 x 10* cells per well. After 24 h, the culture
medium supplemented with 10% FBS and 1% penicillin-strep-
tomycin antibiotics in Alpha MEM was replaced with an osteo-
genic medium (OSM). The OSM was prepared by adding
10 mM p-glycerol phosphate and 50 pg mL™" r-ascorbic acid
2-phosphate to the culture medium. PDA w/DPCA NPs were
added to the medium at a concentration of 10 ug mL™" and
mixed with OSM. For 1, 3, and 7 days, the cells were cultured
while replacing the medium with either OSM (control) or OSM
containing PDA w/DPCA NPs. After 1, 3, and 7 days, the cells
were washed with DPBS and lysed with lysis buffer. The absor-
bance was measured at a wavelength of 405 nm using a micro-
plate reader (Infinite 200 Pro M Plex, Tecan, Méinnedorf,
Switzerland) with an ALP kit (Sigma Aldrich, St Louis, MO,
USA) according to the following equation:

ALP(IUL ™! or pmol (L min) ")

(ODT50 — ODTO) x RxnVol x 35.3
(ODcal — ODgjank) X Smplvol x T

where ODy5o = OD value at 405 nm of sample at 50 min, ODg
= OD value at 405 nm of sample at 0 min, OD¢, = OD value at
405 nm of the calibrator solution included in the kit, ODgjank =
OD value at 405 nm of deionized water, RxnVol = total reaction
volume (200 pL), T = reaction time (50 min), and Smplvol =
amount of sample (50 pL) used in the reaction.

In vivo experiment using a mouse calvarial defect model

The animals were housed under standard laboratory con-
ditions (relative humidity 55-65%, room temperature 23 =

This journal is © The Royal Society of Chemistry 2024
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2 °C, and 12 h/12 h light/dark cycle). Adult Swiss albino mice
7-8 weeks of age with a weight of 30-35 g were obtained from
the animal house of the Department of Pharmaceutical
Sciences, North South University (NSU), Bangladesh. The
animals were fed a standard diet with ad [ibitum access to
water. All experiments were performed with approval by the
NSU Institutional Animal Care and Use Committee (2023/
OR-NSU/IACUC/1101). Mice were housed in separate cages,
and allowed to acclimate to the animal housing conditions for
7 days before surgery. The mice were anesthetized with an
intraperitoneal injection of ketamine (75 mg per kg body
weight).*® A sagittal skin incision was made over the scalp,
from the frontal bone to the occipital bone, and the skin flap
included the periosteum. Full-thickness circular defects (5 mm
in diameter) were created in the left parietal bone using a
5 mm diamond-coated trephine bur (Cogoogon, China) with a
slow dental handpiece (Marathon-N3, SMT, China).**
Untreated, empty calvarial defects were used as negative con-
trols. The experimental group included groups treated with
PDA NPs or PDA w/DPCA NPs with a particle size of 282 nm.
The drug loading concentration was 10 ug mL™". To minimize
the risk of the drug spreading to other areas, the solution was
applied drop by drop on the calvarial defect side and allowed
to accumulate in the damaged area. Given that PDA NPs
readily aggregate, the solution was used after bath sonication
before use. The incisions were closed with 5-0 catgut sutures
(Ethicon), and a warming lamp was used to keep the mice
warm until they achieved full recovery. The animals were
returned to their cages and monitored daily for complications
or abnormal behavior.

Histological evaluation based on hematoxylin and eosin and
Masson’s trichrome staining

Bone sections were collected after 4 weeks of treatment. Twelve
samples were demineralized with 10% EDTA, and embedded
in paraffin. The sections were stained with hematoxylin and
eosin (H&E) and Masson’s trichrome (MT). All tissue sections
were imaged using an optical microscope (Euromex, BB.1153-
PLi, Holland). Bone regeneration and the area containing
osteoblasts were analyzed using Image] version 1.40 (National
Institutes of Health, Bethesda, MD, USA).**

Micro X-ray analysis

Four weeks post-surgery, the skulls (n = 5) were fixed overnight
in 10% neutral buffered formalin at room temperature, fol-
lowed by storage in 1x PBS at 4 °C until they were ready for
micro X-ray imaging. Imaging was performed using a Triup
Mobile X-ray Machine (TRP-100, Triup International, China).
The scans were conducted according to the calibration para-
meters, with standardized reconstructions achieved at settings
of 40 kV, 10 mAs, and an exposure duration of 0.1 s.

Statistical analysis

The reported values are presented as the mean + standard
error (SE). For comparisons involving three or more groups or
non-normally distributed data, one-way ANOVA or the Kruskal-
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Wallis test, a non-parametric method, were utilized to assess
statistical differences. All statistical analyses were performed
using OriginPro 9. A p-value of less than 0.05 was considered
statistically significant.

Results and discussion
Fabrication of the DDS (PDA NPs loaded with 1,4-DPCA)

The preparation of the DDS begins by dispersing the regenera-
tive drug, 1,4-DPCA, in a mixture of ethanol and deionized
water. The 1,4-DPCA used for DDS formation was synthesized
based on previous literature,’ and the successful synthesis was
confirmed using NMR spectroscopy (Fig. S1 and S2%). In the
reaction solution, 1,4-DPCA exhibited immediate aggregation
due to its inherent hydrophobicity, as demonstrated by the
Tyndall effect (light scattering effect) (Fig. S31) and dynamic
light scattering (DLS) analysis confirmed that the size of the
drug aggregates was 33 nm = 5.6 (Fig. S4Af). Subsequently,
dopamine hydrochloride and a base (ammonia) were added to
the reaction solution to induce the formation of polydopa-
mine. During this process, various catecholic building blocks,
such as dopamine quinone, leukodopamine-chrome, dopa-
chrome, and 5,6-dihydroxyindole—oxidative derivatives of
dopamine—are generated and polymerized into polydopamine
through either chemical conjugation or physical assembly
(Fig. 1).>°® The resulting polydopamine, due to its inherent
molecular adhesiveness, coats the surface of the drug aggre-
gates, forming a core (drug)-shell (PDA) DDS structure. TEM
analysis revealed that the morphology of the formed DDS was
spherical, similar to conventional PDA nanoparticles (Fig. 2).
However, while the size of PDA nanoparticles synthesized
under the same reaction conditions was 222 nm + 6.2 nm
(Fig. S4Bf), the average diameter of the DDS was larger,

1,4-DPCA (drug)

Oxidation V

NH, NH,
D i Dop Leukod i Dopachrome  5,6-dihydroxyindole
quinone chrome

| v "4

Physicochemical assembly

N HQe pHNT

{HoY— )

HOW, OH  )HO  OH

s
\ Polydopamine (PDA) /

Fig. 1 Schematic representation of the preparation of the drug delivery
system (1,4-DPCA-loaded polydopamine nanoparticles).
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Fig. 2 Transmission electron microscopy images of (A) polydopamine
nanoparticles (PDA NPs) and (B) polydopamine nanoparticles with 1,4-
DPCA (PDA w/DPCA NPs).

measuring 282 nm + 26.2 nm (Fig. S4Ct). This size difference
further confirms the effective loading of 1,4-DPCA (the drug)
onto the DDS. Additionally, by subtracting the diameter of the
drug aggregates from the total DDS diameter and dividing by
two, the thickness of the polydopamine coating on the drug
aggregates was calculated to be approximately 124.5 nm.

Surface analysis of DDS to demonstrate the location of the
loaded drug

To confirm whether 1,4-DPCA was loaded at the core level of
the PDA NPs, as illustrated in Fig. 1, XPS surface analysis was
performed. Given that 1,4-DPCA has different proportions of
chemical bonds (N1s and O1s) compared with PDA (Fig. 3),
the XPS spectra of the PDA NPs with randomly incorporated
1,4-DPCA would show distinct differences from those of pure
PDA NPs. However, according to the XPS results, the pro-
portion of each chemical bond in PDA w/DPCA NPs was com-
parable to that of pure PDA NPs. For example, in the high-

PDANPs @ PDAW/DPCANPs @

View Article Online

Nanoscale

resolution N1s XPS spectrum, the proportions (%) of the
-N=C-, -NH-, and -NH, peaks for PDA NPs and PDA w/DPCA
NPs were 23%, 58%, and 20%, and 25%, 57%, and 18%,
respectively. By contrast, the proportions (%) of the -N=C-,
-NH-, and -NH, peaks for 1,4-DPCA were 53%, 25%, and 22%,
respectively. Similarly, in the high-resolution O1s XPS spec-
trum, the proportions (%) of the O=C and O-C peaks for PDA
NPs and PDA w/DPCA NPs were 92% and 8%, and 93% and
7%, respectively. For 1,4-DPCA, the proportions (%) of the
O=C and O-C peaks were 59% and 41%, respectively. Because
XPS analysis usually examines up to tens of nanometers
beneath the surface®® and does not reach the core of the PDA
NPs, we can deduce that 1,4-DPCA is mainly located within the
core of the nanoparticles.

To further validate this conclusion, we conducted theore-
tical calculations based on two hypotheses: (1) the drug is ran-
domly distributed within the PDA nanoparticles, and (2) the
drug is concentrated in the core. These calculations were
based on the atomic percentage (at%) values obtained from
high-resolution XPS data, focusing particularly on the peaks
showing the largest differences between 1,4-DPCA and PDA,
namely the O-C bond in the O1s peak (Table S1}) and the
-NH- bond in the N1s peak (Table S2t). The calculations were
also based on the assumption that the drug loading efficiency
is approximately 10 wt% (please refer to the Experimental
section for detailed calculation methods). As a result, the case
where the drug aggregates are located in the core of the PDA
nanoparticles yielded values closer to the actual experimental
results compared to the randomly distributed case (Tables S1
and S2f). Therefore, combining the XPS analysis and DLS
data, we conclude that the developed DDS has a core-shell
structure.
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Fig. 3 High-resolution N1s and O1s XPS spectra of (A and B) PDA NPs, (C and D) PDA NPs with DPCA, and (E and F) 1,4-DPCA.
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Controlled drug release from the DDS in vitro

We first demonstrated through HPLC whether the drug was suc-
cessfully loaded into the synthesized DDS. For this, we released
1,4-DPCA from the PDA w/DPCA NPs at a concentration of 50 pg
mL™" in a 1x PBS solution (pH 7.4) for 1 hour and analyzed the
obtained supernatant by HPLC. The peak appeared at the same
retention time as that of 1,4-DPCA, which confirms that the
regenerative drug was successfully loaded into the PDA NPs
(Fig. 4A). We further validated the drug release profile of PDA w/
DPCA NPs viga HPLC analysis using the standard curve of 1,4-
DPCA (Fig. 4B). To achieve this, we first measured the experi-
mental drug loading efficiency of the PDA w/DPCA NPs, which
was found to be approximately 10 wt%. Based on this, we calcu-
late the quantity of drug released from the total amount of drug
loaded into the NPs. As a result, PDA w/DPCA NPs steadily
released 9.8 wt% of the loaded drug within 7 days (168 hours,
Fig. 4C). The sustained drug release behavior can be attributed to
the strong chemical interactions between PDA and 1,4-DPCA
since the encapsulated drug must traverse the PDA layers during
release. To confirm the influence of the chemical interaction
between 1,4-DPCA and PDA on the drug release kinetics, we per-
formed column chromatography by comparing the drug release
rates of a column packed with PDA-coated silica beads with those
of a column packed with only silica beads. We observed a signifi-
cant decrease in the drug release rate of the column packed with
PDA-coated silica beads (Fig. S51). This result confirms our initial
hypothesis, indicating that interaction with the PDA coating
slows the release rate of the drug. This controlled release is
especially advantageous for enhancing drug delivery efficacy of
1,4-DPCA, as it is highly toxic when released in bursts.

ROS generation and activation of cellular antioxidant response
by the DDS

ROS, including hydrogen peroxide (H,0,), can be generated
from the drug carrier polydopamine as a byproduct through
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Fig. 4 (A) Confirmation of drug release from PDA w/DPCA NPs, (B)
standard curve for the calculation of drug release using various concen-
trations of 1,4-DPCA. (C) In vitro drug release profile of PDA w/DPCA
NPs. a.u. denotes arbitrary unit.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

the autoxidation process of the catechol moiety.*’ To demon-
strate that polydopamine generates H,0,, we performed a per-
oxide assay to quantify the H,O, produced (Fig. 5A). The assay
was conducted by dissolving synthesized PDA NPs and PDA w/
DPCA NPs at various concentrations (10, 25, 50 pg mL™") in 1x
PBS solution (pH 7.4) and measuring H,O, concentration after
20 minutes of incubation at room temperature. Results
showed that PDA NPs produced 9.3, 9.0, and 10.6 pM of H,0,
at 10, 25, and 50 pg mL ™", respectively (Fig. 5B). In contrast,
PDA w/DPCA NPs generated approximately two-fold higher
amounts of H,0,: 21.1, 26.3, and 29.5 pM at the same concen-
trations (Fig. 5C). This can be attributed to the electron-donat-
ing amine groups in 1,4-DPCA promoting the oxidation of the
catechol moiety in polydopamine.** Excessive ROS can oxidize
cellular components, leading to cell death and triggering
inflammatory responses. However, inflammation is typically
induced when ROS levels reach around 300-500 uM.** In our
study, the amount of ROS generated by PDA NPs or PDA w/
DPCA NPs at concentrations of 10-50 ug mL~" remained well
below this threshold, with a maximum of 29.5 pM. This indi-
cates that at these concentrations, PDA nanoparticles release
minimal ROS and are unlikely to induce an inflammatory
response. Furthermore, previous studies have shown that PDA
NPs help modulate oxidative stress without causing inflam-
mation, further supporting the biocompatibility and safety of
the developed DDS.****

The minimal ROS generated by polydopamine induces
appropriate levels of oxidative stress at the targeted site, acti-
vating the Nrf2/Heme oxygenase 1 (HO-1) signaling pathway.
This leads to the dissociation of Nrf2 from Kelch-like ECH
associated protein 1 (Keap1), its translocation to the nucleus,
binding to small Maf (musculoaponeurotic fibrosarcoma) pro-
teins (sMaf) proteins, and activation of the antioxidant respon-
sive element (ARE), thereby promoting the expression of anti-
oxidant genes such as Hmox1 and Gstal (Scheme 1). To verify
this, we analyzed the expression of Nrf2, Hmox1, Gstal genes
in each state using qPCR. When MC3T3-E1 cells were treated
with PDA NPs, PDA w/DPCA NPs, and 1,4-DPCA, there was no
significant difference in the mRNA levels of Nrf2 (Fig. 5D),
indicating that none of the components of the DDS affected
the basal Nrf2 gene expression. On the other hand, the mRNA
levels of Nrf2 target genes, Hmox1 and Gstal, showed a signifi-
cant increase in the groups treated with PDA NPs and PDA w/
DPCA NPs. Specifically, Hmox1 mRNA levels increased by 4.5-
fold in the PDA NPs-treated group and by 7.4-fold in the PDA
w/DPCA NPs-treated group, compared to a 1.1-fold increase in
the 1,4-DPCA-treated control group (Fig. 5D). Similarly, Gsta1
mRNA levels rose by 1.5-fold in the PDA NPs-treated group and
by 5.2-fold in the PDA w/DPCA NPs-treated group, while the
1,4-DPCA-treated group showed a decrease to 0.63-fold
(Fig. 5D). These results suggest that treatment with PDA NPs
and PDA w/DPCA NPs successfully enhances the expression of
Nrf2 target genes Hmox1 and Gstal, which are involved in the
antioxidant response. This implies that PDA NPs and PDA w/
DPCA NPs induce ROS generation, thereby activating the Nrf2
pathway and enhancing cellular antioxidant defense mecha-
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Fig. 5 (A) Schematic of peroxide assay. Quantified amount of hydrogen peroxide generated with (B) PDA NPs and (C) PDA w/DPCA NPs in pH 7.4
PBS solution (n = 7). (D) Relative gene expression of Hmox1, Gstal, and Nrf2 in MC3T3-E1 cells treated with PDA NPs, PDA w/DPCA NPs, and 1,4-
DPCA (n = 3). Asterisk symbolizes the statistical significance (p-values): **** indicate p < 0.0001, n.s. = statistically not significant.

nisms. Considering the superior ROS generation and the resul-
tant upregulation of antioxidant gene expression observed in
PDA w/DPCA NPs compared to PDA NPs, it suggests that the
combination of PDA and DPCA more effectively activates the
Nrf2 pathway and accelerates tissue regeneration.

Demonstration of Hif-1a upregulation at the mRNA and
protein levels

To investigate the contribution of 1,4-DPCA released from PDA
NPs to the upregulation of Hif-1a protein and mRNA levels
(Scheme 1), we treated MC3T3-E1 cells with PDA w/DPCA NPs
and conducted ELISA, western blot, FACS, and RT-qPCR ana-
lyses. ELISA results showed that PDA NPs and PDA w/DPCA
NPs treatment significantly increased Hif-1a protein levels by
1.6- and 1.8-fold, respectively, while 1,4-DPCA treatment led to
only a 1.2-fold increase (Fig. 6A). Similarly, western blot results
confirmed that Hif-1a protein levels increased significantly by
1.2- and 2.3-fold with PDA NPs and PDA w/DPCA NPs treat-
ment, respectively, while 1,4-DPCA treatment resulted in only a
1.7-fold increase (Fig. 6B and S67). FACS analysis also demon-
strated at the single-cell level that PDA w/DPCA NPs treatment
led to a significantly greater increase in Hif-1a expression com-
pared to the control (PDA NPs treatment alone) (Fig. 6C).
These results consistently indicate that PDA w/DPCA NPs
induced the greatest increase in Hif-la protein levels.
Interestingly, despite the theoretical reduction of DPCA loaded
onto the PDA w/DPCA NPs to about one-tenth compared to the
control (1,4-DPCA only), the effect on Hif-1a protein levels was
significantly greater. These findings emphasize the effective
drug delivery capability of our DDS on Hif-la expression.
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metric data showing the frequency of Hif-la-expressing cells (n = 10).
Asterisks indicate statistical significance (p-values): **** represents p <
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Additionally, it is noteworthy that PDA itself significantly
increased HIF-1a protein expression compared to the control.
This could be attributed to the ROS (e.g., H,O,) generated by
PDA, which mediates the dimerization of PHD via disulfide
bonding, leading to the stabilization of HIF-1a.*> This suggests
that the synergistic effect related to ROS and 1,4-DPCA’s PHD
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inhibition resulted in the highest overexpression of HIF-1a
protein in the PDA w/DPCA NPs treated samples. RT-qPCR
results showed no statistically significant difference in Hif1a
mRNA expression levels with PDA NPs or PDA w/DPCA NPs
treatment compared to the control, whereas 1,4-DPCA treat-
ment significantly increased Hif-1a mRNA expression by 1.6-
fold (Fig. S77). This suggests that while PDA NPs and PDA w/
DPCA NPs may initially promote a transient upregulation of
Hif1a mRNA, rapid mRNA degradation may prevent detection
at the three-day time point.

In vitro biocompatibility tests

To evaluate the biocompatibility of the DDS (PDA w/DPCA NPs)
and establish the optimal concentration for application, cyto-
toxicity tests were conducted using CCK-8 and hemolysis
assays at concentrations of 10, 25, and 50 ug mL™'. The CCK-8
assay results revealed that, following treatment with PDA w/
DPCA NPs or PDA NPs, all sample groups at concentrations
below 25 pg mL~" showed cell viability above 80% compared
to the untreated control group. According to ISO 10993-5 guide-
lines, cell viability above 80% indicates non-cytotoxicity,
meaning that DDS concentrations of 25 ug mL™" or lower are
biocompatible (Fig. 7A). However, at the higher concentration
of 50 pg mL™", a mild cytotoxic response was observed. In the
hemolysis assay, as the concentration of PDA w/DPCA NPs
increased, the hemolysis rate also rose, with a slight increase
observed in the pH range of late endolysosomes (pH 6.2). At
the highest concentration of 50 pg mL™", the hemolysis rate
was approximately 1.9% across all pH ranges (physiological,
early endosomal, and late endo-lysosomal). At concentrations
of 10 and 20 pg mL™", the DDS showed a hemolysis rate of
approximately 1% across all pH ranges (Fig. 7B). According to
ASTM E2524-08 standards, a hemolysis rate greater than 5%
indicates that the test substance damages erythrocytes.
Therefore, the safety of the DDS was demonstrated at all con-
centrations in the hemolysis assay. Based on the CCK-8 assay
and hemolysis results, 10 pg mL™" was established as the
optimal DDS delivery concentration, and subsequent experi-
ments were conducted at this concentration.

In vitro and in vivo demonstration of bone regeneration using
the DDS

To demonstrate the in vitro bone regeneration effect of the
developed DDS, we evaluated the ALP activity of MC3T3-E1
cells treated with PDA w/DPCA NPs. ALP activity is a crucial
indicator of early osteoblast differentiation and mineralization
for bone development. Thus, ALP activity can confirm active
bone formation in osteocytes and/or osteoblasts.’® Here, we
tested the ALP activity of MC3T3-E1 cells treated with PDA w/
DPCA NPs at a concentration of 10 pg mL™". Specifically, ALP
activity was monitored over 1, 3, and 7 days (Fig. S8t). Upon
evaluating the changes in ALP activity in MC3T3-E1 cells fol-
lowing treatment with PDA w/DPCA NPs and their subsequent
differentiation, it was observed that all groups exhibited
enhanced bone activity compared to the untreated control
group at different differentiation durations. Specifically, ALP
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Fig. 7 (A) In vitro cell cytotoxicity evaluated by CCK-8 assay. The bar
graph shows the cell viability of cells treated with polydopamine nano-
particles (PDA NPs) and PDA NPs with 1,4-DPCA (PDA w/DPCA NPs) (n =
5). (B) In vitro hemolysis test results of PDA w/DPCA NPs (n = 4). Asterisk
symbolizes the statistical significance (p-values): *, **** indicate p <
0.05, p £ 0.0001, n.s. = not significant.

activity increased to 1.2-fold over control at 1 day, 1.8-fold at 3
days, and 1.1-fold at 7 days. These findings suggest that the
designed drug carrier facilitates bone formation and osteoblast
differentiation in MC3T3-E1 cells.

To evaluate the in vivo bone regeneration efficacy of the
optimized DDS, we applied PDA w/DPCA NPs to a mouse cal-
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varial defect model and compared the results with those of the bone, resulting in higher density, uniform appearance, and
control groups. The experimental timeline for evaluating the increased stability, closely resembling the surrounding old
in vivo bone regeneration efficacy using a mouse calvarial bone. In contrast, the control groups showed disordered
defect model is depicted in Fig. 8A. Overall, treatment with fibrous connective tissue at the defect margin. The quantitat-
PDA w/DPCA NPs led to the defect being fully filled with new ive results (Fig. 8B and C) calculated from MT-stained images
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Fig. 8 (A) Experimental timeline for evaluating in vivo bone regeneration efficacy using a mouse calvarial defect model. (B) The proportion of new bone
matrix within the calvarial defect site: reported values were calculated by using Masson'’s trichrome (MT)-stained images. (C) The average diameter of the
residual defect at the site four weeks post-surgery was measured for the untreated group, the PDA NPs-treated group, and the PDA w/DPCA NPs-treated
group; the initial defect area was 2 mm on the mouse calvarial bone. (D) Three-dimensional reconstructed micro-X-ray images of calvarial bone defect
sites at 4 weeks post-surgery for the following groups: the untreated group, the PDA NPs-treated group, and the PDA w/DPCA NPs-treated group. The
dotted lines highlight the areas of bone defects and regeneration. Data are presented as the mean + SD (n = 4). The regions of tissue regeneration are indi-
cated by a black dotted line. Asterisk symbolizes the statistical significance (p-values): ***, **** indicate p < 0.001, p < 0.0001.
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(Fig. S9At) revealed the near absence of bone tissue and col-
lagen in the untreated group. However, the group treated with
PDA NPs displayed improved bone regeneration, attributed to
the upregulated antioxidant gene expression as confirmed in
Fig. 4D, which induced an anti-inflammatory effect.*® This was
further enhanced in the group treated with PDA w/DPCA NPs,
which exhibited the highest new bone formation ratio at the
calvarial defect site, confirmed by both MT and H&E staining
(Fig. S9A and S9Bf). The PDA w/DPCA NPs treated group
showed an approximately 6-fold increase in bone formation
compared to the untreated group, indicating a synergistic
effect of regenerative drug (1,4-DPCA) with ROS-generating
drug carrier (PDA NPs) in significantly improving bone
formation.

Furthermore, using 3D reconstructed micro-X-ray imaging,
we analyzed the entire skull 4 weeks post-surgery to confirm
the induction of new bone formation at the calvarial bone
defect site (Fig. 8D). No bone formation was observed in the
untreated control group. In contrast, new bone formation was
detected at the center of the defect in the PDA NPs-treated
group. The group treated with PDA w/DPCA NPs exhibited
more extensive bone formation, visibly greater across a larger
area of the defect center compared to the PDA NPs-treated
group. This suggests that newly formed bone cells are gradu-
ally assembling to close the defect site. This observation aligns
with the results from the MT and H&E staining (Fig. S9A and
S9BT). The above results clearly demonstrate the efficacy of our
designed DDS for bone tissue regeneration.

Conclusion

In this study, we designed a novel drug delivery system incor-
porating the regenerative drug 1,4-DPCA into a polydopamine
(PDA)-based nanocarrier. This delivery system leverages poly-
dopamine’s ROS generation to activate the cellular antioxidant
defense system and stimulates tissue regeneration through 1,4-
DPCA’s upregulation of Hif-1a, thereby maximizing tissue
regeneration at the target site through their synergistic effects.
In this process, 1,4-DPCA enhances PDA’s ROS generation,
further boosting antioxidant gene expression, while PDA also
aids in increasing Hif-1a protein expression by 1,4-DPCA. This
indicates that each material helps amplify the other’s regenera-
tive mechanisms. Additionally, the inherent sustained release
capability of the drug delivery system addresses the potential
drug toxicity issues associated with burst release of 1,4-DPCA.
Moreover, even with a small loading of about 10% of the drug,
bone regeneration capacity was shown to be 6-fold greater
than that of the untreated control, as verified by the mouse cal-
varial defect model. The results provide valuable insights into
how the synergistic interaction between PDA and 1,4-DPCA can
maximize tissue regeneration. Furthermore, CCK-8 and hemo-
lysis analyses indicated that the developed drug delivery
system can be easily applied in vivo in an injectable form.
Given that the synergetic regenerative mechanisms could be
applicable to various tissues, we believe that the potential

This journal is © The Royal Society of Chemistry 2024
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application of our developed drug delivery system could extend
beyond bone regeneration to other disease models.
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