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A B S T R A C T   

Recently, a number of studies reported that casein was composed of various multifunctional bioactive peptides 
such as casein phosphopeptide and β-casochemotide-1 that bind calcium ions and induce macrophage chemo
taxis, which is crucial for bone homeostasis and bone fracture repair by cytokines secreted in the process. We 
hypothesized that the effects of the multifunctional biopeptides in casein would contribute to improving bone 
regeneration. Thus, we designed a tissue engineering platform that consisted of casein and polyvinyl alcohol, 
which was a physical-crosslinked scaffold (milk-derived protein; MDP), via simple freeze-thaw cycles and per
formed surface modification using 3,4-dihydroxy-L-phenylalanine (DOPA), a mussel adhesive protein, for 
immobilizing adhesive proteins and cytokines for recruiting cells in vivo (MDP-DOPA). Both the MDP and MDP- 
DOPA groups proved indirectly contribution of macrophages migration as RAW 264.7 cells were highly migrated 
toward materials by contained bioactive peptides. We implanted MDP and MDP-DOPA in a mouse calvarial 
defect orthotopic model and evaluated whether MDP-DOPA showed much faster mineral deposition and higher 
bone density than that of the no-treatment and MDP groups. The MDP-DOPA group showed the accumulation of 
host M2 macrophages and mesenchymal stem cells (MSCs) around the scaffold, whereas MDP presented mostly 
M1 macrophages in the early stage.   

1. Introduction 

The bone restoration process, which involves various progenitor cells 
such as inflammatory, endothelial, and hematopoietic cells, has three 
distinct phases, the inflammation phase, the reparative phase, and the 
osteogenesis or new bone formation phase [1]. In the inflammation 
phase, tissue-resident and infiltrating macrophages are initially 
recruited and secrete pro-inflammatory cytokines at the fractured bone 
areas [2]. M1 phenotype macrophages, which are activated by the cy
tokines maintain the pro-inflammatory state by secreting interferon-γ 
(IFN γ), tumor necrosis factor-α (TNFα), and interleukin-2 (IL-2) signals. 
However, if an excessive immune response occurs, tissue repair is 
delayed without moving on to the next healing phase [3]. After then, 
overlapped at that phase, selectively triggered M2 phenotype 

macrophages hinder the inflammatory response by secreting 
anti-inflammatory cytokines such as IL-4, IL-10, and IL-1Rα and play a 
crucial role in healing fractured area by promoting recruitment of bone 
marrow mesenchymal stem cells (bmMSCs) and the secretion of trans
forming growth factor-β (TGF-β), osteopontin (OPN) and bone 
morphogenic protein-2 (BMP2) [4]. For these reasons, adopting a 
strategy for bone fracture repair that modulates a shift from the in
flammatory to the anti-inflammatory phases seems reasonable. How
ever, we paid attention to the sequential events, where if many 
macrophages were recruited to the defect site in the early stage, 
chemotaxis created by the cytokines secreted from the recruited host 
cells would cause the rapid accumulation of osteogenic progenitor cells. 

To modulate artificial immune responses for recruiting macro
phages, several cytokines such as IL-17 [5] and TNFα have been directly 
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applied [6], but these cytokines have also shown dose-dependent side 
effects such as an increased risk of severe osteoclastogenesis and rheu
matoid arthritis development, Th17-dependent autoimmune responses, 
and prolonged inflammation [7]. In addition, bioceramics with various 
bioactive ions or surface topography have been used as biomedical 
implant scaffold materials to modulate immune responses in the host. 
However, some bioceramics or ions induced inappropriate excessive 
inflammatory responses, which were a great hindrance for the bone 
healing process, and the mechanism by which the surface topography 
modulated the immune response is not fully understood [8–10]. Based 
on these immune responses in the body, we tried to find the appropriate 
bioactive biomaterials to safely boost the recruitment of macrophages in 
a biological environment. Bioactive proteins from food, as well as casein 
protein, which account for 80% of the proteins in milk, have demon
strated that various kinds of biologically active peptides could have 
immunostimulant, antithrombotic, antioxidative functions, and other 
health-promoting effects [11] and are generally recognized as safe 
(GRAS), meaning that they are biocompatible with biological environ
ments [12]. We focused on two specific bioactive peptides in casein, 
casein phosphopeptide (CPP) and β-casochemotide-1, for effective bone 
regeneration. Many studies have been shown that CPP has acidic motifs, 
which is a negatively charged region, for binding calcium ions [13] and 
induces excellent osteogenic activity in osteoblasts [14]. β-casochemo
tide-1 has also been reported to promote macrophage migration by 
promoting a high level of chemotaxis [15]. Using the beneficial effects of 
these bioactive peptides in casein as a tissue engineering platform, we 
attempted to investigate whether the calcium-binding affinity and 
chemotactic activity of recruited host macrophages by bioactive pep
tides would contribute to the induction of bone regeneration. 

To prepare a bone tissue engineering platform using milk-derived 
protein casein, we applied poly (vinyl alcohol) (PVA), which is a Food 
and Drug Administration (FDA)-approved biocompatible synthetic 
polymer, to induce physically cross-linked scaffolds (MDPs) through 
freeze-thaw cycles [16] without any chemical cross-linking agents that 
could cause subtle changes in the primary structure of casein [17]. 
Furthermore, to improve the attachment of recruited host cells to the 
fabricated scaffold, we modified the surface of the MDP scaffold using 3, 
4-dihydroxy-L-phenylalanine (DOPA), a mussel adhesive protein 
(MDP-DOPA). In this study, we investigated the surface characteristics 
of MDP and MDP-DOPA scaffolds using various analyses and examina
tions to determine whether the bioactive protein scaffolds could recruit 
macrophages to the materials under in vitro and in vivo conditions. We 
also performed an in vivo animal study using a mouse calvarial defect 
model and measured the extent to which the implanted scaffolds could 
heal the defected areas through live micro-computed tomography (CT) 
and histological analysis. Furthermore, we verified which types of 
macrophages and cytokines were recruited and secreted respectively at 
the defect area by scaffolds in the early stage in an in vivo animal study. 

2. Materials and methods 

2.1. Preparation of milk-derived protein scaffolds 

The MDP and MDP-DOPA scaffolds were prepared using the freeze- 
thaw method. Briefly, 1.0 g of bovine casein (Sigma-Aldrich) was dis
solved in 12.5 mL of 1 M sodium hydroxide (DAEJUNG, Gyeonggi-do, 
Korea) and 0.5 g of PVA (Sigma-Aldrich) was dissolved in 12.5 mL of 
distilled water (DW). These solutions were gently mixed for 1 h on a 
stirring machine (Corning) and dispensed onto cell culture plates 
(Corning) at 10 mL. The culture plates underwent freeze-thawing by 
freezing at − 80 ◦C (OPERON, Gyeonggi-do, Korea) for 4 h and thawing 
at room temperature for 2 h. The freeze-thaw cycles were repeated at 
least 3 times. Casein and PVA were physically cross-linked to form 
scaffolds by the freeze-thaw cycles. These scaffolds were freeze-dried 
and stored at − 80 ◦C. MDP was modified by DOPA (Sigma-Aldrich) to 
improve surface hydrophilicity for the attachment and invasion of host 

cells. MDP was immersed and shaken in Tris buffer (10 mM, pH 8.5, 
Sigma-Aldrich) containing DOPA (2 mg/mL) at room temperature for 
16 h. The MDP-DOPA scaffold was washed to remove non-oxidized 
DOPA and freeze-dried for further studies. 

2.2. Characterization of the MDP and MDP-DOPA 

The surface analysis of MDP and MDP-DOPA was conducted by 
fixing on a stub using carbon double-sided tape (Nisshin) and sputter- 
coated with platinum at a plasma current of 30 mA for 100 s under a 
vacuum to a thickness of 5 nm using a sputter coater (Sputter Coater 108 
Auto, Cressington, Watford, UK). The MDP and MDP-DOPA scaffolds (n 
= 3/per group) were characterized by scanning electron microscopy 
(SEM, JEOL, Tokyo, Japan) at an accelerating voltage of 20 kV. The 
DOPA-coated MDP scaffold was investigated using X-ray photoelectron 
spectroscopy (XPS, PHI 5000 VersaProbe, Ulvac-PHI, Japan) to detect 
the chemical composition of the fabricated scaffolds with or without 
surface modification (n = 3/per group) at a base pressure inside the 
analyzer of 2 × 10− 7 Pa. The photoelectron spectra were excited using a 
monochromated Al Kα (1486.6 eV) anode at a constant power of 25 W 
(15 kV and 10 mA). During spectra acquisition, the constant analyzer 
energy mode had a narrow scan pass energy of 58.70 eV and pass energy 
with a 0.1 eV step. The binding energy scale was calibrated for hydro
carbon contamination using the C1s peak at 285 eV. 

2.3. Mechanical properties of the MDP and MDP-DOPA scaffolds 

Tensile strength was evaluated according to the ASTM D882 stan
dard method using a tensile test machine (Model 5966, Instron, MA, 
USA). The size of the samples was prepared to 1.5 cm × 3 cm. The MDP 
and MDP-DOPA scaffolds (n = 5/per group, hydration state) were tested 
at a load cell force of 10 kN, a crosshead speed of 10 mm/min, and a 
clamp distance of 25 mm. The MDP and MDP-DOPA scaffolds were 
clamped between two holders. Also, MDP and MDP-DOPA scaffolds (n 
= 5/per group, hydration state) were compressed at a rate of 0.15 mm/s 
until mechanical failure. Mechanical test results including tensile stress, 
tensile strain, Young’s modulus and compressive stress were output via 
the manufacturer’s program. 

2.4. Mass spectrometry analysis 

Casein protein component reduction was performed using 10 mM 
dithiothreitol (DTT) in the dark for 1 h, and alkylation was achieved 
afterward with 30 mM 2-chloroacetamide in the dark for 1 h. The re
action was quenched by the addition of 20 μL of 200 mM DTT and in
cubation for 10 min. The samples (n = 3/per group) were diluted (1:10 
casein:ammonium hydrogen carbonate (v/v)) using 25 mM ammonium 
bicarbonate, and the diluted samples were treated with 2 μg of 
sequencing-grade trypsin (Promega) at 37 ◦C for 12 h followed by the 
addition of trypsin to the reaction mixture for an additional 6 h. Finally, 
the samples were desalted using a C18 solid-phase extraction pipette tip 
(SPEC PT C18, Varian), vacuum-dried, and then dissolved in 10 μL of 
95% H2O, 5% acetonitrile, and 0.1% formic acid for subsequent mass 
spectrometry (MS) analysis. 

The MS analyses were conducted with a high-performance liquid 
chromatograph (Waters nanoAcquity) combined with an electrospray 
ionization (ESI) FT/ion-trap mass spectrometer (LTQ Orbitrap Velos, 
Thermo Fisher Scientific). Peptides were separated using a 50 × 365 μm 
fused silica capillary micro-column packed with 15 cm of 5 μm diameter 
C18 beads (Western Analytical Products) followed by a 5 cm trap col
umn (75 × 365 μm, 5 μm-diameter C18 beads). The peptides were eluted 
at a 0.2 μm/min flow rate using a linear gradient from 5% to 50% 
acetonitrile in 0.1% formic acid. A full-range mass spectral scan was 
achieved in the orbitrap, and the acquired raw MS/MS spectra files for 
each sample were analyzed against the bovine and mammalian protein 
UniProt database using SEQUEST (version 1.2, Thermo Fisher 
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Scientific). 

2.5. In vitro degradation test 

The in vitro degradation of the MDP and MDP-DOPA scaffolds (n =
5/per group) was investigated by incubating each sample in a 1 mg/mL 
collagenase B (Roche, Basel, Switzerland) solution, which induced 
enzymatic degradation to indirectly predict implanted scaffold behav
iors in vivo and measured the weight loss over 28 days [18,19]. To 
mimic host physiological condition, collagenase B was further dissolved 
in bovine serum collected from whole bovine blood (Farm Story Han
naeng, Cheongju, Korea) by centrifugation (3000 rpm) and the prepared 
samples were incubated at 37 ◦C. Each scaffold was weighed at each 
time point (1, 7, 14, and 28 days) after washing with DW three times and 
dried to remove excess solvent. At every time point (t), the weight loss 
was calculated according to the following formula: weight loss (%) =
(Wi - Wt)/Wi x 100, where Wi represents the initial weight and Wt 
represents the weight of the sample at the indicated time point. 

2.6. In vitro cytotoxicity and proliferation tests 

The cytotoxicity of MDP and MDP-DOPA scaffolds to rat bmMSCs 
(Lonza, USA) and mouse RAW 264.7 cells (American Type Culture 
Collection, Bethesda, MD, USA) was evaluated using the LIVE/DEAD™ 
viability/cytotoxicity kit (Invitrogen) according to the manufacturer’s 
protocols. The bmMSCs and RAW 264.7 cells were cultured with a 
growth medium, which was Dulbecco’s modified Eagle’s medium 
(DMEM, Corning, USA) supplemented with 10% fetal bovine serum 
(FBS, Corning) and 1% penicillin/streptomycin (PS, Corning) until they 
were confluent. The bmMSCs and RAW 264.7 cells (each 5 × 104 cells/ 
mL) were cultured on scaffolds (n = 5/per group) for 5 days in 24 well 
culture plates and the resulting samples were washed twice with sterile 
phosphate-buffered saline (PBS, Sigma-Aldrich). The LIVE/DEAD re
agents (4 μM EthD-1 and 2 μM calcein-AM) were added directly to the 
samples, which were then incubated for 30 min at 37 ◦C and finally, 
observed using a fluorescence microscope (IX71 inverted microscope, 
Olympus, Tokyo, Japan) at the Center for Bio-medical Engineering Core 
Facility (Dankook University, Cheonan, Korea). We quantified the green 
labeled cells to analyze cell viability ([green labeled cells/total number 
of cells] × 100) using Image J software (National Institutes of Health, 
Bethesda, MD, USA). Cell proliferation was examined using the Cell 
Counting Kit-8 (CCK-8, Dojindo, Japan). At each time point (1, 3, and 5 
days), the cultured bmMSCs and RAW 264.7 cells (each 5 × 103 cells/ 
mL) on the scaffolds (n = 5/per group) in 96-well culture plates were 
washed twice using PBS, and 10 μL of CCK-8 solution in 100 μL of 
growth media was added to each well of the culture plate. The culture 
plates were incubated at 37 ◦C for 3 h and the absorbance was measured 
at 450 nm using a microplate reader (Spark 20 M multimode microplate 
reader, Tecan, Männedorf, Switzerland). We quantified the cell prolif
eration rate using the following equation: viable cells (%) = [(absor
bance value of each group)/(absorbance value of control group (tissue 
culture plates))] × 100. 

2.7. In vitro β-casein release test 

To investigate protein release kinetics, 6 mg of MDP and MDP-DOPA 
scaffolds (n = 5/per group) were placed in 1.5 mL standard poly
propylene microtubes and immersed in 1 mL of 1% bovine serum al
bumin (BSA)-PBS solution at 37 ◦C. At each time point, the solution was 
removed from each tube and replaced with fresh BSA-PBS. The selected 
sampling time points were 1, 3, 5, 7, 14, and 28 days. The collected 
samples were analyzed using an enzyme-linked immunosorbent assay 
kit for beta-casein (ELISA kit for casein beta, SEJ332Bo, Cloud-Clone 
Corp., TX, USA) according to the manufacturer’s protocol. 

2.8. In vitro cell migration assay 

To investigate improvements in migratory performance by our ma
terials, MDP and MDP-DOPA scaffolds (n = 5/per group) with or 
without RAW 264.7 cells (5 × 104 cells/mL) were placed in 24 well 
plates before cell seeding onto transwell inserts (Corning). The bmMSCs 
(1 × 105 cells/mL) and RAW 264.7 cells (1 × 104 cells/mL) were seeded 
onto transwell inserts with a polycarbonate membrane pore size of 8 μm 
(bmMSCs) and 5 μm (RAW 264.7 cells) (Corning) in 24 well plates. After 
1 day, the growth medium was removed and the transwell inserts were 
fixed with 4% paraformaldehyde (Sigma-Aldrich) for 1 min. The non- 
migrated cells on the upper layer of the transwell insert membranes 
were gently removed using a cotton swab. The migrated cells on the 
bottom layer of the transwell inserts were stained with 0.05% crystal 
violet (Sigma-Aldrich) for 10 min and observed using a microscope 
(AZ100, Nikon, Japan). For colorimetric quantification, the stained cells 
were immersed in 10% acetic acid and incubated for 30 s. The lysed 
solutions were measured at an optical density of 590 nm using a 
microplate reader. 

2.9. Collection of RAW 264.7 conditioned media and M1/M2 
polarization 

Macrophage polarization was investigated using RAW 264.7 cells. 
RAW 264.7 cells (5 × 106 cells/scaffold) were seeded in 100 mm 
diameter MDP and MDP-DOPA scaffolds with growth medium for 24 h. 
CM collected from treated RAW 264.7 cells was centrifuged for 20 min 
at 300 g to remove any residual substance. The RAW 264.7 cells cultured 
on the scaffolds (n = 5/per group) were detached from each scaffold and 
M1/M2-related gene expression was evaluated. We isolated RNA from 
the cells using an RNA extraction kit (Accuprep Universal RNA Extrac
tion Kit, Bioneer) according to the manufacturer’s protocol. RNA was 
quantified by absorbance readings at 260 nm and 280 nm using a 
Nanodrop spectrophotometer (Thermo Fisher Scientific). The RNA was 
purified, and first-strand cDNA was synthesized from 1 μg of total RNA 
using RT-PCR premix (Bioneer). The synthesized cDNA was used as a 
template for the amplification of each M1/M2 marker in PCR reactions 
containing PCR premix (Bioneer) and primers (Tables S3 and S4). The 
RT-PCR products were resolved by agarose gel electrophoresis. 

2.10. In vitro osteogenic differentiation test 

To investigate the relationship between macrophages and bmMSC 
osteogenic differentiation, the CM collected from RAW 264.7 cells was 
mixed with osteogenic differentiation media (100 nM dexamethasone, 
50 mM L-ascorbic acid, 10 mM β-glycerophosphate, and 7 mM L-gluta
mine in growth medium) in the same volume ratio. BmMSCs (5 × 104 

cells/mL) were seeded in 15 mm diameter MDP and MDP-DOPA scaf
folds (n = 5/per group, each experiment) with CM. The bmMSCs were 
cultured, and fresh medium was added every 2 days for 1, 2 and 4 weeks. 
After each time point, osteogenic differentiation was evaluated using 
various methods. First, bmMSCs were detached from each scaffold and 
used for measuring osteogenic differentiation-related gene expression 
by RT-PCR analysis using the same method described above. Moreover, 
osteogenic differentiation-related protein levels were analyzed by 
immunocytochemistry. The bmMSCs were fixed with 4% para
formaldehyde for 15 min and washed 3 times with PBS. The washed cells 
were blocked for 1 h with 5% goat serum and 0.1% Triton X-100 in PBS 
at room temperature. The blocked cells were stained with primary 
antibody (ALP: sc-271,431, OPN: ab8448) overnight at 4 ◦C. Then, 
fluorescein-isothiocyanate-conjugated secondary antibodies (Jackson 
Immuno Research Laboratories) were used to visualize with positive 
primary antibody signals and counterstained with 4′,6-diamidino-2- 
phenylindole (DAPI-Vectashield, Vector Laboratories, Burlingame, CA, 
USA). The immunostained cells were photographed using fluorescence 
microscopy. Image J software was used to analyze the positive signals in 
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the images. In addition, ALP-extracted IGEPAL solution (Sigma-Aldrich) 
and p-nitrophenyl phosphate solution were added to a 96-well plate and 
incubated at 37 ◦C for 30 min. After 30 min, 0.5 N NaOH (Sigma- 
Aldrich) was added to stop the color reaction, which was read with a 
plate reader at 410 nm. ALP activity was normalized to DNA content, 
which was detected using a PicoGreen dsDNA quantitation kit (Sigma- 
Aldrich). The calcium content was measured using a calcium colori
metric assay kit (Sigma-Aldrich). The osteogenically differentiated cells 
on both MDP and MDP-DOPA scaffolds were decalcified with 300 μL of 
0.6 N HCl for 24 h at room temperature. The extracted calcium solution 
was used for calcium quantification according to the manufacturer’s 
protocols and detected at 575 nm using a plate reader. 

2.11. In vivo animal test 

Female ICR mice (six weeks old, Dayun, Gyeonggi-do, Korea) were 
prepared and anesthetized by the intraperitoneal injection of a ketamine 
and xylazine mixture (4:1 ratio). After sterilizing the mouse’s head, a 
longitudinal incision was performed on the midline of the cranium to 
expose the sagittal suture line. We prepared two circular transosseous 
defects of 4 mm on the skull using a surgical trephine burr (XTP3404, 
Dentium, Seoul, Korea). The defect site was frequently cooled with 
sterile saline to prevent additional tissue damage. We conducted 3 
different studies to evaluate host cell migration, new bone formation, 
and mineral deposition by the recruited host cells, as well as cytokine 
absorption. The prepared MDP and MDP-DOPA scaffolds were implan
ted into mouse subcutaneous tissue (n = 4 per group) and the calvaria 
defect sites (n = 10 per group) for new bone formation. After 1 week, the 
implanted samples were retrieved from the subcutaneous tissue for 
further analysis related to host cell migration. To investigate mineral 
deposition by the cells recruited to each implanted scaffold, the 
implanted scaffolds were retrieved from mouse calvaria after treatment 
for 1 and 2 weeks, and the implanted scaffolds were transplanted be
tween the subcutaneous tissue and muscle tissue in mice hindlimbs for 2 
different durations. Also, to verify the types of recruited macrophages, 
the cytokines secreted in the defect area in the early stage were 
analyzed, and we retrieved the implanted scaffolds at 3 days and 1 week 
for investigations. After 2 and 4 weeks in the mouse hindlimb and 3 
days, 1 week, and 8 weeks in the mouse subcutaneous and calvarial 
defect model, all mice were euthanized by CO2 asphyxiation. The 
retrieved samples and harvested skull bones were fixed in 4% PFA 
overnight. The animal study was approved by the Institutional Animal 
Care and Use Committee at Dankook University (DKU-20-022). 

2.12. Live micro-CT analysis 

At each time point (2, 4, and 8 weeks), the MDP and MDP-DOPA 
scaffold-implanted mice were anesthetized by intraperitoneal injection 
in the same manner as that used for animal surgery. The anesthetized 
mice were analyzed using micro-CT scans (Skyscan 1176, Skyscan, 
Kontich, Belgium). Micro-CT was conducted at 50 kV and 500 μA, with a 
0.2-mm aluminum filter, and scanning was performed on all specimens 
(n = 10/per group). The scanned images were reconstructed using the 
Skyscan NRecon program. Following reconstruction, regions of interest 
were determined in the images for the Skyscan CTan and CTvol for 
visualizing and quantifying the newly formed bone volume (BV/TV) and 
mineral density (BMD). 

2.13. Histological analysis 

After 2, 4, and 8 weeks, all mice were euthanized and mice hindlimb 
muscles including scaffolds and skulls were harvested and fixed in 4% 
PFA overnight for further histological analysis. The fixed specimens (n 
= 10/per group) were washed in PBS to removed residual PFA and 
immersed in decalcifying Solution-Lite (Sigma-Aldrich) at room tem
perature for 2 h. Then, the samples were dehydrated in a graded ethanol 

series and xylene and embedded in paraffin. The embedded samples 
were sectioned into 6 μm sizes using a microtome (RM2255, Leica, 
Bensheim, Germany) and deparaffinized in xylene, hydrated in a graded 
ethanol series, stained with hematoxylin/eosin (H&E, Sigma-Aldrich), 
Goldner’s trichrome (BIOGNOST®, Zagreb, Croatia), and Von Kossa 
(Abcam) stain. The stained samples were photographed using an optical 
microscope to investigate the bone formation area and bone density. The 
bone formation area and bone density were measured using the 
following equation: new bone formation area = [(newly formed bone 
area)/(original defect area)] × 100; bone density = [newly formed bone 
area/(newly formed bone area + fibrovascular tissue area)] × 100. 

2.14. Immunohistochemical analysis 

To confirm the expression level of osteocalcin (OCN, 1:100, Abcam), 
F4/80 (1:20, R&D Systems), CD44 (1:100, Novus Biologicals), ALP 
(1:200, Santa Cruz), CD86 (1:200, Novus Biologicals) and CD206 (1:20, 
R&D Systems), we randomly selected paraffin-sectioned slides (n = 10/ 
per group) at each time point and immersed them in xylene for depar
affinization. Then, the samples were hydrated in an immunostaining 
preconditioning process and incubated using a blocking buffer solution 
containing 10% horse serum and 0.5% Triton X-100 in PBS at room 
temperature. The blocked samples were stained with primary rat- 
specific antibodies overnight at 4 ◦C. We used fluorescein- 
isothiocyanate-conjugated secondary antibodies (Jackson Immuno 
Research Laboratories) to visualize the positive signals of the primary 
antibodies and counterstained the samples with DAPI. The immuno
stained samples were photographed using a fluorescence microscope 
(IX71 inverted microscope, Olympus, Tokyo, Japan). To compare posi
tive expressions of CD86 and CD206 between analysis groups, we 
evaluated photographed images to use Image J software. 

2.15. Secreted cytokine array analysis in the early stage after 
implantation 

After 1 week, the samples (n = 5/per group) harvested from mouse 
calvaria were homogenized in PBS with protease inhibitor (10 μg/mL of 
pepstatin, aprotinin, leupeptin), and Triton X-100 was added to a final 
concentration of 1% and frozen at ≤ − 70 ◦C, thawed, and centrifuge at 
10,000 g for 5 min and the supernatant was collected. The supernatants 
were assayed using the Proteome Profiler Array Mouse XL Cytokine 
Array Kit (ARY028, R&D Systems) according to the manufacturer’s 
protocol. The array kit contains nitrocellulose membranes spotted with 
capture antibodies. Each membrane was incubated with supernatant at 
4 ◦C overnight. After extensive washing to remove non-bound proteins, 
the membranes were incubated with biotinylated detection antibodies. 
Next, streptavidin–horseradish peroxidase was added to visualize the 
antibody reactions, which were detected using an image analyzer system 
(ImageQuant LAS 4000 mini, GE Healthcare). 

2.16. Statistical analysis 

The quantitative data are expressed as the mean ± standard devia
tion. We used Origin Pro 8 SR4 software (OriginLab Corporation, MA, 
USA) to perform the Student’s t-test. A P-value of <0.05 was considered 
to denote statistical significance. 

3. Results and discussion 

3.1. Characterization of milk-derived protein scaffolds 

MDP and MDP-DOPA scaffolds were fabricated with a combination 
of casein and PVA solutions through freeze-thaw cycles to improve the 
mechanical properties and degradation rate (Fig. 1A) [20]. The repeated 
freeze-thaw cycles induced physical cross-links between casein and PVA 
by physical sol-gel transition without any crosslinking agent [21]. The 
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MDP was coated with DOPA to promote better adhesion of the host cells 
or cytokines onto the surface of the scaffold. DOPA enhances the ab
sorption of cell-binding proteins via the reactivity of amine and thiol 
groups [22]. During the coating of DOPA onto the MDP scaffold, DOPA 
polymerization occurred homogeneously over the entire surface of the 
MDP scaffold and the color gradually changed to dark-brown (Fig. 1B). 
The MDP and MDP-DOPA scaffolds showed sponge-type shape and 
similar structure except for their color in macroscopic images before or 
after freeze-drying. In a detailed structure investigation, we conducted a 
morphological analysis of freeze-dried MDP scaffolds using scanning 
electron microscopy (SEM). In the gross view, the surface of the MDP 
and MDP-DOPA scaffolds had a somewhat flat surface and inner uniaxial 
structures were seen on the cross-sectional view. PVA fibrillation 
resulted in the phase transformation of the MDP and MDP-DOPA scaf
folds from semi-crystalline to amorphous structures during fabrication. 
Water molecules penetrated the molecular chains of PVA and were 
weakly bound to the hydroxyl groups [23]. This process caused the 
re-arrangement or reorientation of PVA molecules in the MDP scaffold. 
We also confirmed that DOPA coating did not deform surface 
morphology. The cross-sectional view in both groups showed porous 
structures which were occupied and formed by ice crystals that 
composed the layered structure. 

Surface analysis was performed by X-ray photoelectron spectroscopy 
(XPS) to detect the chemical composition of the fabricated scaffolds with 
or without surface modification, as shown in Fig. 1C. PVA powder group 

was not detected any peaks in narrow scans at nitrogen (N1s, 399.73 
eV), phosphorus (P2p, 133.17 eV), sodium (Na1s, 1071.7 eV) or calcium 
(Ca2p, 347.02 eV) [24]. The casein powder group showed higher counts 
of N1s, P2p peaks compared to the other groups [25–27]. The counts 
levels of Ca2p peaks were analyzed comparable with Casein powder, 
MDP and MDP-DOPA groups. The MDP-DOPA group had higher N1s 
peaks than the MDP group because the catecholamine groups in DOPA 
were covered in the MDP group and exposed on the surface of the 
MDP-DOPA group [28]. Both the MDP and MDP-DOPA groups had 
similar levels in P2p peaks. The phosphoric acid in the chemical struc
ture of casein was considered to be surrounded by the PVA chains 
re-arranged during the MDP fabrication process. Thus, it was not 
detected in either the MDP or the MDP-DOPA group. Furthermore, mass 
spectrometric analysis of MDP and MDP-DOPA scaffolds was performed 
to identify the biochemical composition of scaffolds and preserve milk 
protein from physical cross-links. We confirmed that MDP and 
MDP-DOPA scaffolds retained α-, β- and κ-caseins including other types 
of proteins (Tables S1 and S2). 

We also examined and calculated mechanical property values 
including tensile stress, Young’s modulus and compressive stress in the 
MDP and MDP-DOPA groups by Instron (Fig. 1D to F). The tensile stress- 
strain curves appeared to have similar yield strengths in both the MDP 
and MDP-DOPA groups. Young’s modulus in the MDP (0.19 ± 0.05 
MPa) and MDP-DOPA (0.18 ± 0.04 MPa) groups also had comparable 
values without significant differences. Compressive modulus was 

Fig. 1. (A) The fabrication procedure of MDP and 
MDP-DOPA scaffolds. (B) Morphological character
ization of MDP and MDP-DOPA scaffolds using SEM 
(n = 3/per group, Macroscopic images scale bar = 5 
mm, SEM image scale bar = 100 μm). (C) Surface 
characterization using XPS analysis of various mate
rials (n = 3/per group). (D) The evaluation of me
chanical property of MDP and MDP-DOPA scaffolds 
(n = 5/per group, Scale bar = 25 mm). The quanti
fication results of (E) tensile strain-stress curve and 
(E) Young’s modulus.   
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investigated, with no significant difference between the MDP (5.55 ±
0.41 kPa) and MDP-DOPA (5.34 ± 0.64 kPa) groups (Fig. S1). As we 
confirmed to compare surface morphologies using SEM between MDP 
and MDP-DOPA groups, DOPA coating was not affected mechanical 
properties. For effective bone regeneration in the bone defect area, the 
implanted materials should maintain mechanical support during the 
regeneration process [29]. Thus, we performed an in vitro degradation 

test for 4 weeks (Fig. S2) and found that the degradation rates in the 
MDP (6.29 ± 2.37%) and MDP-DOPA (6.27 ± 1.96%) groups showed 
similar tendencies. Based on those data, we considered both the MDP 
and MDP-DOPA scaffolds to be suitable for applications in vitro and in 
vivo studies on bone regeneration. 

Fig. 2. In vitro cytotoxicity and cell proliferation tests were performed to use MDP and MDP-DOPA scaffolds. (A) Live & Dead and (B) CCK-8 assays of bmMSC and 
RAW 264.7 cells in scaffolds (n = 5/per group, p* < 0.05 compared with MDP, Scale bar = 1 mm). (C) The quantification results of cumulative β casein release test 
from MDP and MDP-DOPA scaffolds (n = 5/per group). (D) The schematic illustration of indirect RAW 264.7 and bmMSC migration tests using transwell-inserts. (E) 
Representative images of RAW 264.7 and bmMSC migration tests (n = 5/per group, Scale bar = 50 μm). (F) The quantification results of RAW 264.7 and bmMSC 
migration rate (p* < 0.05 compared with No treat). 
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3.2. In vitro cytotoxicity and migration tests 

To examine the cytotoxicity and cell viability of bone marrow 
mesenchymal stem cells (bmMSCs) and RAW 264.7 cells on the MDP 
and MDP-DOPA scaffolds, LIVE/DEAD and CCK-8 assays were per
formed (Fig. 2A and B). We compared the green color (live cells) and red 
color (dead cells) of the bmMSCs and RAW 264.7 cells on the MDP and 
MDP-DOPA scaffolds at each time point. Both cell types mostly 
expressed green signals with a few red dots in all groups at all time 
points. The quantification results and numerical values of the LIVE/ 
DEAD assay were added to Fig. S3. However, the MDP group showed 
much lower cell densities compared to the MDP-DOPA group at each 
time point. In the same manner, the CCK-8 assay results showed 
significantly lower cell population MDP group than MDP-DOPA groups 
at each time point. These results were not considered to be related to 
cytotoxicity, but because of the many hydrophobic domains in casein 
[12] and hydrophilic PVA [30], the bmMSCs and RAW 264.7 cells did 
not easily attach to the surface of the scaffold. We also confirmed that 
bmMSCs on the MDP scaffold did not appear to spread at 36 h compared 
to the MDP-DOPA scaffolds and affected initial cell adhesion through 
F-actin with vinculin staining and SEM images (Fig. S4). Thus, to 
improve the initial cell adhesion, we coated the surface of MDP with 
DOPA. The DOPA grafted onto the MDP scaffold had an abundance of 
functional amine groups with positive charges and these would interact 
electrostatically with negatively charged glycoproteins in the cell 
membranes [31]. Thus, better cell proliferation could be induced by 
enhanced cell adhesion. 

We also analyzed the accumulated release profiles of substances such 
as β-casein from the prepared MDP and MDP-DOPA scaffolds (Fig. 2C). 
We conducted release tests of β-casein from both the MDP and MDP- 
DOPA scaffolds over 28 days. The cumulative β-casein release after 28 
days was not significantly different between the MDP (94.47 ± 1.45 ng) 
and MDP-DOPA (94.12 ± 2.10 ng) scaffolds. β-casochemotide-1 in 
β-casein was previously reported to induce high levels of macrophage 
chemotaxis [15]. Macrophages have been reported to play an essential 
role in sustaining bone homeostasis and defect healing by inducing the 
recruitment and differentiation of mesenchymal progenitor cells [32]. 
To investigate these concepts in the present research, we performed 1 
day in vitro transwell cell migration tests of both RAW 264.7 cells and 
bmMSCs (Fig. 2D to F). First, we evaluated the migratory performance of 
RAW 264.7 cells toward MDP and MDP-DOPA scaffolds, which released 
β-casein for recruiting RAW 264.7 cells toward the materials. Compared 
to the no-treatment (0.06 ± 0.01) group, both the MDP (0.07 ± 0.01) 
and MDP-DOPA (0.08 ± 0.01) groups showed significantly higher RAW 
264.7 migration rates. Furthermore, we implanted both MDP and 
MDP-DOPA scaffolds into mouse subcutaneous tissue for 1 week to 
investigate the recruitment of host macrophages (Fig. S5). The MDP and 
MDP-DOPA groups showed significantly higher deposition of F4/80, 
CD86 and CD206-positive cells around the implanted area compared to 
that of the polycaprolactone (PCL) and PCL-DOPA films used as the 
control groups. Second, we performed cell migration tests to the MDP 
and MDP-DOPA scaffolds with RAW 264.7 cells, which were placed on 
the bottom of the culture plate well and bmMSCs that were seeded on 
the transwell insert. The bmMSC migration rate was not significantly 
different between the no-treatment (0.19 ± 0.01), MDP (0.19 ± 0.02), 
and MDP-DOPA (0.19 ± 0.01) groups, suggesting that the chemokines 
secreted from the macrophages induced equivalent chemotaxis in each 
group and directly affected bmMSC migration to similar levels regard
less of whether MDP or MDP-DOPA scaffolds were used [33]. The in 
vitro and in vivo analyses indicated that β-casochemotide-1 in the 
β-casein in our MDP and MDP-DOPA scaffolds could recruit 
macrophages. 

3.3. In vitro osteogenic differentiation tests 

The understanding of macrophage behavior at the areas of implanted 
biomaterials is very important because such materials can induce po
tential inflammatory responses, which determine the shift to the next 
healing stage [34]. When a bone fracture occurs, inflammation is initi
ated, including the release of inflammatory cytokines for macrophage 
polarization to the M1 phenotype, which plays a crucial role in phago
cytic and clearance processes [35]. Following this process, the 
anti-inflammatory phase involves M2 phenotype macrophages, which 
contribute to the synthesis of the extracellular membrane (ECM) and 
vessel formation. In the present study, the tissue regeneration process 
from the recruitment of many macrophages by β-casochemotide-1 in 
casein in the early stage might be enhanced or prolonged. If the 
pro-inflammatory response is prolonged for certain reasons such as 
excessive immune reactions, tissue regeneration is delayed by hindering 
M1 and M2 phase transition [35]. Thus, inducing tissue regeneration 
modulated by the interaction between implanted biomaterials and host 
cells during the pro-inflammatory response has a huge benefit. As the 
macrophages recruited and attached to implants can sense the surface of 
the implants, certain macrophage phenotypes are activated, which 
secrete specific cytokines that are able to induce a series of healing 
processes [34]. Therefore, we investigated whether seeding RAW 264.7 
cells on MDP and MDP-DOPA scaffolds could induce certain macro
phage polarization. First, RAW 264.7 cells were seeded on both MDP 
and MDP-DOPA scaffolds, which were cultured for 1 day (Fig. 3A). Then, 
the expression of already reported M1 and M2 macrophage-related 
genes was analyzed in RAW 264.7 cells cultured on MDP or 
MDP-DOPA (Fig. 3B and C) [36]. Real-time polymerase chain reaction 
(PCR) analysis showed that the MDP group had an increased expression 
of M1-associated genes including CD86, TNFα, CCL19, and CXCL11, 
whereas the MDP-DOPA group showed the enhanced expression of 
M2-associated genes, CD163, CD206, IL-10, and CCL13 without any 
external stimulation. Specifically, the MDP-DOPA group also showed a 
high expression of the BMP-2 gene compared to the MDP group. These 
results indicated that the RAW 264.7 cell phenotype was not completely 
changed, but MDP-DOPA scaffolds strongly induced the specific polar
ization of RAW 264.7 cells to the M2 lineage. In the case of the MDP 
scaffold, it was hard to induce the polarization of M2-like macrophages 
because the PVA in the MDP scaffold had robust hydrophilic properties 
that caused the reversible adsorption of proteins [37]. It was barely 
induced to form cell binding proteins by seeded cells on MDP scaffold. 
However, the MDP-DOPA group was prepared with a surface modifi
cation to improve binding cells, proteins and various cytokines. The 
cell-binding proteins were easily attached to the surface of the scaffold 
and interaction between integrin β1 in RAW 264.7 cells and cell-binding 
proteins might induce M2 polarization [38]. To exclude to possible in
fluences of casein and DOPA in the polarization of RAW 264.7 cells, we 
used TCPS, PCL, and PCL-DOPA films in the same manner as in Fig. 3B 
and C (Fig. S6). We confirmed that the TCPS, PCL, and PCL-DOPA 
groups did not show significant differences in gene expression in spe
cific immune cells. We proved that DOPA did not contribute to RAW 
264.7 cell polarization. 

Second, to examine the influence of CPP and cytokines secreted from 
cultured RAW 264.7 cells on different scaffolds on the osteogenic differ
entiation rate, we performed in vitro osteogenic differentiation tests. Only 
the PVA group was exclused from the in vitro osteogenic differentiation 
tests because various in vitro and in vivo studies reported the inadequate 
osteogenic performance of PVA [39–41]. Before culturing bmMSCs with 
MDP or MDP-DOPA scaffolds, we collected conditioned media (CM) from 
RAW 264.7 cells cultured on each scaffold for 1 day (Fig. 3D). After 1 
week, bmMSCs cultured on the MDP-DOPA scaffold showed the high 
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mRNA expression of osteogenic-related genes such as BMP-2, alkaline 
phosphatase (ALP), osteocalcin (OCN), and osteopontin (OPN) compared 
to the MDP scaffold (Fig. 3E and F). The MDP-DOPA scaffold also showed 
the high expression of ALP-positive signals and quantification results in 
bmMSCs in 2 weeks compared to the controls and MDP scaffold (Fig. 3G 
and H). Furthermore, the MDP-DOPA scaffold showed a higher expression 
of OPN-positive signals and calcium deposition in bmMSCs in 4 weeks 
than in the other groups (Fig. 3I). The detailed quantification results and 
the numerical ALP and OPN positive expression values were added to 
Fig. S7. The bmMSCs with MDP-DOPA scaffolds showed higher 

expressions of early and later osteogenic-related markers, suggesting that 
the MDP-DOPA scaffold CM contained abundant BMP-2. In addition, CPP, 
which is distributed through various casein fractions, was contained in the 
MDP-DOPA scaffold and its calcium-binding properties have been re
ported to consist of three phosphoserines and two glutamic acids [13]. 
This negatively charged region was exposed on the surface and facilitated 
the formation of bonds with Ca2+ ions [14]. Previous research demon
strated that CPP behavior had a crucial role in osteogenic differentiation 
such as modulating bone-forming cell activity and mineral deposition in 
vitro and/or in vivo [42]. 

Fig. 3. (A) Schematic illustration of inducing M1/M2 
polarization on MDP and MDP-DOPA scaffolds. (B) 
M1 and M2 related gene expression profiling of RAW 
264.7 cells through RT-PCR after culture at 24 h and 
(C) its quantification results (n = 5/per group). (D) 
Schematic illustrations of in vitro osteogenic differ
entiation test of bmMSC using RAW 264.7 condi
tioned media. (E) Osteogenic related gene expression 
profiling of bmMSC using RT-PCR and (F) quantifi
cation results of band pixel density at 1 week (n = 5/ 
per group). (G) The evaluation of ALP and OPN pos
itive signal of bmMSC on MDP and MDP-DOPA scaf
folds through immunocytochemical analysis for 2 and 
4 weeks (n = 5/per group, each experiment, Scale 
bar = 200 μm). The quantification results of (H) ALP 
activity and (I) calcium contents of bmMSC on MDP 
and MDP-DOPA scaffolds for 2 and 4 weeks (n = 5/ 
per group, each experiment, p* < 0.05, p** < 0.01, 
and p*** < 0.001).   
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3.4. In vivo orthotopic bone formation in the mouse calvarial defect model 

We implanted MDP and MDP-DOPA scaffolds into the mouse cal
varial defect model to conduct a more detailed analysis of the efficacy of 
new bone formation (Fig. 4A to C). We analyzed the newly formed bone 
volume per tissue volume (BV/TV) and bone mineral density (BMD) at 
each time point (2, 4, and 8 weeks) using live micro-computed tomog
raphy (CT). Representative three-dimensional (3D) and soft X-ray im
ages of mineralized new bone formation by micro-CT are shown. At 2 
weeks, the no-treatment (1.29 ± 0.75%, 0.04 ± 0.03 g/mm3), MDP 
(1.08 ± 0.16%, 0.03 ± 0.01 g/mm3), and MDP-DOPA (1.23 ± 0.22%, 
0.05 ± 0.01 g/mm3) groups showed very few mineral deposits in the 
defect area. Both the no-treatment (4 weeks: 1.93 ± 1.34%, 0.15 ± 0.14 
g/mm3, 8 weeks: 3.25 ± 1.29%, 0.21 ± 0.10 g/mm3) and the MDP 
scaffold (4 weeks: 4.08 ± 4.05%, 0.21 ± 0.12 g/mm3, 8 weeks: 5.16 ±
3.41%, 0.32 ± 0.10 g/mm3) groups showed small amounts of minerals 
deposited in the defect margin area at 4 and 8 weeks. However, the 
MDP-DOPA scaffold group (4 weeks: 14.82 ± 2.89%, 0.63 ± 0.03 g/ 

mm3, 8 weeks: 20.20 ± 3.40%, 0.62 ± 0.09 g/mm3) showed signifi
cantly superior BV/TV and BMD results compared to the other groups. 
The MDP-DOPA scaffolds revealed accelerated bone mineralization at 
the early stage and much thicker bone formation at the defect area in the 
3D and soft X-ray images at the late stage. After 8 weeks, we performed 
histological analysis using Goldner’s trichrome staining to investigate 
bone regenerated at the defect area at the microscopic level (Fig. 4D to 
F). The no-treatment group only formed fibrotic tissue and were not 
measured any value of bone formation area and bone density in defect 
area. The defect area in the MDP group was surrounded by fibrotic tissue 
and a few bone spicules were deposited. Also, a very small regenerated 
bone formation area (0.80 ± 0.89%) and low bone density were 
observed (0.74 ± 0.51%). The MDP-DOPA (50.27 ± 22.31%) group 
showed that the newly formed bone area was highly integrated with the 
DOPA-coated layer and host bone. Moreover, the MDP-DOPA group 
(45.08 ± 19.22%) showed more compact bone density and had a similar 
bone density as that of the host bone. These results indicate that the 
number of cells recruited by the materials could be the same, but the 

Fig. 4. In vivo mouse calvarial defect models were performed using MDP and MDP-DOPA scaffolds. (A) Live micro-CT analysis was progressed to examine rate of 
mineral deposition at defect site for 2, 4 and 8 weeks (n = 10/per group, each time point). White arrowheads indicated the margin of defect. At each time points, (B) 
BV/TV and (C) BMD of MDP and MDP-DOPA groups were measured. (D) After 8 weeks, histological analysis was performed to use Goldner’s trichrome staining (n =
10/per group). Black dotted square boxes indicated the images that were magnified to margin and center area. The quantification results of (E) new bone formation 
area and (F) bone density at defect area (p* < 0.05 compared with No treat, p# < 0.05 compared with MDP). 
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high number of host cells attached to the MDP-DOPA scaffold was able 
to form mineral deposits in the defect area in the early stage due to the 
synergetic effect between M2 polarization and CPP properties, consis
tent with the in vitro osteogenic differentiation test results. 

3.5. In vivo ectopic bone formation on implanted MDP and MDP-DOPA 
scaffolds in mice hindlimbs 

To investigate the ability of the cells recruited by the MDP and MDP- 
DOPA scaffolds to induce host cell recruitment and mineral deposition 
through osteogenic differentiation, we treated mice calvarial defects 
with both scaffolds for 1 and 2 weeks, retrieved the scaffolds from the 
calvarial defects, and transplanted them into mice hindlimb muscles for 
2 and 4 weeks to analyze mineral deposition using live micro-CT 
(Fig. 5A). In the case of the MDP scaffold, no mineral deposits were 
detected in the soft X-ray or 3D images through live micro-CT analysis 
regardless of the MDP scaffold treatment period (Fig. 5B and C). How
ever, the MDP-DOPA scaffold showed obvious differences according to 
the treatment period. The MDP-DOPA scaffold used to treat mouse 
calvarial defects for 1 week (BV/TV; 2 weeks: 0.08 ± 0.06%, 4w: 0.41 ±
0.37%, BMD; 2 weeks: 0.05 ± 0.02 g/mm3, 4 weeks: 0.13 ± 0.05 g/ 
mm3) showed small amounts of minerals deposited at 2 and 4 weeks, but 

the MDP-DOPA scaffold used to treat mouse calvarial defects for 2 weeks 
(BV/TV; 2w: 0.33 ± 0.25%, 4w: 0.73 ± 0.63%, BMD; 2w: 0.24 ± 0.06 
g/mm3, 4w: 0.41 ± 0.15 g/mm3) clearly showed implanted scaffolds in 
the soft X-ray images and robust mineral deposits, which mostly covered 
the surface of the implanted scaffolds (Fig. 5D and E). The in vitro LIVE/ 
DEAD and CCK-8 assays results indicated that the host cells recruited by 
the bioactive peptides of casein in the early stage were highly attached 
to the MDP-DOPA scaffold in the calvarial defect area compared to the 
MDP scaffold. The results suggest that the bone regeneration efficacy 
was affected by cell recruitment, which depended upon the material 
treatment time in the defect area, initial cell attachment on the scaffolds, 
and the proper environment for osteogenic differentiation. After 2 and 4 
weeks, histological analysis was performed on the samples retrieved 
from mice hindlimbs using Goldner’s trichrome, Von Kossa staining, and 
OCN immunofluorescence staining (Fig. 5F and G). The quantification 
results and numerical OCN staining values were added to Fig. S8. 
Consistent with the live micro-CT results, the MDP scaffold was sur
rounded only by connective tissue and small amounts of deposited 
minerals were observed nearby, whereas the MDP-DOPA scaffold with a 
treatment period of 1 week showed immature bone formation at 2 and 4 
weeks. However, at 4 weeks, the newly formed mature bone was 
strongly integrated with the surface of the scaffolds treated for 2 weeks. 

Fig. 5. In vivo mouse ectopic bone formation study. 
(A) The preparation procedure of ectopic bone for
mation model (n = 10/per group, each experiment). 
Live micro-CT analysis was progressed to examine 
rate of mineral deposition at implantation site for (B) 
2 and (C) 4 weeks. At each time points, (D) BV/TV 
and (E) BMD of MDP and MDP-DOPA groups were 
measured (p* < 0.05). After 4 weeks, histological 
analyses were performed. Representative images of 
Goldner’s trichrome, Von kossa and immunohisto
chemical staining for (F) 2 weeks and (G) 4 weeks 
(Scale bar = 100 μm).   
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3.6. Identification of phenotype and cytokines secreted from macrophages 
recruited in the early stage in the mouse calvarial defect model 

We had demonstrated the induction of macrophage recruitment to
ward both MDP and MDP-DOPA scaffolds, which improved the osteo
genic differentiation of bmMSCs by the cytokines secreted from 
macrophages and CPP in the scaffolds in vitro and in vivo. For a more 
detailed understanding of the response of macrophages to both the MDP 
and MDP-DOPA scaffolds, we investigated the specific phenotypes and 
cytokines secreted from recruited macrophages in the early stage using 
the mouse calvarial defect model (Fig. 6). After 1 week, we retrieved 
scaffolds and stained them for F4/80, CD44, and ALP, which indicate 
macrophages, mesenchymal stem cells, and early osteogenic markers, 
respectively. The quantification results and numerical F4/80, CD44 and 
ALP staining values were added to Fig. S9. Both the MDP and MDP- 
DOPA scaffolds showed higher F4/80-positive signals around the scaf
fold materials than the no-treatment group (Fig. 6A). Accordingly, the 
MDP-DOPA scaffold showed high expressions of CD44 and ALP 
compared to the no-treatment and MDP scaffold groups (Fig. 6B and C). 
We confirmed that both the MDP and MDP-DOPA scaffolds could recruit 
more macrophages than the no-treatment group due to the presence of 
β-casochemotide-1. However, the number of recruited MSCs was 
significantly different between the MDP and MDP-DOPA scaffolds 

because of the cellular adhesion rate influenced by the surface charac
teristics. Because of this distinct difference, osteogenic differentiation in 
the host could progress rapidly, as we confirmed in the in vivo ortho
topic bone formation study. Fig. 6D to F shows the predominant phe
notypes of the recruited macrophages in each material implant area 
using CD86 and CD206 antibodies, which are M1 and M2 macrophage 
markers, respectively. The no-treatment group showed similar amounts 
of uniformly distributed M1 (3.62 ± 1.33%) and M2 (2.94 ± 1.01%) 
macrophages in the defect areas. In the case of the MDP scaffold, posi
tive CD86 signals (9.68 ± 1.97%) were highly expressed compared to 
the expression of CD206 (1.16 ± 0.37%). In contrast to the MDP scaf
fold, CD206-positive signals (6.78 ± 0.98%) were increased compared 
to the expression of CD86 (4.56 ± 1.68%) in the MDP-DOPA scaffold. 
These results could indicate that accelerated bone regeneration because 
macrophages plays a crucial role in inducing the healing of damaged 
tissues by the secretion of various cytokines [1]. Related to these results, 
we analyzed which cytokines were predominantly secreted by the MDP 
and MDP-DOPA scaffolds in the defect sites in the early stage (Fig. 6G to 
I). The cytokines secreted in the MDP group were primarily 
pro-inflammatory cytokines such as CCL5, CXL16, G-CSF, IFNγ, and 
others compared to the MDP-DOPA group. In the early stage, the MDP 
group dominantly recruited M1 phenotype macrophages, which 
secreted pro-inflammatory cytokines, and this event led to a prolonged 

Fig. 6. After 1 week, implanted samples (n = 10/per 
group) were retrieved from mouse calvarial defect. 
Retrieved samples were performed immunohisto
chemical analysis using (A) F4/80, (B) CD44, (C) ALP, 
(D) CD86 and CD206 antibodies (Scale bar = 100 
μm). Quantification of (E) CD86 and (F) CD206 pos
itive cell (p* < 0.05). Cytokine array assay of 
implanted MDP and MDP-DOPA scaffolds in calvarial 
defect. (G) Representative images of array mem
branes blot corresponding to MDP and MDP-DOPA 
scaffolds (n = 5/per group). Quantification of pixel 
density of (H) immune responds related marker and 
(I) osteogenic regeneration related marker.   
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inflammatory response that inhibited the next regeneration phase. The 
MDP-DOPA group mainly secreted bone repair-related cytokines such as 
FGF1, OPN, osteoprotegerin, and others compared to the MDP group. 
These results suggest that the MDP-DOPA group induced sequential 
events including the recruitment of M2 phenotype macrophages by 
β-casochemotide-1, the secretion of various cytokines for tissue repair, 
improvement in osteogenic differentiation, and mineral deposition by 
CPP, which led to accelerated bone regeneration. 

4. Conclusion 

We fabricated milk protein-based bioactive scaffolds through simple 
physical cross-linking between casein and PVA, which rapidly recruited 
macrophages toward the defect area in the early stage and played a 
crucial role in bone regeneration by the cytokines they secreted. We 
modified the surface of the MDP scaffold using DOPA to improve cell 
adhesion and confirmed that the process of surface modification did not 
induce surface deformation. In macrophage recruitment analyses, we 
showed that the bioactive MDP and MDP-DOPA scaffolds were able to 
accumulate macrophages in vitro and in vivo tests. Our cell behavior 
results showed that RAW 264.7 cells on the MDP-DOPA scaffold secreted 
M2 phenotype-associated proteins including BMP-2 and also promoted 
the osteogenic differentiation of bmMSCs treated with MDP-DOPA 
scaffold conditioned media. In addition, the MDP-DOPA scaffold 
group showed mineral deposits in the mouse calvarial defect model in 
live micro-CT, histological, immunohistochemical, RT-PCR, and cyto
kine array analyses. Furthermore, we confirmed that the implanted MDP 
and MDP-DOPA scaffolds rapidly recruited many macrophages in the 
early stage compared to the no-treatment group, but the MDP-DOPA 
scaffolds accumulated predominantly M2-phenotype macrophages. We 
demonstrated that the MDP-DOPA scaffold could provide beneficial ef
fects for bone regeneration through the serial events of its bioactive 
peptides. The bioactive MDP-DOPA scaffold was shown to overcome 
some of the limitations of the existing scaffolds in the field of bone tissue 
engineering. Our unique and versatile MDP-DOPA scaffold suggests 
possible applications in tissue engineering platforms without the use of 
drugs or chemical agents. 
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