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Abstract: Nanoscale morphologies on the surface of substrates/scaffolds have gained considerable attention in cartilage tissue
engineering for their potential to improve chondrogenic differentiation and cartilage regeneration outcomes by mimicking the
topographical and biophysical properties of the extracellular matrix (ECM). To evaluate the influence of nanoscale surface morphol-
ogies on chondrogenic differentiation of stem cells and discuss available strategies, we systematically searched evidence according to
the PRISMA guidelines on PubMed, Embase, Web of Science, and Cochrane (until April 2024) and registered on the OSF (osf.io/
3kvdb). The inclusion criteria were (in vitro) studies reporting the chondrogenic differentiation outcomes of nanoscale morphologies
on the surface of substrates/scaffolds. The risk of bias (RoB) was assessed using the JBI-adapted quasi-experimental study assessment
tool. Out of 1530 retrieved articles, 14 studies met the inclusion criteria. The evidence suggests that nanoholes, nanogrills,
nanoparticles with a diameter of 10-40nm, nanotubes with a diameter of 70—100nm, nanopillars with a height of 127-330nm, and
hexagonal nanostructures with a periodicity of 302—733nm on the surface of substrates/scaffolds result in better cell adhesion, growth,
and chondrogenic differentiation of stem cells compared to the smooth/unpatterned ones through increasing integrin expression. Large
nanoparticles with 300-1200nm diameter promote pre-chondrogenic cellular aggregation. The synergistic effects of the surface
nanoscale topography and other environmental physical characteristics, such as matrix stiffness, also play important in the chondro-
genic differentiation of stem cells. The RoB was low in 86% (12/14) of studies and high in 14% (2/14). Our study demonstrates that
nanomorphologies with specific controlled properties engineered on the surface of substrates/scaffolds enhance stem cells’ chondro-
genic differentiation, which may benefit cartilage regeneration. However, given the variability in experimental designs and lack of
reporting across studies, the results should be interpreted with caution.
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Introduction

Articular cartilage (AC) has limited intrinsic potential for repair due to its avascular and aneural nature and its complex
hierarchical structure consisting of superficial, intermediate, and deep zones.'* Currently, at the macro level, tissue
engineering technologies have made progress in materials with appropriate surface chemistry, biocompatibility, and
plasticity to be applied to osteochondral grafts, biomaterial scaffolds, and tissue biofabrication.”® At the microscopic
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level, functional groups (ie CH3, —OH, —COOH, and —NH,) regulate chondrogenic differentiation of stem cells by
tuning protein adsorption and then nonspecific cell adhesion and thus cell spreading, and thus they are often modified on
the surface in tissue engineering.” Surface charges (ie negative electric charge) promote chondrogenic differentiation by
mimicking a negatively charged microenvironment in extracellular matrix (ECM), and thus they are often used as
a stimulus in tissue engineering.® Although they provide chemical factors and electrical stimulation for chondrogenesis,
imitating the topographical characteristics of microenvironment in ECM which directs cell adhesion, proliferation, and
differentiation for cartilage regeneration is challenging.®'® In the past decades, nanostructured surface engineering,
including nanoimprint lithography (NIL), electron beam lithography (EBL), microcontact printing (LCP), phase segrega-
tion of silanes, polymer demixing, electrospinning, laser etching, anodic oxidation, acid—alkali treatment, sandblasting,
etc.,'"'? has emerged with an ability to produce various types of nanoscale morphologies such as nanopillars, nano-

13715 which direct cell

particles, nanopits, nanogrooves, nanotubes, and nanofibers on the surface of scaffolds/ substrates,
orientation, geometry, and adhesion.'®'® These technologies have also been used in cartilage tissue engineering for
creating surface nanomorphologies to promote cartilage regeneration.'”

The nanoscale surface morphology created by nanostructured surface engineering well mimics the biological,
topographical, and biophysical characteristics of the pristine ECM microenvironment and thus promotes stem cell
proliferation, adhesion, gene expression, and chondrogenic differentiation in vitro.?* ° Nemeth et al*” used ultraviolet-
assisted capillary force lithography to fabricate hydrogel scaffolds with nano-linear groove characterization, which were
shown to be effective in enhancing chondrogenic differentiation by gene expression and histological staining analysis.
Park et al*® used uCP to synthesize nanoparticles with different particle sizes and showed that stem cells formed poly
spheres at a diameter of 300nm, diffusion occurred at a diameter of 1200nm, and large aggregates formed at a diameter of
750nm. Wu et al’ found that nanopillars and nanoholes produced by thermal nanoimprinting enhanced mesenchymal
stem cells’ (MSCs) chondrogenesis and facilitated hyaline cartilage formation. MSCs on the nanogrill surface exhibited
delayed chondrogenesis and formed superficial zone/fibrocartilage.

Although studies reporting the effect of nanostructured surface modification on the chondrogenic differentiation of
stem cells for cartilage repair have dramatically increased in the last decade, the results of the studies are
heterogeneous.”?’*® The relationship between the surface nanomorphology of scaffolds/substrates and chondrogenic
differentiation of stem cells remains challenging to interpret, owing to the highly variable study designs and the influence
of multiple experimental variables on outcome measures. This review study aims to evaluate the effect of nanoscale
surface morphology on chondrogenic differentiation of stem cells systematically and summarize the strategies to pave the
way of translating those from research to clinical application.

Methods

Systematic Literature Search

A comprehensive systematic review was performed independently following the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) guidelines (Figure 1).”° The focused question was “Does the
nanomorphology on the surface of scaffolds/substrates promote chondrogenic differentiation of stem cells?”” and was
conceived according to Participants, Interventions, Control, and Outcomes (PICO) principles, as follows: (P) participant:
stem cells; (I) intervention: nanoscale surface modification; (C) control group: scaffolds/substrates without nanoscale
modification or polished; (O) outcome: experimental parameters related to chondrogenesis (ie, Immunocytochemistry,
SEM characterization, Histological analysis, and RT-PCR analysis).

Study methods followed the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement
and were documented in an open science framework (OSF) protocol with a citation: osf.io/3kvdb. (Table S1) To filter
studies relevant to the focused question, relevant manuscripts were searched for published up to April 2024 using 4
electronic databases: PubMed, Embase, Cochrane, and Web of Science. We used keywords in combination with “AND” or
“OR” (Boolean logic operators): ((substrate OR surface) AND (topography OR morphology) AND (stem AND cell) AND
(chondrogenesis OR chondrogenic OR “chondrogenic differentiation” OR “cartilage phenotype™)) to identify the relevant
literature in these four databases. Three authors (YX, SY, and YS) independently inspected the titles and abstracts of the

12744 "= International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=492020.docx
https://www.dovepress.com
https://www.dovepress.com

Xiao et al

v
S
2
o

Records identified through database Additional records identified through
search other sources
(n=2103) (n=0)

Records excluded,
with reasons (n = 1133):
Records after duplicated removed + Title and abstract are irrelevant (n = 904)
(n=1530) » Reviews/conferences/meeting
abstract/dissertation (n = 175)
* In other language (n = 54)

Full-text articles excluded,
with reasons (n = 385):
» Not evaluating the chondrogenic capacity
of nanomorphologies

Full-text articles assessed
for eligibility
(n=399)

Studies included in
qualitative synthesis
(n=14)

[ inciuded | [ Eigibitty | | Screening | | 1dentification |

Figure | PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) diagram, including study algorithm.

manuscripts following the eligibility criteria. The full text of the eligible manuscripts was then browsed to select studies
appropriate for this systematic review. The reference lists of relevant originals and reviews identified in the previous step
were further hand-searched. The three authors discussed the selection process until a consensus was reached. The search

strategy is shown in Figure 1.

Exclusion and Inclusion Criteria

In vitro peer-reviewed studies evaluating the chondrogenesis outcomes of the nanomorphologies on the surface of
scaffolds/substrates were included in this systematic review. Inclusion criteria for studies were studies of surface
morphology-modified scaffolds/substrates to promote chondrogenic differentiation of stem cells. The exclusion criteria
for all studies were as follows: (1) titles and abstracts are irrelevant (2) articles not written in English; (3) reviews and
expert opinion articles, conference proceedings, presentations, dissertations, and theses; and (4) studies that did not
evaluate the chondrogenic capacity of surface nanomorphologies (Table S2). The characteristics of the included studies,

the interventions, the comparisons, the measurements, and the relevant outcomes were reviewed and discussed.

Risk of Bias of the Studies Included

Assessment of the selected manuscripts’ risk of bias (RoB) of the selected manuscript according to the Joanna Briggs
Institute-adapted quasi-experimental study assessment tool (JBI Critical Appraisal tool) with a focus on nine signaling
questions to describe internal validity and statistical conclusion validity. For questions related to internal validity, these
have been further separated into six domains to identify what domain of bias they are referring to, containing bias of
temporal precedence, the bias of selection and allocation, bias of confounding factors, the bias of administration of
intervention/exposure, the bias of assessment, detection and measurement of the outcome and bias of participant
retention. The bias for each selected study was evaluated, where a “yes” judgment indicated a low risk of bias, and
a “no” judgment indicated a high risk of bias. The judgment was “unclear” if insufficient details had been reported to
assess the risk of bias properly. A high risk bias of the study was considered if at least one item was assessed as “high
risk”. A low risk of bias was judged in other cases.>*' All papers selected for inclusion in the systematic review were
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subjected to rigorous appraisal by three critical appraisers (YX, SY, and YS), and disagreements were resolved after
consensus-oriented discussions. If disagreement occurred, the senior author (CH) was consulted.

Results

|dentification and Selection of Studies

Electronic database searches identified 1532 articles after removing duplicates (Figure 1). After screening titles and
abstracts for relevance, 1133 articles were deemed irrelevant based on the inclusion and exclusion criteria. Out of the 399
full texts of the studies assessed for eligibility, 385 articles were excluded for not evaluating the chondrogenic capacity of
nanomorphologies. Finally, 14 papers were selected and reviewed after applying the criteria. Due to the scarcity and
heterogeneity of the studies, the meta-analysis was not conducted. Figure 2 shows the frequency of publications over the
past three decades. There has been a substantial increase in publications over the past two decades, reflecting the growing
interest in the studies of the effects of surface nanomorphology on inducing chondrogenic differentiation of stem cells
(Figure 2).

In vitro Study Characteristics

The general characteristics of the selected in vitro studies are shown in Table 1. Nine studies
40,41

932739 ysed mesenchymal

stem cells, two studies used chondrocytes, one study?® used fetal cartilage-derived progenitor cells (FCPCs), and one
study?’ used dental pulp stem cells (DPSCs). Follow-up periods ranged from 1 to 6 weeks. Histological analysis,
microscopic characterization (SEM, AFM), RT-PCR analysis, Western-blot analysis, immunohistochemistry, surface
wettability characterization, and DNA quantification were performed to assess the outcomes of chondrogenic differentia-
tion comprehensively. The expression of COLII, SOX9, Cx43, and integrin f1 and 4 were analyzed by immunohis-
tochemistry. The histological analysis included cell morphology, proteoglycan synthesis, and cellular and collagen
distributions. Cell morphology and distribution were observed by SEM or AFM characterization. The expression of
COLII, COLX, SOX9, and aggrecan were detected by RT-PCR analysis. Surface wettability characterization was
performed to show the contact angles, and DNA quantification was performed to analyze cell proliferation.

The surface characteristics of nanostructured scaffolds/substrates in the selected studies are presented in Table 2. Three
studies used PCL as the material of scaffolds/substrates,”>"*° two studies used PMMA (Poly (methyl rnethacrylate)),”’41 and
two studies used PLLA (Poly (L-lactic acid)) to construct scaffolds/substrates.’*>* GeIMA was used in two studies,”’”
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Figure 2 Frequency of studies evaluating the effects of surface nanomorphology on inducing chondrogenic differentiation of stem cells.
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Table | General Characteristics of the Selected Studies

distal tips of Hamburger-Hamilton
stage 22/23 embryo leg buds of
fertilized White Leghorn chicken eggs

Group 2: Nanotubes with an
inner diameter of 30nm
Group 3: Nanotubes with an
inner diameter of 50nm
Group 4: Nanotubes with an
inner diameter of 70nm
Group 5: Nanotubes with an

inner diameter of 100nm

I 'and Il collagen, GAPDH,
HSP70)
Immunocytochemistry
(vinculin, integrin B1 and (4)
SEM characterization

Authors Types of Cells Study Groups Follow- Analysis Method Outcomes of Chondrogenic Differentiation
(vear) up
Ishmukhametov | hTERT-transduced adipose-derived Group |: Flat glass substrate 3 weeks Histological analysis On the seventh day of incubation, Group 2 showed early
| et al®? MSCs (hMSCs) Group 2: DNA-functionalized (proteoglycans) condensation of cells compared to Group |.
MNPs (3mg/mL) AFM characterization Group 2 had a more pronounced differentiation of cells
Group 3: DNA-functionalized into chondrocytes compared to Group | and Group 3.
MNPs (6mg/mL) Under the condition of the same concentration of
Group 4: MNPs (3mg/mL) MNPs, Group 4 and Group 5 had significantly more
Group 5: MNPs (6mg/mL) rough surfaces than Group 2 and Group 3.
D.Dehghan- Human adipose mesenchymal stem Group |: Bare silk 3 weeks Immunofluorescence Chondrogenic marker genes were significantly
Baniani et al*® cells (hAMSCs) Group 2: Silk-Plll staining (COL II, SOX9) expressed in Groups 3 and 5 compared to Group 2.
Group 3: Silk-PllI-KGN gRT-PCR analysis (COL2AI, | Group 5 indicates the highest cell proliferation.
Group 4: Silk-Plll-Nanopillar SOX9, aggrecan) Group 4 had more expression of COL Il (green) and
Group 5: Silk-PlllI-Nanopillar- SEM characterization SOX9 (red) by hAMSCs than Group 2.
KGN AFM characterization
(elastic modulus)
Kim D et al** Mesenchymal cells derived from the Group |: Flat titanium 2-3 weeks | Western-blot analysis (Type | Groups 4 and 5 showed round cell shape and

organizational features of cortical actin-tissue
chondrocytes compared to Group |.
Group 3 had stronger cell attachment than groups 4 and

5 and had chondrocyte-specific morphology.

(Continued)
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Table 1 (Continued).

Authors
(year)

Types of Cells

Study Groups

Follow-
up

Analysis Method

Outcomes of Chondrogenic Differentiation

Zhou X et al*®

Adipose-derived mesenchymal stem
cells (ADSCs)

Group |: RNTK-coated three-
layer GelMA-PEGDA gradient
scaffold (Omg/L)

Group 2: RNTK-coated three-
layer GelMA-PEGDA gradient
scaffold (0.005mg/L)

Group 3: RNTK-coated three-
layer GelMA-PEGDA gradient
scaffold (0.0Img/L)

Group 4: RNTK-coated three-
layer GelMA-PEGDA gradient
scaffold (0.05mg/L)

Group 5: RNTK-coated three-
layer GelMA-PEGDA gradient
scaffold (0.Img/L)

Group 6: Three-layer GelMA-
PEGDA gradient scaffold
Group 7: RNTK-coated three-
layer GelMA-PEGDA gradient
scaffold

3 weeks

Histological analysis
(cytoskeleton, cell nuclei)
RT-PCR (Collagen llal, SOX
9, Aggrecan)

Cell proliferation was significantly greater in Group 5
and Group 6 than in Group |, Group 2, and Group 3.
Collagen Il, GAG, and total collagen production were
significantly increased in Group 7 compared to Group 6.
Histochemical analysis showed that in the second and
third weeks, the blue color in Group 7 was deeper than
in Group 6.

Group 7 had higher expression profiles of

chondrogenesis-associated genes than Group 6.

Park IS et al®®

Fetal cartilage-derived progenitor cells
(FCPCs)

Group |: Control group
(coverslip)

Group 2: Nanoparticle diameter
of silicon dioxide nanopatterned
substrates (Diameter of 300nm)
Group 3: Nanoparticle diameter
of silicon dioxide nanopatterned
substrates (Diameter of 750nm)
Group 4: Nanoparticle diameter
of silicon dioxide nanopatterned
substrates (Diameter of 1200nm)

I week

SEM characterization
Immunocytochemistry
(Integrin B1, N-cadherin)
Histological analysis
(cartilage regeneration
ability)

Centrifuge adhesion analysis

Group 2 formed multi-spheroids, Group 4 showed
spreading and Group 3 formed the mass-aggregation in
the value-added differentiation of FCPCs on the
substrates.

Group 3 forms a large self-aggregating body that is most
favorable for promoting chondrogenic differentiation.
Group 4 had the highest expression of Integrin B, and
Group 2 had the highest expression of N-cadherin.
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Childs A et al®*® | Human mesenchymal stem cells Group |: Glass reference 4 weeks Microscopic characterization | Group 5 maximized hMSC adhesion compared to the
(hMSCs) Group 2: PLLA scaffold (control) (SEM, AFM, TEM) other groups.
Group 3: PLLA+TBL scaffold Immunohistochemistry (type | Groups 3, 4, and 5 significantly enhanced hMSC
Group 4: PLLA+1:9 TB-RGDSK: I collagen) proliferation compared to Group 2.
TBL scaffold Histological analysis (cellular | Group 5 had the highest expression level of GAG,
Group 5: PLLA+TB-RGDSK and collagen distributions) collagen, and total protein.
scaffold Compared to Group 2, Group 5 had significantly
increased matrix production in the first two weeks.
Group 5 had significant type Il collagen production after
three weeks.
Niepel MS Human adipose-derived stem cells Group |: Flat polyelectrolyte 4 weeks Immunocytochemistry (cell No cells and hence no chondrogenic differentiation
et al*? (hADSCs) multilayer systems (F-PEM) adhesion, cell differentiation) | were observed in Group |.
Group 2: Hexagonally arranged Microscopic characterization | Group 2 formed the smallest clusters, while Group 4
nanostructures with a periodicity (SEM, AFM) formed the largest clusters, suggesting that cells on
of 302nm and a height of 63.1nm Surface wettability harder, rougher surfaces have a lower propensity for
(small, S) characterization (water chondrogenic differentiation.
Group 3: Hexagonally arranged contact angles)
nanostructures with a periodicity
of 518nm and a height of 67.3nm
(medium, M)
Group 4: Hexagonally arranged
nanostructures with a periodicity
of 733nm and a height of 55.3nm
(large, L)
Prittinen ] et al*® | Bovine primary chondrocytes Group |: Smooth polypropylene | 2 weeks Immunocytochemistry In contrast to Group 2 and Group 3, Group | surface

Group 2: Smooth polystyrene
Group 3: Patterned

polypropylene
Group 4: Patterned polystyrene

(types | and Il collagen, actin,
vinculin)

SEM characterization (cell
morphology, distribution)
RT-PCR (Sox9, aggrecan,
procollagen al(ll),
procollagen al(X),
procollagen a2(l))

appeared to lack adhered chondrocytes.

The fastest filling of the culture surface occurred in
Group 2.

The cell proliferation was significantly higher in Group 2
in comparison to Group |. Group 3 and Group 4 did not
differ from each other, but Group 3 had a significantly
higher number of cells than Group I.

Group 3 had better three-dimensional surroundings for

chondrocytes than Group 2.
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Table 1 (Continued).

Authors
(year)

Types of Cells

Study Groups

Follow-
up

Analysis Method

Outcomes of Chondrogenic Differentiation

Nemeth CL
et al?’

Dental pulp stem cells (DPSCs)

Group |: Tissue culture
polystyrene (TCPS)

Group 2: PEG-GelMA patterned

scaffolds

Group 3: PEG-GelMA-HA
unpatterned scaffolds
Group 4: PEG-GelMA-HA
patterned scaffolds

3 weeks

SEM characterization
RT-PCR (Sox9, Alkaline
phosphatase, Aggrecan,
Procollagen type II,
Procollagen type X, Twist,
Snail, Slug)
Immunocytochemistry

(collagen type II)

Group 4 exhibited a much higher frequency of DPSCs
alignment than Group 3.

Group 4 expressed the highest level of chondrogenic
genes and generated the largest number of 3D
spheroids.

Group 4 had more efficient differentiation than Group 2
and Group 3.

Wu Y et al’

Mesenchymal stem cells (MSCs)

Group |: Non-pattern
Group 2: Nano-pillar
Group 3: Nano-hole
Group 4: Nano-grill

6 weeks

SEM characterization

AFM characterization (cell
elasticity and substrate
compressive stiffness)

DNA quantification (cell
proliferation)

Histological analysis (F-actin)
immunohistochemistry
(Type | and Il collagen)
RT-PCR (GAPDH, aggrecan,
collagen |, collagen II,
collagen X)

MSCs induced by Group 2 were round and had filipodial
extrusion, those induced by Group 3 were polygonal
morphology, and those induced by Group 4 and Group |
were similar in morphology and were spindle shape.
MSCs in Group 2 expressed the highest amount of type
Il collagen, Group 3 expressed type Il collagen at three
times the level of Group |, and Group 4 expressed
similar levels to those in Group |. Compared to other
groups, Group 4 had the highest type | collagen
deposition.

The highest expression of PRG4 was found in Group 4.
Collagen X mRNA expression was significantly
increased in Group 2 and Group 3, and the expression

of Group 3 was higher than that of Group 2
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Wu Y et al*’

Mesenchymal stem cell (MSCs)

Group |: Nano-pillar-soft (PCL)
Group 2: Nano-grating-soft
(PCL)

Group 3: Nano-pillar-medium
(PLA)

Group 4: Nano-grating-medium
(PLA)

Group 5: Nano-pillar-stiff (PGA)
Group 6: Nano-grating-stiff
(PGA)

6 weeks

SEM characterization

AFM characterization
(substrate compressive
stiffness)

Histological analysis (F-actin)
RT-PCR (GAPDH, aggrecan,
collagen |, collagen Il and
collagen X)

MSCs in Groups 2, 4, and 6 adopted fibroblastic
morphology with extensive stress fibers, with the
formation of aligned cells.

Morphology of MSCs on nano-pillars, however, was
more sensitive to the substratum stiffness, adopting
round morphology on the softer materials (Group 1)
and subsequent cell aggregation, while forming polygonal
morphology on the stiff material (Group 5), with
increased stress fiber length.

Group 5 formed transitional osteochondral cartilage,
while had fibro and hypertrophic cartilage
characteristics.

Group 2 formed fibro/superficial-like cartilage and
Group 6 formed non-cartilaginous tissue.

Group 7: Nano-grating (PCL,
PLA, PGA)

Group 8: Nano-pillar (PCL, PLA,
PGA)

| week

DNA quantification (cell

proliferation)

Group 7 had a higher cell proliferation rate than Group
8 and proliferation rate remained similar across all three
polymers of the same topography.

(Continued)
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Table | (Continued).

Authors Types of Cells Study Groups Follow- Analysis Method Outcomes of Chondrogenic Differentiation
(vear) up

Rodriguez- Osteoarthritic bone marrow- Group |: Fibronectin-coated Less than Immunofluorescence Group 12 induced a higher degree of cell aggregation
Pereira C et al*® | mesenchymal stromal cells (OA-BM- PLLA Healthy I week staining (collagen type-Il, than Group 6.

MSCs) and Healthy bone marrow-
mesenchymal stromal cells (H-BM-
MSCs)

Group 2: RGD-Cys-DI PLLA
nanopatterned substrates (107-2)
Healthy

Group 3: RGD-Cys-DI PLLA
nanopatterned substrates
(2.5%107-8) Healthy

Group 4: RGD-Cys-DI PLLA
nanopatterned substrates (107-8)
Healthy

Group 5: RGD-Cys-DI PLLA
nanopatterned substrates
(4%107-9) Healthy

Group 6: Untreated PLLA
Healthy

Group 7: Fibronectin-coated
PLLA OA

Group 8: RGD-Cys-DI PLLA
nanopatterned substrates (10”-2)
OA

Group 9: RGD-Cys-D 1| PLLA
nanopatterned substrates
(2.5%107-8) OA

Group 10: RGD-Cys-DI PLLA
nanopatterned substrates (10/-8)
OA

Group | |I: RGD-Cys-DI PLLA
nanopatterned substrates
(4x107-9) OA

Group 12: Untreated PLLA OA
(Healthy, Healthy bone marrow-
mesenchymal stromal cells; OA,
Osteoarthritic bone marrow-
mesenchymal stromal cells)

Cx43)

Histology analysis (cell
morphology, proteoglycan
synthesis)

Molecular Analysis (CX43,
COL2Al, SOX9, COLIALI,
TNC, RPLI3A)

Early chondrogenic markers gene expression was
significantly upregulated in Group 3 compared to Group
| and Group 6, the same is true for Group 8 compared
to Group 7 and Group 12.

Cell aggregation and chondrogenic differentiation were
best in Group 3 and Group 9, and were more
pronounced in Group 9 than in Group 3.
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Group 3: Nanopillar-height-77nm
Group 4: Nanopillar-height
-127nm

Group 5: Nanopillar-height
-190nm

Khattak Human mesenchymal stem cells Group |: PCL 4 weeks AFM characterization Cell counts showed a decline only in Group 3.
M et al®® (hMSCs) Group 2: PCL: PMMA = 75: 25 Immunofluorescence Only Group 4 had the potential to differentiate towards
Group 3: PCL: PMMA = 50: 50 staining (adiponectin, chondrogenesis.
Group 4: PCL: PMMA = 25: 75 collagen I, osteocalcin) Group 4 had lower numbers of cells than Group 6.
Group 5: PMMA
Group 6: Tissue cultured
polystyrene (TCPS)
Huethorst Chondrocytes Group |: Flat 4 weeks Immunofluorescence Compared to Group |, Group 4 significantly enhanced
Eetal® Group 2: Nanopillar-height-62nm

staining (actin, nucleus of
cell)

gRNA (SOX 9, COL2A/
COLIA ratio, ACAN,
COLIOAL)

SEM characterization

matrix deposition, chondrogenic gene expression, and

chondrogenic maintenance.

Abbreviations: MNP: Magnetic iron oxide nanoparticle; Plll: Plasma immersion ion implantation technique; KGN: Kartogenin, a biomolecule can promote chondrogenesis of hAMSCs; GelMA: Gelatin methacrylate; PEGDA: Poly
(ethylene glycol diacrylate); RNTK: Lysine functionalized rosette nanotube; PLLA: Poly (L-lactic acid); TBL: Aminobutane linker molecule; TB-RGDSK: Twin guanine/cytosine DNA base hybrids-based rosette nanotubes functionalized with
arginine—glycine—aspartic acid—serine-lysine integrin binding peptide; RGD, arginine—glycine—aspartate; PCL: Polycaprolactone; PLA: Polylactide; PGA: Polyglycolide; GAG: Glycosaminoglycan; PMMA: Poly (methyl methacrylate).
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Table 2 Implant-Related Characteristics of the Selected Studies

extracellular matrix network around the
adhered cells. However, neither the
patterned PS nor PP could prevent the

dedifferentiation of chondrocytes.

Authors Material of Substrate Stiffness Surface Surface Nanopattern In Vitro Chondrogenic Activity Mechanisms
(year) Scaffolds/ Manufacturing | Nanopatterns Dimensions
substrates D(@) x L (nm)
Ishmukhametov Glass N/A Chemical co- Nanoparticles AFM: @ 14-40 MNPs@DNA coatings induced N/A
| et al®? precipitation TEM: @ 10 chondrogenesis and osteogenesis in
method hTERT-transduced MSCs.
D. Dehghan- Bombyx mori Dynamic storage shear Colloidal Nanopillars Height: 330 + 35 While the nanofeatures positively affect This implantable smart platform which
Baniani et al*? silk modulus of Silk-Plll- lithography, Center-to-center: 260 + 30 | the chondrogenesis of hAMSCs, mimics the SZ of articular cartilage not
Nanopillar-KGN: 10.2 + Plasma etching immobilization of a small biomolecule only delivers topographical cues, but
0.4kPa; (KGN) on the nanopillars additionally also releases biomolecules to
Compressive elastic modulus enhances cartilage regeneration. sequentially recruit, organize, and
of Silk-Plll-Nanopillar-KGN: differentiate hAMSCs to chondrocytes.
38.8 £ |.5Pa.
Kim D et al** Ti N/A Anodization Nanotubes Group 2: @ 30 A titanium-based nanotube surface can Nanotubes enhance chondrogenic
Group 3: @ 50 support chondrocytic functions among differentiation of chondrogenic cells into
Group 4: @ 70 chondroprogenitors. chondrocytes by down-regulating Erk
Group 5: @ 100 signaling.
Zhou X et al*® GelMA- N/A Self-assembly Nanotubes D 34 RNTKs can promote the chondrogenic N/A
PEGDA differentiation of ADSCs.
(gelatin
methacrylate
and poly
(ethylene
glycol)
diacrylate)
Park IS et al?® Silicone N/A p-contact Nanoparticles Group 2: @ 300 FCPCs aggregation using Nano-patterned | Nanoparticles contract through cell-
printing Group 3: @ 750 substrate of tissue-engineered constructs | substrate forces followed by cell-cell
Group 4: @ 1200 has a beneficial effect on 3D culture for contact forces to form cell monolayers
cartilage regeneration. and thus self-aggregations.
Childs A et al*® PLLA, TBL, N/A Self-assembly Nanotubes D 4.6+0.1 Increased cell adhesion, proliferation, and | Novel RNTs may improve chondrogenic
Glass differentiation were observed in all RNTs | differentiation of hMSCs through their
poly (L-lactic acid) scaffolds, with the TB- | bionic nanoscale morphology, increased
RGDSK scaffolds having the best surface roughness, and stem cell-
performance. favorable surface chemistry.
Niepel MS Silicon Elastic modulus of the native Laser Hexagonally Group 2: 63.1 (height) x hADSC differentiation into chondrogenic | The multilayered cross-linked
etal” PLL/HA multilayers: 6.6kPa; interference arranged 302 (periodicity) and osteogenic lineages is superior to nanostructures form cell-cell contacts
Cross-linking with different lithography and nanostructures Group 3: 67.3 (height) x adipogenic lineages on nanostructures by upregulating N-calmodulin, and
EDC concentrations: 20.9kPa | the layer-by- 518 (periodicity) modified with multilayers. subsequently intracellular signaling
layer technique Group 4: 55.3 (height) x begins to shift from progenitor cells to
733 (periodicity) fully committed chondrocytes.
Prittinen ] etal*® | Polypropylene N/A Anodization Nano-sized N/A The bovine primary chondrocytes could N/A
or Polystyrene bumps be grown on patterned PS and PP
(random) surfaces, and they produced an
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Group 3: @ 100x77

(height) x 300 (pitch)
Group 4: @ 100x127
(height) x 300 (pitch)
Group 5: @ 100%x190
(height) x 300 (pitch)

primary isolated chondrocytes compared
to Group |.

Nemeth CL PEG-GelMA- N/A Ultraviolet- Nano-linear Group 2 and Group 4: 800 | Nanotopography and HA provide N/A
etal?’ HA assisted capillary | grooves (ridge) x 800 (width) x 500 | important cues for promoting the
force (height) chondrogenic differentiation of DPSCs.
lithography
Wu Y et al’ PCL N/A Thermal Nanopillars, Group 2: Nanopillars: 250 Compared to non-patterned PCL surface, | Specific nanopatterns can facilitate the
nanoimprinting Nanogrills, (diameter) x 500 (pitch) x nano-pillar and nano-hole topography initiation of chondrogenic differentiation
Nanoholes 250 (height) enhanced MSC chondrogenesis and of MSCs by making them acquire stiffer
Group 3: Nanoholes: 225 facilitated hyaline cartilage formation. membranes upon interaction with them.
(diameter) x 400 (pitch) x MSCs experienced delayed
300 (depth) chondrogenesis on nano-grill topography
Group 4: Nanogrills: 250 and were induced to fibro/superficial zone
(line) x 250 (space) x 150 cartilage formation.
(height)
Wu Y et al*” PCL, PLA, The compression modulus of | Thermal Nanopillars, Nanogratings: 250 (line) x MSC morphology and aggregation were N/A
PGA nonpatterned PGA: 204mPa; nanoimprinting Nanogratings 250 (space) x 150 (height) highly sensitive to both the substratum
The compression modulus of Nanopillars: 225 (diameter) | stiffness and topographical cues, and has
nonpatterned PLA: 128mPa; % 400 (pitch) x 300 (height) | the potential to influence the early
The compression modulus of differentiation direction of MSCs towards
nonpatterned PCL: 62mPa. the specific cartilage phenotype.
Rodriguez- PLLA N/A Dendrimer N/A N/A RGD-Cys-D| PLLA nanopatterned N/A
Pereira C et al*® nanopatterning substrates supported the formation of
pre-chondrogenic condensates from OA-
and H-derived MSCs. OA-derived MSCs
cultured in nanopatterned substrates
formed bigger and more compact
aggregates.
Khattak PCL, PMMA N/A Polymer Nanoislands, Group 2: Nanopits 200 The substrate with nanoisland topography | N/A
M et al®® demixing Nanopits (depth) x 400-700 has the potential to differentiate into
(random) (diameter) osteogenic, chondrogenic, and adipogenic
Group 3: Combinations of lineages.
Nanopits and Nanoislands
Group 4: Nanoislands 200
(height)
Huethorst PMMA Shear rigidity: 9, 16, 70, 87, Electron beam Nanopillars Group 2: @ 100%62 Group 4 significantly improved the N/A
E etal" 93kPa lithography (height) x 300 (pitch) maintenance of chondrogenesis in

Abbreviations: TiO2: Titanium dioxide; GAC: Guanine/Cytosine DNA base hybrids; PLL: Poly-L-lysine; HA: Hyaluronic acid.
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polypropylene or polystyrene was used in one study,*® and glass was used in two studies.*>*® One study used Bombyx mori
silk, Ti, silicone, and silicon to construct scaffolds/substrates.”®>33** The shear modulus (G) of scaffolds/substrates included
ranging from 9 to 93kPa, and elastic modulus (E) varies from 38.8 + 1.5Pa to 20.9kPa. The compression modulus of
nonpatterned PGA, PLA, and PCL is 204, 128, and 62kPa, respectively.>’ Lithography technology was utilized to develop the

27,33,40,41 9,37

nanopatterns in four studies, thermal nanoimprinting was used in two studies,””’ anodization was utilized in two

studies,>**" self-assembly was used in three studies.>>**** Chemical co-precipitation method,** p-contact printing,*® and
polymer demixing’® were used separately in other studies. Two studies™***
from 10 to 1200nm on the surface of the scaffolds. Four studies’>>-"*!

330 nm and a diameter from 100 to 250nm on the surface. Three studies®* >® developed nanotubes with a diameter ranging

constructed nanoparticles with a diameter ranging
created nanopillars with a height ranging from 62 to

from 3 to 100nm on the surface of scaffolds; nanogrills were reported in two studies.””’ The remaining five studies
respectively reported hexagonally arranged nanostructures,*” nano-sized bumps,*® nano-linear grooves,?’ nanoislands,*

nanopits,”” and irregular nanopattern.*®

Risk of Bias of the Studies Included

The studies included were critically appraised using the Joanna Briggs Institute (JBI) checklist for quasi-experimental
studies®® (Figure 3). A higher total score on the JBI checklist for quasi-experimental studies indicates a lower RoB.
A score of one was assigned to a “Yes” response for other questions and a “No” for Question 4, while a score of zero was
given for “No” and “Unclear” responses each for other questions and a “Yes” for Question 4. Eleven studies had an
overall score of 8, representing a low risk of bias. The reviewers were in complete agreement on 13 of the 14 studies
selected, 89% agreement on 1 of the 14 articles included. Disagreements arose regarding JBI’s item 2 in one study,

Ishmukhametov I et al. (2022)

D.Dehghan-Baniani et al. (2021)

Kim D et al. (2011)

Zhou X et al. (2020)

Park IS et al. (2019)

Childs A et al. (2013)

Niepel MS et al. (2019)

Prittinen J et al. (2014)

Nemeth CL et al. (2014)

Wu Y et al. (2014)

Wu Y et al. (2017)

Cristina R et al. (2020)

Khattak M et al. (2015)
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Huethorst E et al. (2020)

Figure 3 Risk of bias of the included studies based on the Joanna Briggs Institute (JBI) checklist for quasi-experimental studies.
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resolved by a fourth reviewer (CH). The included studies presented heterogencous levels of risk of bias, and the overall
score ranged between 6 and 8. Of the 14 studies analyzed, 79% of the accepted studies scored 8, 14% of the accepted
studies scored 7, and 7% scored 6. Two studies were considered as high risk of bias because the criterion “Was
appropriate statistical analysis used?” was assessed as a high risk of bias. The risk of bias was low in 86% of studies
and high in 14%. With regard to the criterion “Were outcomes measured reliable?”” where none of the studies had a low
risk of bias. The reliability of the measurements used, such as the number of raters, the training of raters, and the
reliability of the intra-rater and the inter-rater within the study, were unclear in those studies. Two studies®’~’ had
insufficient details to access the risk of bias for the criterion “Was there a control group?” for not clearly presenting the
control group. Most studies presented a low risk of bias for the criterion “Was appropriate statistical analysis used?”. The
exception was the study by Kim et al** and Wu et al,’” which did not clearly present the details of the statistical
procedures or methods used.

Discussion

Nanostructured Surface Modifications for Cartilage Tissue Engineering
Over the past decades, tissue engineering has evolved in cartilage repair and regeneration, aiming to produce biomaterials
comprising scaffolds, cell sources, and growth or differentiation factors suitable for implanting and repairing of significant
cartilage defects on the macroscale.**** Scaffolds provide a 3D environment desirable for the regeneration and differentia-
tion of cartilaginous tissue, and numerous natural and synthetic materials are used as scaffolding for cartilage repair.*>*°
Natural polymers, including alginate, agarose, fibrin, HA, collagen, gelatin, chitosan, chondroitin sulfate, and cellulose,
have been investigated as bioactive scaffolds for cartilage engineering, and synthetic polymers, including poly(a-hydroxy
esters), PEG, poly(NiPAAm), poly(propylene fumarates), and polyurethanes. The optimal cell source for cartilage repair is
still being identified.’® Chondrocytes, fibroblasts, stem cells, and genetically modified cells have all been explored for their
potential as viable cell sources.®>'>? The recent focus has been on stem cells for their multi-lineage potential, including
MSCs,>® adipose-derived mesenchymal stem cells (ADSCs),”* and fetal cartilage-derived progenitor cells (FCPCs).”
Differentiation factors mainly include members of the transforming growth factor-p (TGF- B) superfamily,’® insulin-like
growth factor-1 (IGF-1),”” and fibroblast growth factor (FGF) family-specific members.’® However, despite advances in
biomaterial synthesis, scaffold fabrication, and development of growth factor delivery systems, cartilage tissue engineering
is still not well equipped to modulate cell behavior by mimicking the environmental stimuli (cell signaling molecules,
extracellular matrices, and biologically active macromolecules), which are subjected at the nanoscale.”**°
Scaffold/Substrate surface modified with micro/nanoscale features could improve the ECM microenvironment to
provide topographical, biochemical, and mechanical factors for cellular responses, such as differentiation, adhesion, and
migration.®"* Colloidal lithography, plasma etching, self-assembly, anodizing, thermal nanoimprinting, and many other
nanostructured surface engineering technologies have been explored to fabricate different forms of nanopatterns such as
nanopores, nanopillars, nanogrids, nanotubes, nanofibers, and nanoparticles mimicking native biological system to
promote cell growth and tissue regeneration.®® In neural tissue engineering, Zha et al®* construct nanoparticles and
nanofibers on the surface of electrospun cellulose (EC) fiber mats by an in-situ polymerization to provide more protein
contact sites for cells, promoting neural cell adhesion and growth. In bone tissue engineering, Sun et al®® fabricated
a composite artificial periosteum containing carbon nanotubes (CNTs) on the surface, which proximally induced the
directional alignment, expression of osteogenic genes, and protein production of human bone marrow mesenchymal stem

cells (ABMSCs). In skin tissue engineering, Zhao et al®®

fabricated nanofiber-rich chitosan/silk protein (CS/SF) cryogel
scaffolds by electrostatic spinning and freeze/freeze-drying, and promoted smooth muscle cell proliferation, infiltration,
and contraction-related gene expression. Nanostructured surface modifications of scaffolds/substrates also provide a new

perspective for the future development of cartilage tissue engineering.

Mechanism
Nanoscale morphology on the surface of scaffolds/substrates promotes cell adhesion, growth, and chondrogenic
differentiation through a series of pathways.’® Cell adhesion is a crucial prerequisite for cell functions, such as
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synthesizing ECM proteins, forming focal adhesion complexes, and cell proliferation.” Topographical factors induce
mechanotransduction pathways and cell adhesion on the surface nanomorphology by forming focal adhesion complexes
on the cell surface.®” Precartilage condensation is an essential step for chondrogenic differentiation, which is also
associated with increased cell-to-cell contacts and interactions through cell-cell adhesion molecules such as N-cadherin
and N-CAM.®*"! Adhesive interactions on synthetic nanoscale surfaces/substrates are mediated by the interactions
between cell-surface integrins and extracellular proteins such as collagen, fibronectin, and laminin that have been
secreted to the nanostructured surface.”” The interaction between integrin and cadherin also directs the localization of
forces within cell aggregates via the tensional changes in the actin cytoskeleton.”

ECM topography regulates cellular behavior at the nanoscale, and cellular receptors, particularly integrins, are the
most well-defined cell adhesion receptors and are responsible for sensing and transmitting information about micro-
environmental topography.”* The intracellular part of the integrin extends into the cytoplasm and connects to the cell’s
cytoskeleton, and the extracellular part connects to the ligand and triggers cell activation. Signaling through integrins
leads to the bidirectional transmission of signaling molecules.”” The integrin receptor plays a vital role in the localization

1** found

of cytoplasmic focal adhesion protein-tyrosine kinase (FAK) at the cell-ECM interfaces (Figure 4).”® Kim et a
that surfaces bearing nanotubes of 70 to 100 nm in diameter could trigger the morphological transition to a cortical actin
pattern and rounded cell shape (both indicative of chondrocyte differentiation), as well as the up-regulation of type II
collagen and integrin 4 protein expression through the down-regulation of Erk activity. The results of immunocyto-
chemical staining and cell adhesion experiments showed that the expression of integrins on the nanomorphic surface was
significantly higher than that on the smooth surface.”®****”7 More importantly, cell differentiation experiments showed
that stem cells on scaffolds/substrates with nanoscale surface morphology increased the expressions of cartilaginous
genes like SOX9, aggrecan, collagen I, collagen II, and collagen X (Figure 5).”*® These results confirm that suitable
nanoscale surface morphology can trigger the integrin-mediated cell adhesion pathway to improve stem cell differentia-
tion and maturation, enhance cell adhesion, and promote chondrogenesis. However, most current studies focus on the
general effects of nanomorphology on integrin-mediated signaling pathways within the cell; future research should focus

more on how specific nanomorphology parameters interact with the cellular receptors and the detailed mechanisms.

Myosin Il _4
—

ellular tension

A

Ly ..

Topography and roughness Stiffness

Figure 4 Transduction of stem cell differentiation induced by physical factors. Substrate morphology, roughness, and stiffness are sensed by integrins, and activated integrins
activate FAK and tyrosine kinase Src, transmiting information about physical factors to the subsequent RhoA/ROCK signaling pathway. Activated RhoA stimulates actin
phosphorylation and further activates ROCK, thereby increasing the stability of actin polymeric filaments. Myosin I, a downstream effector of ROCK, is essential for increasing
cellular tension and binding sites for adhesion plaque proteins. In addition, Src activation primarily regulates actin morphology, and RhoA/ROCK significantly affects fiber formation.
Ultimately, it affects cell differentiation by regulating cytoskeleton formation and actin morphology. Created in BioRender. Xiao, Y. (2024) https://BioRender.com/q28g769.
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Figure 5 Evidence of stem cells on scaffolds/substrates with nanoscale surface morphology increased the expressions of cartilaginous genes. (A-C) Quantitative analysis of
nanopillars: (A) RT-qPCR results for genes of COL2AI, aggrecan, SOX9, and COLIOAI (results shown in fold-change relative to control (Silk-Plll)); (B) GAG per DNA
content after 2| days of culture; (C) cell proliferation results after 1, 7, 14, and 21 days for hAMSCs. (*p < 0.05, **p < 0.01, ***p < 0.001). Reproduced with permission from
Dehghan-Baniani D, Mehrjou B, Chu PK, Wu H. A biomimetic nano-engineered platform for functional tissue engineering of cartilage superficial zone. Adv Healthc Mater.
2021;10(4):e2001018 from John Wiley and Sons Ltd.>* (D-F) Chondrogenic gene expression of DPSCs cultured on different scaffolds for 10 days (D10) and 21 days (D21):
(D) Sox9 relative expression; (E) Aggrecan relative expression; (F) Procollagen type Il relative expression (Values are represented as mean —SD from three independent
experiments (n = 3), *p < 0.05 with respect to indicated groups and analyzed by Student’s t-test or one-way ANOVA). (Tissue Eng Part A, Vol 20(21-22), Nemeth CL,
Janebodin K, Yuan AE et al,”’ Enhanced chondrogenic differentiation of dental pulp stem cells using nanopatterned PEG-GelMA-HA hydrogels, 2817-2829, Copyright ©
2014, The publisher for this copyrighted material is Mary Ann Liebert, Inc. publishers.). (G-l) Normalized gene expression of ADSCs after chondrogenic differentiation on
gradient GelMA-PEGDA scaffolds without and with RNTK over 3 weeks: (G) Col Il al; (H) Sox-9; (I) Aggrecan (Data are presented as the mean * standard deviation, n =8.
*p < 0.05, and **p < 0.0 when compared to control groups at each week). Reproduced with permission from Zhou X, Tenaglio S, Esworthy T, et al. Three-dimensional

printing biologically inspired DNA-based gradient scaffolds for cartilage tissue regeneration. ACS Appl Mater Interfaces. 2020;12(29):33219-33228. Copyright © 2020,
American Chemisty Society).>®

Effect of Nanoscale Surface Morphologies on Chondrogenesis

Nanoscale morphologies on the surface of substrates/scaffolds could effectively promote chondrogenic differentiation of
stem cells compared to smooth/unpatterned surfaces. Among the studies included, four showed that surfaces with
nanopillars improved the maintenance of chondrogenesis and promoted chondrogenic differentiation of stem cells
compared to unpatterned surfaces.”*"*! Huethorst et al*' designed nanopillars with heights ranging from 27-205nm
and showed that nanopillars with a height of 127nm significantly enhanced matrix deposition, chondrogenic gene
expression, and maintenance of chondrogenesis compared to unpatterned surfaces. Wu et al’’ showed that surface
morphology with nanopillars promotes cell proliferation and chondrogenic differentiation. In the quantitative analysis of
nanopillars, D. Dehghan-Baniani et al>* observed that the nanopillars significantly increased the expression of chondro-
genic genes, GAG per DNA content, and cell proliferation results compared to the unpatterned surface, which proved
that nanopillars significantly promoted chondrogenic differentiation of stem cells, cell proliferation, and improved
cartilage tissue functions (Figure 5A-C). Besides, the study by Wu et al’ also showed that nanopillars could promote
hyaline cartilage formation, suggesting that nanopatterns can lead to specific chondrogenic differentiation outcomes. One
study showed that hexagonally arranged nanostructures promote the chondrogenic differentiation of stem cells. Niepel
et al*? designed hexagonally arranged nanostructures with different periodicities showed that cells formed the largest
clusters of cells on hexagonal nanopillars with a periodicity of 733nm and then differentiated into chondrogenic lineages.
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Three studies showed that nanotubes promoted stem cell proliferation, adhesion, and chondrogenic differentiation
compared to unpatterned surfaces.** 3¢ Zhou et al*®> and Childs et al*® fabricated scaffolds with rosetted nanotubes
(RNTs), which created an environment similar to the natural cartilage ECM and could be used as a potentially improved
material for future cartilage repair and regeneration. In normalized gene expression analysis, Zhou et al*> observed that
scaffolds with RNTs all had higher normalized gene expression than unpatterned scaffolds after 3 weeks of chondrogenic
differentiation, which proved that RNTs could effectively promote chondrogenic differentiation (Figure 5G-I). Kim
et al®* designed nanotubes with a diameter of 30-100nm and found that nanotubes with diameters of 70—100nm
significantly triggered the transformation of cellular morphology and the upregulation of type II collagen expression,
which clearly showed that they could promote chondrogenesis. Two studies used surface morphology with nanoparticles
to probe their ability to promote chondrogenic differentiation of stem cells.*®>? Park et al*® designed nanoparticles with
diameters of 300—1200 nm that could promote the self-aggregation of stem cells. Their nanoparticles with diameters of
750nm are most useful for this, but whether the nanoparticles had the regenerative potential of cartilage tissue remains to
be verified. A three-dimensional sphere culture system that helps optimize stem cell differentiation was developed.
Ishmukhametov et al*? coated the glass surface with different concentrations of 10nm diameters’ magnetic nanoparticles
(MNPs), finding that the surface roughness increased, and the cell adhesion decreased with the increase of the
concentration of MNPs. They concluded that the concentration of 3mg/mL could effectively promote the chondrogenic
differentiation of stem cells. Three studies investigating the effect of surface nanogrills on chondrogenesis.””’ In
chondrogenic gene expression analysis, Nemeth et al*’ observed a significant increase in chondrogenic gene expression
on patterned scaffolds at days 10 and 21 of cell differentiation culture, which proved that scaffolds with nano-linear
grooves (800nm (ridge) x 800nm (width) x 500nm (height)) (Figure 6A) effectively induced chondrogenic differentiation
1°27 showed that

stem cells experienced delayed chondrogenic differentiation on the surface of the nanogrills (250nm (line) x 250nm

compared to unpatterned scaffolds by chondrogenic gene expression analysis (Figure 5D-E). Wu et a

(sapce) x 150nm (height)), eventually differentiating into superficial zone cartilage,’” and nanogratings (250nm (line) x
250nm (space) x 150nm (height)) promoted the chondrogenic differentiation of stem cells.>” However, this contradicts
previous studies showing that anisotropic topographical scaffolds for tissue engineering of superficial cartilage explored
in the 500-1000nm range could successfully induce cell alignment.”®’® Therefore, the size of the grating-like nano-
morphologies that better promote chondrogenic differentiation remains to be explored. Three articles investigated the
effect of irregular nanopatterns on chondrogenic differentiation and showed that suitable nanopatterns had the potential
for chondrogenic differentiation, but not all nanopatterns could improve chondrogenic differentiation.® *°

The types and sizes of surface nanomorphology have different effects on the chondrogenic differentiation of stem
cells.®® Three studies investigated the effect of different nanopatterns on chondrogenesis.”>’~° Khattak et al*® reported
that nanoisland morphology (PCL: PMMA=25:75) promotes cell proliferation and has the potential for chondrogenic

lineages more than nanopit morphology (PCL: PMMA=75:25). Wu et al’’

reported that stem cells grew significantly
faster on the surface of nanogratings than on nanopillars during the early stages of chondrogenic differentiation and that
proliferation rates remained similar for all three polymers (PCL, PLA, PGA) of the same topography. However, this
conflicts with Li et al’s study®' on the interaction of substrate hardness, morphology, and size, which showed that both
hardness and size, but not morphology, influence cell proliferation. The current explanation is that adapting different
cellular morphologies to specific nanopatterns may be a determining factor in regulating proliferation.’” Moreover, Wu
et al’ reported that nanopillar and nanohole morphology induced the formation of hyaline cartilage and nanogrill
morphology induced the formation of fibro/superficial zone cartilage from cells compared to non-patterned surfaces,
which means different nanomorphic patterns lead to different chondrogenic differentiation results. Future studies should
focus on the effect of different nanopatterns at similar sizes on the chondrogenic differentiation of stem cells. In
summary, nanoholes, nanogrills, nanoparticles with a diameter of 10—40nm, nanotubes with a diameter of 70—-100nm,
nanopillars with a height of 127-330nm, and hexagonal nanostructures with a periodicity of 302—733nm on the surface
of substrates/scaffolds significantly enhance cell adhesion, growth, and chondrogenic differentiation of stem cells
compared to the smooth/unpatterned ones through increasing integrin expression. Large nanoparticles with a diameter
of 300—1200nm promote pre-chondrogenic cellular aggregation. However, further studies are needed to investigate their
suitable sizes, which could effectively promote chondrogenic differentiation.

12760 "= International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Xiao et al

C Unpatterned Nanopillar Nanopillar-KGN

Cell-free

Cell-
covered

1 . 3 e o 2 ,
/ 3 s SOX 9
0 rea4odihign moa wh F——=24" (Tn "} ) »
~50kv 10 dotaneSF (102 @ ol v r ™

Hoechst

Merged

Figure 6 Evidence of the types and sizes of surface nanomorphology have different effects on the chondrogenic differentiation of stem cells. (A) Scanning electron
micrographs of surfaces: (i, i) images of PEG-GelMA-HA unpatterned and patterned hydrogels, Scale bars = 10 mm; The publisher for this copyrighted material is Mary Ann
Liebert, Inc. publishers.?” . Reproduced with permission from Dehghan-Baniani D, Mehrjou B, Chu PK, Wu H. A biomimetic nano-engineered platform for functional tissue
engineering of cartilage superficial zone. Adv Healthc Mater. 202 1;10(4):¢2001018 from John Wiley and Sons Ltd.** (B) Positive collagen type Il staining (in red) was observed

of the monolayer areas, Arrows indicate the direction of pattern, Scale bars = 50mm. (Tissue Eng Part A, Vol 20(21-22), Nemeth CL, Janebodin K, Yuan AE et al,27 Enhanced
chondrogenic differentiation of dental pulp stem cells using nanopatterned PEG-GelMA-HA hydrogels, 2817-2829, Copyright © 2014, The publisher for this copyrighted
material is Mary Ann Liebert, Inc. publishers.). (C) Confocal laser scanning microscopy and three-dimensional mold images of COL Il, SOX9, and Hoechst staining of cell-
seeded Silk-Plll, Silk-Plll-Nanopillar, and Silk-Plll-Nanopillar-KGN after culturing for 14 days, Scale bar = 100um. Reproduced with permission from Dehghan-Baniani D,
Mehrjou B, Chu PK, Wu H. A biomimetic nano-engineered platform for functional tissue engineering of cartilage superficial zone. Adv Healthc Mater. 2021;10(4):e2001018
from John Wiley and Sons Ltd.>?

Combination of Topographical and Other Factors

In recent years, many studies have combined topographical and other factors to investigate the effects on chondrogenic
differentiation of stem cells.*> Among the studies we included, five combined topographical, chemical, biochemical, and
biological factors to explore the effects on chondrogenic differentiation of stem cells.*’**2*32%% Three studies
combined topographic and chemical factors to investigate the effect on chondrogenesis. Zhou et al*®> and Childs et al*®
fabricated RNTs combining topographical factors and chemical factors by self-assembly technology, which effectively
promoted chondrogenic differentiation; RNT is a promising nanomaterial due to its unique nanostructure, high density of

1?7 fabricated scaffolds containing hyaluro-

functionalizable surface group, and collagen-like soft properties. Nemeth et a
nic acid (HA) and linear nano-grooves as HA provides chemical signals to promote stem cell differentiation toward the
chondrogenic lineage. Immunofluorescence staining of collagen type II revealed that stem cells cultured on HA patterns
exhibited the significantly most robust staining among all scaffolds, proving that scaffolds containing HA and linear
nano-grooves promoted chondrogenic differentiation (Figure 6B). They also hypothesized that HA might signal by
binding to CD44, which regulates the EMT gene’s function. Future studies should determine the mechanism and focus on
the role of HA combined with other nanopatterns on chondrogenesis. The natural materials suitable for cartilage tissue

engineering include polysaccharides, such as chitosan, hyaluronan, and alginate; polyesters, such as
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polyhydroxybutyrate; proteins, such as collagen, elastin, keratin and fibroin. These materials are processed into scaffolds
that impart features of pore structure, elasticity, and surface energy parameters.®® Chitosan has cationic properties,
biocompatibility, stability, the ability to assume a variety of physical forms, and promotes the expression of cartilage
matrix components and reduces the production of inflammatory and catabolic mediators by chondrocytes in vitro.5**
Therefore, it could be used as a material of scaffold in cartilage tissue engineering. Alginate is suitable for the
redifferentiation of chondrocytes after monolayer expansion and can be used as a carrier for mesenchymal stem cells
undergoing chondrogenesis.**®” Cellulose can be used as a material of scaffold in cartilage tissue engineering due to its
ability to mimic in vivo cellular architecture to support biological functions, similarity to the natural ECM, and can be
adjusted in assembly of scaffold.®® Future studies should combine chemical factors including synthetic polymers and
naturally occurring polysaccharides with nanostructured surface modifications to investigate their effects on chondro-
genic differentiation of stem cells.

Two studies used a combination of biochemical, biological, and topographical factors to explore the effects of chondro-
genesis. D. Dehghan-Baniani et al*® immobilized the small biological molecule kartogenin (KGN) on the surface of
nanopillars, and immunofluorescence images confirmed the most significant expression of chondrogenesis-related proteins
on the surface of KGN-loaded nanopillars, demonstrating that the combination of KGN and nanopillars could effectively
promote the chondrogenic differentiation of stem cells (Figure 6C). In addition, Wei et al*” showed that a biomimetic structure
with KGN as the only biochemical inducer could promote the recovery of cartilage and subchondral bone in osteochondral
defects in vivo. Rodriguez-Pereira et al*® investigated the promotion of pre-chondrogenic aggregation of stem cells by coating
nanopatterned surfaces with different concentrations of arginine—glycine—aspartate (RGD). They concluded that 2.5 x 10 8w/

w was the optimal concentration. Furthermore, Prittinen et al*

showed that nanopatterned surfaces alone could not prevent the
dedifferentiation of primary chondrocytes, demonstrating the importance of the biochemical factor. In conclusion, future
studies should focus on the role of nanomorphology on chondrogenic differentiation and the effect of topographic factors

combined with biochemical factors on chondrogenic differentiation.

Influence of Cell Sources

Although there are currently various options for cell sources in cartilage tissue engineering, choosing the right one is
critical and challenging.”® Applying stem cells to cartilage tissue engineering requires transforming stem cells into
chondrocytes capable of producing a functional cartilage matrix, which is also the key to the successful use of stem
cells.’® Currently, mesenchymal stem cells (MSCs) are the predominant cell source for cartilage tissue engineering.
MSCs are adult stromal cells with a wide range of differentiation potential when cultured in vitro.”' The self-renewal
ability and relatively low immunogenicity of MSCs favor their use in cartilage tissue engineering.”>°* MSCs come from
many sources, including fat and bone tissue, umbilical cord blood, placenta, dental pulp, and many other tissues in
adults.”*?> Different sources of MSCs have different properties and unique advantages, which is also demonstrated in the
study by Rodriguez-Pereira et al*® Bone marrow and adipose tissue are the primary sources of therapeutic MSC.’® Bone
marrow-derived MSCs (BM-MSCs) have been heavily used in cartilage tissue engineering due to their easy accessibility,
rapid cell proliferation, maintenance of differentiation capacity, and low immune rejection. Monaco et al’”-*® used BM-
MSCs to generate cartilage tissue in a medium that combined specific growth factors and oxygen tension. Adipose-
derived MSCs (AD-MSCs) possess various properties for cartilage tissue engineering, such as abundant availability, ease
of collection, minimal trauma, low complication rates, and high proliferative potential.””® Zhou et al>> and
Ishmukhametov et al*? promoted chondrogenic differentiation of AD-MSCs by culturing them on surfaces with specific
nanopatterns. Besides, compared to BM-MSCs, AD-MSCs are relatively more abundant and have a lower harvesting
risk.>*'%° Tigli et al'®" compared the chondrogenesis potential of human articular chondrocytes, human embryonic stem
cells, and MSCs derived from three different sources (adipose tissue, embryonic stem cells, and bone marrow), finding
that human embryonic stem cell-derived MSCs had the best potential for chondrogenesis. Meanwhile, Park et al'*
reported that fetal chondrogenic progenitor cells (FCPCs) have the potential for high yield, proliferation, pluripotent
differentiation, and maintenance of the chondrogenic phenotype in chondrogenesis, which means FCPCs could act as
a novel cell source for cartilage regeneration. Although some progress has been made in cell sources for cartilage tissue
engineering, there are still problems, such as the low structural similarity of stem cell-based regenerated cartilage tissue
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to natural cartilage tissue. In the future, focusing on the cell source and the effect of combining stem cells from different
sources on cartilage regeneration is essential.

Influence of Matrix Stiffness

Environmental physical characteristics also play an important role in stem cells’ chondrogenic differentiation. In addition to
topographical factors, matrix stiffness has been shown to influence chondrogenic differentiation of stem cells.'” Among the
selected studies, three investigated the effect of the combination of nanomorphology and substrate stiffness on the chondrogenic
differentiation of stem cells.**"** D. Dehghan-Baniani et al*> used the viscoelasticity of a thermosensitive hydrogel to improve
the mechanical properties of the substrate and increase the adhesion strength at the graft-host interface, which in turn improved
chondrogenesis. Niepel et al** reported a lower propensity for chondrogenic differentiation of cells on harder, smoother surfaces.
Wu et al’” found that hyaline-like cartilage exhibiting characteristics of the middle/deep zone was generated on a softer pillar
surface, while stiffer nanopillar material MSCs demonstrated the potential to generate constituents of hyaline/fibro/hypertrophic
cartilage. Additionally, fibro/superficial zone-like cartilage could be derived from nanogratings with a softer stiffness, whereas
stiffer nanogratings led to negligible chondrogenesis, which means that different nanopatterns combined with different stiffness
could lead to differentiation of stem cells into different types of cartilage. These three results demonstrate the tendency of stem
cells grown on substrates with low stiffness to chondrogenic differentiation compared to substrates with high stiffness, consistent
with previous research findings.'® In addition, the culture systems used in the current study vary widely in their stiffness values,
and there is yet to be a relatively precise range of stiffness values that could promote chondrogenic differentiation of stem cells
well. Current evidence suggests that matrix stiffness-mediated differentiation of stem cells to chondrocytes might involve several
signaling pathways, including integrin-mediated focal adhesion signaling, tension-sensitive protein pathway, stretch-activated
channel pathway, TWIST! signaling, and YAP/TAZ signaling.'® However, the exact mechanism by which matrix stiffness
affects chondrogenic differentiation of stem cells remains unclear. Although the effects of mechanical stiffness or topographical
factors on cell fate and chondrogenic differentiation have been studied in the literature, how these factors work together to
influence stem cell chondrogenic differentiation remains unclear.*””%!951% Fyture studies could focus on designing systems that
combine topographical and mechanical stiffness factors to promote chondrogenic differentiation.

Limitations

Due to methodological and statistical heterogeneity in trial protocol design and efficacy evaluation in the selected studies, this
may ultimately affect the accuracy of analysis results.'”” No studies have qualitatively compared the characteristics of
different nanofabrication techniques currently. Cartilage development consists of four main stages: anterior cartilage coales-
cence, interstitial band formation, cavitation, and articular cartilage stabilization. In humans, anterior cartilage coalescence can
be observed in the 5th-6th weeks of embryogenesis. Morphologically dense and minimal cartilage matrix-containing
structures can be observed in the 11th-12th weeks.'®® Scaffolds/substrates with nanostructured surface morphology appeared
to accelerate cartilage aggregation within 1 week and cartilage tissue formation in 6 weeks. Besides, the cell sources were
different in all selected studies. Since different cells perceive the extracellular microenvironment differently, this can lead to
differences in cell proliferation, adhesion, and chondrogenic differentiation. Therefore, choosing the right cell source is
challenging. The analysis methods of the included studies were similar and helpful in evaluating chondrogenesis, but the
physical and chemical factors of the biomaterials are non-negligible variables that affect chondrogenesis.

There are limitations to this systematic review study. Although a systematic literature search was conducted and
enrollment in this systematic review was completed prior to the completion of data extraction, the limited number of
studies and the heterogeneity of experimental designs and observational metrics may prevent the comparison of results
and affect the outcomes. Due to these reasons, we cannot determine the optimal nanoscale surface morphology for
promoting chondrogenic differentiation of stem cells in vitro.

Conclusion

In vitro studies suggest that nanoholes, nanogrills, nanoparticles with a diameter of 10—40nm, nanotubes with a diameter of
70—100nm, nanopillars with a height of 127-330nm, and hexagonal nanostructures with a periodicity of 302—733nm on the
surface of substrates/scaffolds significantly improve cell adhesion, growth, and chondrogenic differentiation of stem cells
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compared to the smooth/unpatterned ones through increasing integrin expression. Large nanoparticles in 300—1200nm
diameter promote pre-chondrogenic cellular aggregation. However, the limited number and heterogeneity of current studies
hinder the determination of the optimal nanoscale surface morphology to promote chondrogenic differentiation of stem cells.
Moreover, due to the need for studies on the interaction between different nanomorphology parameters and cellular receptors,
future research should focus more on this area to investigate the detailed mechanisms. The application of surface topographic
modifications, piggybacking small biological molecules, coatings, or novel materials opens new opportunities for the design
of scaffolds/substrates in cartilage tissue engineering. Future work needs to focus on the precise control of the sizes and types
of nanoscale morphologies, the synergistic effects of the composite treatment of nanomorphologies and other factors, and the
evaluation of the mechanical properties, degradability, durability, and biocompatibility of the fabricated nanostructures. More
standardized and comprehensive reports of nanoscale surface morphology are needed to better understand the topographical
influences on chondrogenesis by scaffolds/substrates for cartilage regeneration, with in vivo studies required for translating
findings to clinical applications.

Abbreviations

ECM, Extracellular matrix; AC, Articular cartilage; NIL, Nanoimprint lithography; EBL, Electron beam lithography;
uCP, microcontact printing; LBL, Layer-by-layer; NSL, Nanosphere lithography; MSCs, Mesenchymal stem cells;
FCPCs, Fetal cartilage-derived progenitor cells; DPSCs, Dental pulp stem cells; MNP, Magnetic iron oxide nanoparticle;
PIII, Plasma immersion ion implantation technique; KGN, Kartogenin, a biomolecule can promote chondrogenesis of
hAMSCs; GelMA, Gelatin methacrylate; PEGDA, Poly (ethylene glycol diacrylate); RNTK, Lysine functionalized
rosette nanotube; PLLA, Poly (L-lactic acid); TBL, Aminobutane linker molecule; TB-RGDSK, Twin guanine/cytosine
DNA base hybrids-based rosette nanotubes functionalized with arginine—glycine—aspartic acid—serine-lysine integrin
binding peptide; RGD, arginine—glycine—aspartate; PCL, Polycaprolactone; PLA, Polylactide; PGA, Polyglycolide;
PMMA, Poly (methyl methacrylate); ADSC, Adipose-derived mesenchymal stem cell; FGF, Fibroblast growth factor;
TiO2, Titanium dioxide; G*C, Guanine/Cytosine DNA base hybrids; PLL, Poly-L-lysine; HA, Hyaluronic acid; EC,
Electrospun cellulose; CNTs, Carbon nanotubes; hBMSCs, human bone marrow mesenchymal stem cells; RNTs,
Rosetted nanotubes; MNPs, Magnetic nanoparticles; BM-MSCs, Bone marrow-derived MSCs; AD-MSCs, Adipose-
derived MSCs; TGF- B, Transforming growth factor-B; IGF-1, Insulin-like growth factor-1; FAK, Focal adhesion protein-
tyrosine kinase.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

Funding

This research was funded by the National Natural Science Foundation of China [Grant Number 3A7240233429]; the
Education Department of Jilin Province, P.R. China [Grant Number JJKH20211157KJ]; the Department of Finance of
Jilin Province, P.R. China [Grant Number 2024WSZX-C16]; the Jilin University, P.R. China [Grant Number 2024B07
and 451210907063]. The funders had no role in the design of the study; in the collection, analyses, or interpretation of
data; in the writing of the manuscript; or in the decision to publish the results.

Disclosure
The authors report no conflicts of interest in this work.

References

1. Hunziker EB. Articular cartilage repair: basic science and clinical progress. A review of the current status and prospects. Osteoarthritis Cartilage.
2002;10(6):432-463. doi:10.1053/joca.2002.0801

12764 "= International Journal of Nanomedicine 2024:19

Dove!


https://doi.org/10.1053/joca.2002.0801
https://www.dovepress.com
https://www.dovepress.com

Dove

Xiao et al

10.

11.

12.

13.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

. Mellati A, Fan CM, Tamayol A, et al. Microengineered 3D cell-laden thermoresponsive hydrogels for mimicking cell morphology and

orientation in cartilage tissue engineering. Biotechnol Bioeng. 2017;114(1):217-231. doi:10.1002/bit.26061

. Newman AP. Articular cartilage repair. Am J Sports Med. 1998;26(2):309-324. doi:10.1177/03635465980260022701
. Li M, Yin H, Yan Z, et al. The immune microenvironment in cartilage injury and repair. Acta Biomater. 2022;140:23-42. doi:10.1016/].

actbio.2021.12.006

. Stampoultzis T, Karami P, Pioletti DP. Thoughts on cartilage tissue engineering: a 21st century perspective. Curr Res Trans! Med. 2021;69

(3):103299. doi:10.1016/j.retram.2021.103299

. Tuan RS, Chen AF, Klatt BA. Cartilage regeneration. J Am Acad Orthop Surg. 2013;21(5):303-311. doi:10.5435/jaaos-21-05-303
. Cao B, Peng Y, Liu X, Ding J. Effects of functional groups of materials on nonspecific adhesion and chondrogenic induction of mesenchymal

stem cells on free and micropatterned surfaces. ACS Appl Mater Interfaces. 2017;9(28):23574-23585. doi:10.1021/acsami.7b08339

. Yang J, Xiao Y, Tang Z, et al. The negatively charged microenvironment of collagen hydrogels regulates the chondrogenic differentiation of

bone marrow mesenchymal stem cells in vitro and in vivo. J Mater Chem B. 2020;8(21):4680—4693. doi:10.1039/d0tb00172d

. Wu YN, Law JB, He AY, et al. Substrate topography determines the fate of chondrogenesis from human mesenchymal stem cells resulting in

specific cartilage phenotype formation. Nanomedicine. 2014;10(7):1507—1516. doi:10.1016/j.nan0.2014.04.002

Subramony SD, Dargis BR, Castillo M, et al. The guidance of stem cell differentiation by substrate alignment and mechanical stimulation.
Biomaterials. 2013;34(8):1942-1953. doi:10.1016/j.biomaterials.2012.11.012

Del Campo A, Arzt E. Fabrication approaches for generating complex micro- and nanopatterns on polymeric surfaces. Chem Rev. 2008;108
(3):911-945. doi:10.1021/cr050018y

Guduru D, Niepel M, Vogel J, Groth T. Nanostructured material surfaces--preparation, effect on cellular behavior, and potential biomedical
applications: a review. Int J Artif Organs. 2011;34(10):963-985. doi:10.5301/ijao.5000012

Prasopthum A, Shakesheff KM, Yang J. Direct three-dimensional printing of polymeric scaffolds with nanofibrous topography. Biofabrication.
2018;10(2):025002. doi:10.1088/1758-5090/aaal5b

. Wang Q, Huang Y, Qian Z. Nanostructured surface modification to bone implants for bone regeneration. J Biomed Nanotechnol. 2018;14

(4):628-648. doi:10.1166/jbn.2018.2516

Das K, Madhusoodan AP, Mili B, et al. Functionalized carbon nanotubes as suitable scaffold materials for proliferation and differentiation of
canine mesenchymal stem cells. /nt J Nanomed. 2017;12:3235-3252. doi:10.2147/ijn.S122945

Kam LC, Shen K, Dustin ML. Micro- and nanoscale engineering of cell signaling. Annu Rev Biomed Eng. 2013;15(1):305-326. doi:10.1146/
annurev-bioeng-071811-150050

. Lord MS, Foss M, Besenbacher F. Influence of nanoscale surface topography on protein adsorption and cellular response. Nano Today. 2010;5

(1):66-78. doi:10.1016/j.nantod.2010.01.001

You MH, Kwak MK, Kim DH, et al. Synergistically enhanced osteogenic differentiation of human mesenchymal stem cells by culture on
nanostructured surfaces with induction media. Biomacromolecules. 2010;11(7):1856—1862. doi:10.1021/bm100374n

Qasim M, Chae DS, Lee NY. Advancements and frontiers in nano-based 3D and 4D scaffolds for bone and cartilage tissue engineering.
Int J Nanomed. 2019;14:4333-4351. doi:10.2147/ijn.S209431

Cun X, Hosta-Rigau L. Topography: a biophysical approach to direct the fate of mesenchymal stem cells in tissue engineering applications.
Nanomaterials. 2020;10(10):2070. doi:10.3390/nano10102070

Li J, Liu Y, Zhang Y, et al. Biophysical and biochemical cues of biomaterials guide mesenchymal stem cell behaviors. Front Cell Dev Biol.
2021;9:640388. doi:10.3389/fcell.2021.640388

Stevens MM, George JH. Exploring and engineering the cell surface interface. Science. 2005;310(5751):1135-1138. doi:10.1126/
science.1106587

Dalby MJ, Gadegaard N, Herzyk P, Agheli H, Sutherland DS, Wilkinson CD. Group analysis of regulation of fibroblast genome on
low-adhesion nanostructures. Biomaterials. 2007;28(10):1761-1769. doi:10.1016/j.biomaterials.2006.11.049

Dalby MJ, McCloy D, Robertson M, et al. Osteoprogenitor response to semi-ordered and random nanotopographies. Biomaterials. 2006;27
(15):2980-2987. doi:10.1016/j.biomaterials.2006.01.010

Oh S, Brammer KS, Li YS, et al. Stem cell fate dictated solely by altered nanotube dimension. Proc Natl Acad Sci U S A. 2009;106
(7):2130-2135. doi:10.1073/pnas.0813200106

Yim EK, Darling EM, Kulangara K, Guilak F, Leong KW. Nanotopography-induced changes in focal adhesions, cytoskeletal organization, and
mechanical properties of human mesenchymal stem cells. Biomaterials. 2010;31(6):1299—-1306. doi:10.1016/j.biomaterials.2009.10.037
Nemeth CL, Janebodin K, Yuan AE, Dennis JE, Reyes M, Kim DH. Enhanced chondrogenic differentiation of dental pulp stem cells using
nanopatterned PEG-GeIMA-HA hydrogels. Tissue Eng Part A. 2014;20(21-22):2817-2829. doi:10.1089/ten.TEA.2013.0614

Park IS, Choi YJ, Kim HS, et al. Development of three-dimensional articular cartilage construct using silica nano-patterned substrate. PLoS
One. 2019;14(5):¢0208291. doi:10.1371/journal.pone.0208291

Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ.
2021;372:n71. doi:10.1136/bmj.n71

Barker TH, Habibi N, Aromataris E, et al. The revised JBI critical appraisal tool for the assessment of risk of bias for quasi-experimental
studies. JBI Evidence Synth. 2024;22(3):378-388. doi:10.11124/jbies-23-00268

Calazans Neto JV, Valente M, Reis ACD. Effect of pores on cell adhesion to additively manufactured titanium implants: a systematic review.
J Prosthet Dent. 2023. doi:10.1016/j.prosdent.2023.05.010

Ishmukhametov I, Batasheva S, Rozhina E, et al. DNA/magnetic nanoparticles composite to attenuate glass surface nanotopography for
enhanced mesenchymal stem cell differentiation. article. Polymers. 2022;14(2):344. doi:10.3390/polym14020344

Dehghan-Baniani D, Mehrjou B, Chu PK, Wu H. A biomimetic nano-engineered platform for functional tissue engineering of cartilage
superficial zone. Adv Healthc Mater. 2021;10(4):¢2001018. doi:10.1002/adhm.202001018

Kim D, Choi B, Song J, et al. TiO, nanotube stimulate chondrogenic differentiation of limb mesenchymal cells by modulating focal activity.
Article. Exp. Mol. Med. 2011;43(8):455-461. doi:10.3858/emm.2011.43.8.051

Zhou X, Tenaglio S, Esworthy T, et al. Three-dimensional printing biologically inspired DNA-based gradient scaffolds for cartilage tissue
regeneration. ACS Appl Mater Interfaces. 2020;12(29):33219-33228. doi:10.1021/acsami.0c07918

International Journal of Nanomedicine 2024:19 hetps: 12765

ove!


https://doi.org/10.1002/bit.26061
https://doi.org/10.1177/03635465980260022701
https://doi.org/10.1016/j.actbio.2021.12.006
https://doi.org/10.1016/j.actbio.2021.12.006
https://doi.org/10.1016/j.retram.2021.103299
https://doi.org/10.5435/jaaos-21-05-303
https://doi.org/10.1021/acsami.7b08339
https://doi.org/10.1039/d0tb00172d
https://doi.org/10.1016/j.nano.2014.04.002
https://doi.org/10.1016/j.biomaterials.2012.11.012
https://doi.org/10.1021/cr050018y
https://doi.org/10.5301/ijao.5000012
https://doi.org/10.1088/1758-5090/aaa15b
https://doi.org/10.1166/jbn.2018.2516
https://doi.org/10.2147/ijn.S122945
https://doi.org/10.1146/annurev-bioeng-071811-150050
https://doi.org/10.1146/annurev-bioeng-071811-150050
https://doi.org/10.1016/j.nantod.2010.01.001
https://doi.org/10.1021/bm100374n
https://doi.org/10.2147/ijn.S209431
https://doi.org/10.3390/nano10102070
https://doi.org/10.3389/fcell.2021.640388
https://doi.org/10.1126/science.1106587
https://doi.org/10.1126/science.1106587
https://doi.org/10.1016/j.biomaterials.2006.11.049
https://doi.org/10.1016/j.biomaterials.2006.01.010
https://doi.org/10.1073/pnas.0813200106
https://doi.org/10.1016/j.biomaterials.2009.10.037
https://doi.org/10.1089/ten.TEA.2013.0614
https://doi.org/10.1371/journal.pone.0208291
https://doi.org/10.1136/bmj.n71
https://doi.org/10.11124/jbies-23-00268
https://doi.org/10.1016/j.prosdent.2023.05.010
https://doi.org/10.3390/polym14020344
https://doi.org/10.1002/adhm.202001018
https://doi.org/10.3858/emm.2011.43.8.051
https://doi.org/10.1021/acsami.0c07918
https://www.dovepress.com
https://www.dovepress.com

Xiao et al Dove

36

37.

38.

39.

40.

. Childs A, Hemraz UD, Castro NJ, Fenniri H, Zhang LG. Novel biologically-inspired rosette nanotube PLLA scaffolds for improving human
mesenchymal stem cell chondrogenic differentiation. Biomed Mater. 2013;8(6):065003. doi:10.1088/1748-6041/8/6/065003

Wu Y, Yang Z, Law JBK, et al. The combined effect of substrate stiffness and surface topography on chondrogenic differentiation of
mesenchymal stem cells. article. Tissue Eng Part A. 2017;23(1-2):43-54. doi:10.1089/ten.tea.2016.0123

Rodriguez-Pereira C, Lagunas A, Casanellas I, et al. RGD-dendrimer-poly(L-lactic) acid nanopatterned substrates for the early chondrogenesis
of human mesenchymal stromal cells derived from osteoarthritic and healthy donors. article. Materials. 2020;13(10):2247. doi:10.3390/
mal3102247

Khattak M, Pu F, Curran JM, Hunt JA, D’Sa RA. Human mesenchymal stem cell response to poly(e-caprolactone/poly(methyl methacrylate)
demixed thin films. Article. J Mater Sci Mater Med. 2015;26(5). doi:10.1007/s10856-015-5507-2

Prittinen J, Jiang Y, Ylarinne JH, Pakkanen TA, Lammi MJ, Qu C. Chondrocyte behavior on nanostructured micropillar polypropylene and
polystyrene surfaces. Article. Mater Sci Eng C-Mater Biol Appl. 2014;43:424-431. doi:10.1016/j.msec.2014.07.045

41. Huethorst E, Cutiongco MFA, Campbell FA, et al. Customizable, engineered substrates for rapid screening of cellular cues. Article.
Biofabrication. 2020;12(2):025009. doi:10.1088/1758-5090/ab5d3f

42. Niepel MS, Ekambaram BK, Schmelzer CEH, Groth T. Polyelectrolyte multilayers of poly (I-lysine) and hyaluronic acid on nanostructured
surfaces affect stem cell response. Nanoscale. 2019;11(6):2878-2891. doi:10.1039/c8nr05529g

43. Caldwell KL, Wang J. Cell-based articular cartilage repair: the link between development and regeneration. Osteoarthritis Cartilage. 2015;23
(3):351-362. doi:10.1016/j.joca.2014.11.004

44. Chung C, Burdick JA. Engineering cartilage tissue. Adv Drug Deliv Rev. 2008;60(2):243-262. doi:10.1016/j.addr.2007.08.027

45. Chen M, Jiang Z, Zou X, You X, Cai Z, Huang J. Advancements in tissue engineering for articular cartilage regeneration. Heliyon. 2024;10(3):
€25400. doi:10.1016/j.heliyon.2024.e25400

46. Yang S, Jiang W, Ma X, et al. Nanoscale morphologies on the surface of 3D-printed titanium implants for improved osseointegration:
a systematic review of the literature. Int J Nanomed. 2023;18:4171-4191. doi:10.2147/ijn.S409033

47. Wang Z, Hui A, Zhao H, et al. A novel 3D-bioprinted porous nano attapulgite scaffolds with good performance for bone regeneration.
Int J Nanomed. 2020;15:6945-6960. doi:10.2147/ijn.S254094

48. Talaat W, Aryal Ac S, Al Kawas S, et al. Nanoscale thermosensitive hydrogel scaffolds promote the chondrogenic differentiation of dental pulp
stem and progenitor cells: a minimally invasive approach for cartilage regeneration. Int J Nanomed. 2020;15:7775-7789. doi:10.2147/ijn.
S274418

49. Zheng S, Li D, Liu Q, et al. Surface-modified nano-hydroxyapatite uniformly dispersed on high-porous GeIMA scaffold surfaces for enhanced
osteochondral regeneration. /nt J Nanomed. 2023;18:5907-5923. doi:10.2147/ijn.S428965

50. Mahmoudifar N, Doran PM. Chondrogenesis and cartilage tissue engineering: the longer road to technology development. Trends Biotechnol.
2012;30(3):166-176. doi:10.1016/j.tibtech.2011.09.002

51. Sun Y, Xue C, Wu H, et al. Genetically modified mesenchymal stromal cells in cartilage regeneration. Stem Cells Dev. 2023;32(13-14):365—
378. doi:10.1089/scd.2022.0242

52. Pei M, Luo J, Chen Q. Enhancing and maintaining chondrogenesis of synovial fibroblasts by cartilage extracellular matrix protein matrilins.
Osteoarthritis Cartilage. 2008;16(9):1110-1117. doi:10.1016/j.joca.2007.12.011

53. Im GI. Tissue engineering in osteoarthritis: current status and prospect of mesenchymal stem cell therapy. BioDrugs. 2018;32(3):183-192.
doi:10.1007/s40259-018-0276-3

54. Veronesi F, Maglio M, Tschon M, Aldini NN, Fini M. Adipose-derived mesenchymal stem cells for cartilage tissue engineering: state-of-The-art
in in vivo studies. J Biomed Mater Res A. 2014;102(7):2448-2466. doi:10.1002/jbm.a.34896

55. Park DY, Min BH, Park SR, et al. Engineered cartilage utilizing fetal cartilage-derived progenitor cells for cartilage repair. Sci Rep. 2020;10
(1):5722. doi:10.1038/541598-020-62580-0

56. Kovermann NJ, Basoli V, Della Bella E, et al. BMP2 and TGF-f cooperate differently during synovial-derived stem-cell chondrogenesis in
a dexamethasone-dependent manner. Cells. 2019;8(6):636. doi:10.3390/cells8060636

57. Wei P, Xu Y, Gu Y, Yao Q, Li J, Wang L. IGF-1-releasing PLGA nanoparticles modified 3D printed PCL scaffolds for cartilage tissue
engineering. Drug Deliv. 2020;27(1):1106-1114. doi:10.1080/10717544.2020.1797239

58. Martin I, Suetterlin R, Baschong W, Heberer M, Vunjak-Novakovic G, Freed LE. Enhanced cartilage tissue engineering by sequential exposure
of chondrocytes to FGF-2 during 2D expansion and BMP-2 during 3D cultivation. J Cell Biochem. 2001;83(1):121-128. doi:10.1002/jcb.1203

59. Nabizadeh Z, Nasrollahzadeh M, Daemi H, et al. Micro- and nanotechnology in biomedical engineering for cartilage tissue regeneration in
osteoarthritis. Beilstein J Nanotechnol. 2022;13:363-389. doi:10.3762/bjnano.13.31

60. Tortorella S, Vetri Buratti V, Maturi M, Sambri L, Comes Franchini M, Locatelli E. Surface-modified nanocellulose for application in
biomedical engineering and nanomedicine: a review. Int J Nanomed. 2020;15:9909-9937. doi:10.2147/ijn.S266103

61. Limongi T, Tirinato L, Pagliari F, et al. Fabrication and applications of micro/nanostructured devices for tissue engineering. Nanomicro Lett.
2017;9(1):1. doi:10.1007/s40820-016-0103-7

62. Ding S, Kingshott P, Thissen H, Pera M, Wang PY. Modulation of human mesenchymal and pluripotent stem cell behavior using biophysical
and biochemical cues: a review. Biotechnol Bioeng. 2017;114(2):260-280. doi:10.1002/bit.26075

63. Tawfick S, De Volder M, Copic D, et al. Engineering of micro- and nanostructured surfaces with anisotropic geometries and properties. Adv
Mater. 2012;24(13):1628-1674. doi:10.1002/adma.201103796

64. Zha F, Chen W, Lv G, et al. Effects of surface condition of conductive electrospun nanofiber mats on cell behavior for nerve tissue engineering.
Mater Sci Eng C Mater Biol Appl. 2021;120:111795. doi:10.1016/j.msec.2020.111795

65. Sun H, Shang Y, Guo J, et al. Artificial Periosteum with Oriented Surface Nanotopography and High Tissue Adherent Property. ACS Appl Mater
Interfaces. 2023;15(39):45549—45560. doi:10.1021/acsami.3c07561

66. Zhao W, Cao S, Cai H, et al. Chitosan/silk fibroin biomimic scaffolds reinforced by cellulose acetate nanofibers for smooth muscle tissue
engineering. Carbohydr Polym. 2022;298:120056. doi:10.1016/j.carbpol.2022.120056

67. Gregor M, Osmanagic-Myers S, Burgstaller G, et al. Mechanosensing through focal adhesion-anchored intermediate filaments. FASEB j.
2014;28(2):715-729. doi:10.1096/1j.13-231829

12766 '+ International Journal of Nanomedicine 2024:19

Dove!


https://doi.org/10.1088/1748-6041/8/6/065003
https://doi.org/10.1089/ten.tea.2016.0123
https://doi.org/10.3390/ma13102247
https://doi.org/10.3390/ma13102247
https://doi.org/10.1007/s10856-015-5507-2
https://doi.org/10.1016/j.msec.2014.07.045
https://doi.org/10.1088/1758-5090/ab5d3f
https://doi.org/10.1039/c8nr05529g
https://doi.org/10.1016/j.joca.2014.11.004
https://doi.org/10.1016/j.addr.2007.08.027
https://doi.org/10.1016/j.heliyon.2024.e25400
https://doi.org/10.2147/ijn.S409033
https://doi.org/10.2147/ijn.S254094
https://doi.org/10.2147/ijn.S274418
https://doi.org/10.2147/ijn.S274418
https://doi.org/10.2147/ijn.S428965
https://doi.org/10.1016/j.tibtech.2011.09.002
https://doi.org/10.1089/scd.2022.0242
https://doi.org/10.1016/j.joca.2007.12.011
https://doi.org/10.1007/s40259-018-0276-3
https://doi.org/10.1002/jbm.a.34896
https://doi.org/10.1038/s41598-020-62580-0
https://doi.org/10.3390/cells8060636
https://doi.org/10.1080/10717544.2020.1797239
https://doi.org/10.1002/jcb.1203
https://doi.org/10.3762/bjnano.13.31
https://doi.org/10.2147/ijn.S266103
https://doi.org/10.1007/s40820-016-0103-7
https://doi.org/10.1002/bit.26075
https://doi.org/10.1002/adma.201103796
https://doi.org/10.1016/j.msec.2020.111795
https://doi.org/10.1021/acsami.3c07561
https://doi.org/10.1016/j.carbpol.2022.120056
https://doi.org/10.1096/fj.13-231829
https://www.dovepress.com
https://www.dovepress.com

Dove

Xiao et al

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.
97.

98.

99.

100.

Oberlender SA, Tuan RS. Expression and functional involvement of N-cadherin in embryonic limb chondrogenesis. Development. 1994;120
(1):177-187. doi:10.1242/dev.120.1.177

Delise AM, Tuan RS. Analysis of N-cadherin function in limb mesenchymal chondrogenesis in vitro. Dev Dyn. 2002;225(2):195-204.
doi:10.1002/dvdy.10151

Widelitz RB, Jiang TX, Murray BA, Chuong CM. Adhesion molecules in skeletogenesis: II. Neural cell adhesion molecules mediate
precartilaginous mesenchymal condensations and enhance chondrogenesis. J Cell Physiol. 1993;156(2):399-411. doi:10.1002/jcp.1041560224
Leckband D, Prakasam A. Mechanism and dynamics of cadherin adhesion. Annu Rev Biomed Eng. 2006;8(1):259-287. doi:10.1146/annurev.
bioeng.8.061505.095753

Felsenfeld DP, Schwartzberg PL, Venegas A, Tse R, Sheetz MP. Selective regulation of integrin--cytoskeleton interactions by the tyrosine
kinase Src. Nat Cell Biol. 1999;1(4):200-206. doi:10.1038/12021

Mui KL, Chen CS, Assoian RK. The mechanical regulation of integrin-cadherin crosstalk organizes cells, signaling and forces. J Cell Sci.
2016;129(6):1093-1100. doi:10.1242/jcs.183699

Dalby MJ, Gadegaard N, Oreffo RO. Harnessing nanotopography and integrin-matrix interactions to influence stem cell fate. Nat Mater.
2014;13(6):558-569. doi:10.1038/nmat3980

Bagenkova D, Trebuiiovd M, Demeterové J, Zivéak J. Human chondrocytes, metabolism of articular cartilage, and strategies for application to
tissue engineering. Int J Mol Sci. 2023;24(23):17096. doi:10.3390/ijms242317096

Schlaepfer DD, Hanks SK, Hunter T, Van der geer P. Integrin-mediated signal transduction linked to Ras pathway by GRB2 binding to focal
adhesion kinase. Nature. 1994;372(6508):6508):786-91. doi:10.1038/372786a0

Nguyen AT, Sathe SR, Yim EK. From nano to micro: topographical scale and its impact on cell adhesion, morphology and contact guidance.
J Phys: Condens Matter. 2016;28(18):183001. doi:10.1088/0953-8984/28/18/183001

McCullen SD, Autefage H, Callanan A, Gentleman E, Stevens MM. Anisotropic fibrous scaffolds for articular cartilage regeneration. Tissue
Eng Part A. 2012;18(19-20):2073-2083. doi:10.1089/ten.TEA.2011.0606

Wise JK, Yarin AL, Megaridis CM, Cho M. Chondrogenic differentiation of human mesenchymal stem cells on oriented nanofibrous scaffolds:
engineering the superficial zone of articular cartilage. Tissue Eng Part A. 2009;15(4):913-921. doi:10.1089/ten.tea.2008.0109

Baker BM, Nathan AS, Gee AO, Mauck RL. The influence of an aligned nanofibrous topography on human mesenchymal stem cell
fibrochondrogenesis. Biomaterials. 2010;31(24):6190—-6200. doi:10.1016/j.biomaterials.2010.04.036

Li Z, Gong Y, Sun S, et al. Differential regulation of stiffness, topography, and dimension of substrates in rat mesenchymal stem cells.
Biomaterials. 2013;34(31):7616-7625. doi:10.1016/j.biomaterials.2013.06.059

Bhattacharjee M, Coburn J, Centola M, et al. Tissue engineering strategies to study cartilage development, degeneration and regeneration. Adv
Drug Deliv Rev. 2015;84:107—-122. doi:10.1016/j.addr.2014.08.010

Muzzarelli RA, Greco F, Busilacchi A, Sollazzo V, Gigante A. Chitosan, hyaluronan and chondroitin sulfate in tissue engineering for cartilage
regeneration: a review. Carbohydr Polym. 2012;89(3):723-739. doi:10.1016/j.carbpol.2012.04.057

Comblain F, Rocasalbas G, Gauthier S, Henrotin Y. Chitosan: a promising polymer for cartilage repair and viscosupplementation. Biomed Mater
Eng. 2017;28(s1):S209-s215. doi:10.3233/bme-171643

Muzzarelli RAA, El Mehtedi M, Bottegoni C, Gigante A. Physical properties imparted by genipin to chitosan for tissue regeneration with
human stem cells: a review. Int J Biol Macromol. 2016;93(Pt B):1366—1381. doi:10.1016/j.ijbiomac.2016.03.075

Pleumeekers MM, Nimeskern L, Koevoet WL, et al. The in vitro and in vivo capacity of culture-expanded human cells from several sources
encapsulated in alginate to form cartilage. Eur Cell Mater. 2014;27:264-280. discussion 278-80. doi:10.22203/ecm.v027a19

de Vries-van Melle ML, Tihaya MS, Kops N, et al. Chondrogenic differentiation of human bone marrow-derived mesenchymal stem cells in
a simulated osteochondral environment is hydrogel dependent. Eur Cell Mater. 2014;27:112-123. doi:10.22203/ecm.v027a09;.

Chinta ML, Velidandi A, Pabbathi NPP, Dahariya S, Parcha SR. Assessment of properties, applications and limitations of scaffolds based on
cellulose and its derivatives for cartilage tissue engineering: a review. Int J Biol Macromol. 2021;175:495-515. doi:10.1016/j.
ijbiomac.2021.01.196

Wei W, Liu W, Kang H, et al. A one-stone-two-birds strategy for osteochondral regeneration based on a 3D printable biomimetic scaffold with
kartogenin biochemical stimuli gradient. Adv Healthc Mater. 2023;12(15):¢2300108. doi:10.1002/adhm.202300108

Leijten JC, Georgi N, Wu L, van Blitterswijk CA, Karperien M. Cell sources for articular cartilage repair strategies: shifting from monocultures
to cocultures. Tissue Eng Part B Rev. 2013;19(1):31-40. doi:10.1089/ten. TEB.2012.0273

Ding DC, Shyu WC, Lin SZ. Mesenchymal stem cells. Cell Transplant. 2011;20(1):5-14. do0i:10.3727/096368910x

Ankrum JA, Ong JF, Karp JM. Mesenchymal stem cells: immune evasive, not immune privileged. Nat Biotechnol. 2014;32(3):252-260.
doi:10.1038/nbt.2816

Saeedi P, Halabian R, Imani Fooladi AA. A revealing review of mesenchymal stem cells therapy, clinical perspectives and Modification
strategies. Stem Cell Investig. 2019;6:34. doi:10.21037/s¢i.2019.08.11

Li CY, Wu XY, Tong JB, et al. Comparative analysis of human mesenchymal stem cells from bone marrow and adipose tissue under xeno-free
conditions for cell therapy. Stem Cell Res Ther. 2015;6(1):55. doi:10.1186/s13287-015-0066-5

Jin HJ, Bae YK, Kim M, et al. Comparative analysis of human mesenchymal stem cells from bone marrow, adipose tissue, and umbilical cord
blood as sources of cell therapy. Int J Mol Sci. 2013;14(9):17986—18001. doi:10.3390/ijms140917986

Zhu C, Wu W, Qu X. Mesenchymal stem cells in osteoarthritis therapy: a review. Am J Transl Res. 2021;13(2):448-461.

Monaco G, Ladner YD, El Haj AJ, Forsyth NR, Alini M, Stoddart MJ. Mesenchymal stromal cell differentiation for generating cartilage and
bone-like tissues in vitro. Cells. 2021;10(8):2165. doi:10.3390/cells10082165

Volarevic V, Gazdic M, Simovic Markovic B, Jovicic N, Djonov V, Arsenijevic N. Mesenchymal stem cell-derived factors: immuno-modulatory
effects and therapeutic potential. Biofactors. 2017;43(5):633-644. doi:10.1002/biof.1374

Chen Y, Cheng RJ, Wu 'Y, Huang D, Li Y, Liu Y. Advances in stem cell-based therapies in the treatment of osteoarthritis. /nt J Mol Sci. 2023;25
(1):394. doi:10.3390/ijms25010394

Bunnell BA, Flaat M, Gagliardi C, Patel B, Ripoll C. Adipose-derived stem cells: isolation, expansion and differentiation. Methods. 2008;45
(2):115-120. doi:10.1016/j.ymeth.2008.03.006

International Journal of Nanomedicine 2024:19 hetps: 12767

ove!


https://doi.org/10.1242/dev.120.1.177
https://doi.org/10.1002/dvdy.10151
https://doi.org/10.1002/jcp.1041560224
https://doi.org/10.1146/annurev.bioeng.8.061505.095753
https://doi.org/10.1146/annurev.bioeng.8.061505.095753
https://doi.org/10.1038/12021
https://doi.org/10.1242/jcs.183699
https://doi.org/10.1038/nmat3980
https://doi.org/10.3390/ijms242317096
https://doi.org/10.1038/372786a0
https://doi.org/10.1088/0953-8984/28/18/183001
https://doi.org/10.1089/ten.TEA.2011.0606
https://doi.org/10.1089/ten.tea.2008.0109
https://doi.org/10.1016/j.biomaterials.2010.04.036
https://doi.org/10.1016/j.biomaterials.2013.06.059
https://doi.org/10.1016/j.addr.2014.08.010
https://doi.org/10.1016/j.carbpol.2012.04.057
https://doi.org/10.3233/bme-171643
https://doi.org/10.1016/j.ijbiomac.2016.03.075
https://doi.org/10.22203/ecm.v027a19
https://doi.org/10.22203/ecm.v027a09
https://doi.org/10.1016/j.ijbiomac.2021.01.196
https://doi.org/10.1016/j.ijbiomac.2021.01.196
https://doi.org/10.1002/adhm.202300108
https://doi.org/10.1089/ten.TEB.2012.0273
https://doi.org/10.3727/096368910x
https://doi.org/10.1038/nbt.2816
https://doi.org/10.21037/sci.2019.08.11
https://doi.org/10.1186/s13287-015-0066-5
https://doi.org/10.3390/ijms140917986
https://doi.org/10.3390/cells10082165
https://doi.org/10.1002/biof.1374
https://doi.org/10.3390/ijms25010394
https://doi.org/10.1016/j.ymeth.2008.03.006
https://www.dovepress.com
https://www.dovepress.com

Xiao et al Dove

101. Seda Tigli R, Ghosh S, Laha MM, et al. Comparative chondrogenesis of human cell sources in 3D scaffolds. J Tissue Eng Regen Med. 2009;3
(5):348-360. doi:10.1002/term.169

102. Choi WH, Kim HR, Lee SJ, et al. Fetal cartilage-derived cells have stem cell properties and are a highly potent cell source for cartilage
regeneration. Cell Transplant. 2016;25(3):449-461. doi:10.3727/096368915x688641

103. Selig M, Lauer JC, Hart ML, Rolauffs B. Mechanotransduction and stiffness-sensing: mechanisms and opportunities to control multiple
molecular aspects of cell phenotype as a design cornerstone of cell-instructive biomaterials for articular cartilage repair. Int J Mol Sci. 2020;21
(15):5399. doi:10.3390/ijms21155399

104. Zhang Y, Chen S, Pei M. Biomechanical signals guiding stem cell cartilage engineering: from molecular adaption to tissue functionality. Eur
Cell Mater. 2016;31:59-78. doi:10.22203/ecm.v031a05

105. Park JS, Chu JS, Tsou AD, et al. The effect of matrix stiffness on the differentiation of mesenchymal stem cells in response to TGF-f.
Biomaterials. 2011;32(16):3921-3930. doi:10.1016/j.biomaterials.2011.02.019

106. Wood JA, Ly I, Borjesson DL, Nealey PF, Russell P, Murphy CJ. The modulation of canine mesenchymal stem cells by nano-topographic cues.
Exp Cell Res. 2012;318(19):2438-2445. doi:10.1016/j.yexcr.2012.06.022

107. Melsen WG, Bootsma MC, Rovers MM, Bonten MJ. The effects of clinical and statistical heterogeneity on the predictive values of results from
meta-analyses. Clin Microbiol Infect. 2014;20(2):123-129. doi:10.1111/1469-0691.12494

108. Wu L, Bluguermann C, Kyupelyan L, et al. Human developmental chondrogenesis as a basis for engineering chondrocytes from pluripotent
stem cells. Stem Cell Rep. 2013;1(6):575-589. doi:10.1016/j.stemcr.2013.10.012

International Journal of Nanomedicine Dove

Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics,
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®,
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://
www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

12768 ] ¥ in @ Poe International Journal of Nanomedicine 2024:19


https://doi.org/10.1002/term.169
https://doi.org/10.3727/096368915x688641
https://doi.org/10.3390/ijms21155399
https://doi.org/10.22203/ecm.v031a05
https://doi.org/10.1016/j.biomaterials.2011.02.019
https://doi.org/10.1016/j.yexcr.2012.06.022
https://doi.org/10.1111/1469-0691.12494
https://doi.org/10.1016/j.stemcr.2013.10.012
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Methods
	Systematic Literature Search
	Exclusion and Inclusion Criteria
	Risk of Bias of the Studies Included

	Results
	Identification and Selection of Studies
	In vitro Study Characteristics
	Risk of Bias of the Studies Included

	Discussion
	Nanostructured Surface Modifications for Cartilage Tissue Engineering
	Mechanism
	Effect of Nanoscale Surface Morphologies on Chondrogenesis
	Combination of Topographical and Other Factors
	Influence of Cell Sources
	Influence of Matrix Stiffness

	Limitations
	Conclusion
	Abbreviations
	Author Contributions
	Funding
	Disclosure

