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Biomaterials Discovery: Discovery of a Novel Polymer for Xeno-Free, Long-Term Culture of Human
Pluripotent Stem Cell Expansion (Adv. Healthcare Mater. 6/2021)

Aishah Nasir,  Jordan Thorpe,  Laurence Burroughs,  Joris Meurs,  Sara Pijuan-Galito,  Derek J. Irvine,  Morgan R. Alexander, 
Chris Denning

2170019  First Published: 17 March 2021

In article number 2001448 by Morgan R. Alexander, Chris Denning, and co-
workers, a novel substrate for xeno-free human pluripotent stem cell
(hPSC) culture is discovered using a highthroughput multigenerational
polymer microarray platform approach used to rapidly test over 600
polymers. This nanoscale phase separated blend of poly(tricyclodecane-
dimethanol diacrylate) and poly(butyl acrylate) (2:1 v/v) which supports
hPSC expansion and di�erentiation after long-term serial passage can be
readily applied to common tissue culture plasticware.

Abstract PDF Request permissions

Soft Tissue Reconstruction: Flexible Adipose-Vascular Tissue Assembly Using Combinational 3D Printing for
Volume-Stable Soft Tissue Reconstruction (Adv. Healthcare Mater. 6/2021)

Won-Woo Cho,  Byoung Soo Kim,  Minjun Ahn,  Yeon Hee Ryu,  Dong-Heon Ha,  Jeong Sik Kong,  Jong-Won Rhie,  Dong-Woo Cho

2170022  First Published: 17 March 2021

In article number 2001693 by Dong-Woo Cho and co-workers, the
assembling of dual cell-laden tissue modules is proposed for engineering a
volumetric and non-hypoxic soft tissue construct with the combination of
planar and rotational 3D cell printing techniques. The engineered
softtissue construct possessing �exibility, increased capillary formation,
and the adipogenic e�ect is a potential platform for soft tissue
reconstruction in the future.
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Novel Suture Systems: An Accelerated Wound-Healing Surgical Suture Engineered with an Extracellular
Matrix (Adv. Healthcare Mater. 6/2021)

Agustina Setiawati,  Dongyoon Jang,  Daeyon Cho,  Shingyu Cho,  Hayan Jeong,  Sungmin Park,  Jungsug Gwak,  Soo Ryeon Ryu, 
Won Hee Jung,  Bong-Gun Ju,  Kwang-Hwan Jung,  Oh-Sun Kwon,  Kwanwoo Shin

2170023  First Published: 17 March 2021

During surgery to suture injured tissue, friction occurs at the interface
between the tissue and the suture, which often causes serious “secondary
trauma” to fragile tissue and can lead to in�ammation and infection. In
article number 2001686, Kwanwoo Shin and co-workers develope a novel
surgical suture system that accelerates wound healing. The presence of
�bronectin �brils on the engineered sutures improves cell migration and
adhesion in wound tissues, especially while minimizing friction at the
surgery site.

Abstract PDF Request permissions

Masthead: (Adv. Healthcare Mater. 6/2021)

2170021  First Published: 17 March 2021

PDF Request permissions

Broad-Spectrum Antiviral Agents Based on Multivalent Inhibitors of Viral Infectivity

Alexander N. Zelikin,  Francesco Stellacci

2001433  First Published: 25 January 2021

Ongoing pandemic highlights the urgent need to identify broad-spectrum antiviral agents. In this Essay it is argued that such
agents are already known (polymers, nanoparticles) and available for translation to clinic, with a particular promise of drug
administration via inhalation.

Abstract Full text PDF References Request permissions

Poly(2-oxazoline)- and Poly(2-oxazine)-Based Self-Assemblies, Polyplexes, and Drug Nanoformulations—An
Update

Anna Zahoranová,  Robert Luxenhofer

2001382  First Published: 14 January 2021

Research on poly(2-oxazoline)s and poly(2-oxazine)s is gaining momentum in recent years, stimulated by �rst promising
clinical trials and a growing chemical toolbox for both polymer families. This review focuses speci�cally on recent
developments in self-assemblies and non-covalent drug delivery systems, with an emphasis on in vivo and in vitro studies.
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Conductive Materials for Healing Wounds: Their Incorporation in Electroactive Wound Dressings,
Characterization, and Perspectives

Chiranjeevi Korupalli,  Hui Li,  Nhien Nguyen,  Fwu-Long Mi,  Yen Chang,  Yu-Jung Lin,  Hsing-Wen Sung

2001384  First Published: 04 December 2020

In a skin wound that disrupts the epithelial barrier, the trans-epithelial
potential falls, establishing an endogenous electric current from the
unwounded epidermis to the wound. The application of an
electroactive wound dressing on top of the wound enables conduction
and more e�ective distribution of the endogenous electric current,
stimulating the migration of host cells, ultimately accelerating healing
of the wound.
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Engineering the Lymphatic Network: A Solution to Lymphedema

Wenkai Jia,  Hannah Hitchcock-Szilagyi,  Weilue He,  Jeremy Goldman,  Feng Zhao

2001537  First Published: 27 January 2021

Lymphedema is associated with tissue swelling, chronic in�ammation,
and immune dysfunction that impair patients’ quality of life.
Regeneration of lymphatic tissues and restoration of lymphatic vessel
functions represent a promising and e�ective treatment for
lymphedema. The present work reviews state-of-art approaches for
engineering lymphatic tissues and challenges in their translational
applications.
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Rational Design of Nanomaterials for Various Radiation-Induced Diseases Prevention and Treatment

Jiani Xie,  Maoru Zhao,  Chengyan Wang,  Yuan Yong,  Zhanjun Gu,  Yuliang Zhao

2001615  First Published: 27 January 2021

This review systematically sums up the advances and perspectives in
the rational design of nanomaterial for various general radiation-
induced diseases. Meanwhile, the sources, clinical symptoms, and
pathogenesis/injury mechanisms of various general radiation-induced
diseases are comprehensively introduced.
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Engineered Multifunctional Nano- and Biological Materials for Cancer Immunotherapy

Anthony Brouillard,  Nilesh Deshpande,  Ashish A. Kulkarni

2001680  First Published: 14 January 2021
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Cancer immunotherapy is set to emerge as the future of cancer
therapy. However, recent results from the immunotherapy trials have
yielded sub-optimal results. This review aims to provide a
comprehensive understanding of recent advances in multifunctional
cancer immunotherapy that pave the way for more diverse and tactical
regression of tumors through soliciting robust anti-tumor immune
responses.

Abstract Full text PDF References Request permissions

Recent Advances of DNA Nanostructure-Based Cell Membrane Engineering

Lingyu Feng,  Jiang Li,  Jielin Sun,  Lihua Wang,  Chunhai Fan,  Jianlei Shen

2001718  First Published: 18 January 2021

DNA has unique advantages in cell membrane engineering due to its
excellent programmability and biocompatibility. Especially, the near-
atomic scale precision of DNA nanostructures facilitates the
investigation of structure–property relations on the cell membrane. In
this review, the overview of the use of DNA nanostructures to engineer
the cell membrane, such as modifying cell membrane morphology,
controlling ions transport, and synthesizing liposomes, is presented.

Abstract Full text PDF References Request permissions

Noble Metal Nanomaterials for NIR-Triggered Photothermal Therapy in Cancer

Zhuoqian Lv,  Sijia He,  Youfu Wang,  Xinyuan Zhu

2001806  First Published: 20 January 2021

The emerging photothermal therapy has become a powerful
therapeutic technology. Noble metal nanomaterials possess strong and
tunable surface plasmon resonance e�ect and various surface
modi�cation, which make them e�ective PTT agents with superior
photothermal performance and multifunctionality. This review
presents the recent developments of noble metal nanomaterials as
photothermal agents for NIR-triggered PTT and multimodal therapy or
theranostics.
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You Talking to Me? Cadherin and Integrin Crosstalk in Biomaterial Design

Eva Barcelona-Estaje,  Matthew J. Dalby,  Marco Cantini,  Manuel Salmeron-Sanchez

2002048  First Published: 15 February 2021

Cell–cell and cell–matrix interactions are crucial in driving cell behavior:
this review focuses on the role of cadherins and of their interaction
with integrins in cell fate. The signaling pathways involved in this
adhesive crosstalk are discussed, and the biomaterials that are
designed to mimic these interactions, as well as their applications to
guide cell behavior, are addressed.
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Discrepancies on the Role of Oxygen Gradient and Culture Condition on Mesenchymal Stem Cell Fate

Jay R. K. Samal,  Vignesh K. Rangasami,  Sumanta Samanta,  Oommen P. Varghese,  Oommen P. Oommen

2002058  First Published: 02 February 2021

This progress report surveys the literature and discusses the con�icting results on the e�ect of oxygen exposure during cell
culture that a�ect mesenchymal stem cell function and few promising strategies are suggested that when combined with
hypoxic culture would facilitate consistent results.
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Recent Advances in Cell Membrane-Derived Biomimetic Nanotechnology for Cancer Immunotherapy

Faisal Raza,  Hajra Zafar,  Shulei Zhang,  Zul Kamal,  Jing Su,  Wei-En Yuan,  Qiu Mingfeng

2002081  First Published: 15 February 2021

Biomimetic nanotechnology has considerable scope for cancer
immunotherapy. The optimized development of biomimetic
nanoparticles can actively enhance the therapeutic e�cacy of cancer
immunotherapy. The review attempts to provide a brief overview of
this emerging area, where biomimetic nanoparticles has been used in
the �eld of immunotherapy for cancer treatment. It highlights the
recent developments in immunotherapeutics based on cell membrane-
derived biomimetic nanoparticles and its related applications in cancer.
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Covalent Organic Frameworks for Biomedical Applications

Arezoo Esra�li,  Avery Wagner,  Sahil Inamdar,  Abhinav P. Acharya

2002090  First Published: 21 January 2021

This paper provides a review of synthesis, characterization, and
application of covalent organic frameworks (COFs). Moreover, this
review also discusses potential new research directions of COFs in
biomedical applications.
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Recent Progress in Magnetically Actuated Microrobots for Targeted Delivery of Therapeutic Agents

Junhee Choi,  Junsun Hwang,  Jin-young Kim,  Hongsoo Choi

2001596  First Published: 16 December 2020

This work reviews recent progress in magnetically controlled medical
microrobots developed for targeted delivery of therapeutic agents,
such as drugs and cells, with special emphasis on various types of
microrobot designs and strategies for controlling drug/cell release.
Additionally, practical challenges and future research directions toward
the clinical translation of the microrobots are addressed.
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 Open Access

Discovery of a Novel Polymer for Xeno-Free, Long-Term Culture of Human Pluripotent Stem Cell Expansion

Aishah Nasir,  Jordan Thorpe,  Laurence Burroughs,  Joris Meurs,  Sara Pijuan-Galito,  Derek J. Irvine,  Morgan R. Alexander, 
Chris Denning

2001448  First Published: 28 December 2020

Discovery of poly(tricylodecane-dimethanol diacrylate-blend-butyl
acrylate) substrate o�ers a cost-e�ective and xenogenic-free adherent
culture system for human pluripotent stem cells in Essential 8 medium.
This scalable substrate can be readily applied to tissue culture
plasticware; whilst retaining stem cell integrity after long-term serial
passage. Ful�llment of regulatory culture requirements, makes this a
desirable expansion platform for clinical-scale, therapeutic, and
biomedical applications.
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Tabletized Supramolecular Assemblies for Sublingual Peptide Immunization

Sean H. Kelly,  Emmanuel E. Opolot,  Yaoying Wu,  Benjamin Cossette,  Ajay K. Varadhan,  Joel H. Collier

2001614  First Published: 26 February 2021

Quickly dissolving and heat-stable tablets are designed to deliver supramolecular peptide nano�ber vaccines sublingually
(under the tongue). The sublingual tablets raise systemic IgG responses against both a model epitope and an epitope from
Mycobacterium tuberculosis. Approaches to deliver nanomaterial vaccines sublingually have potential advantages for equitable
global vaccine distribution by minimizing reliance on the cold chain and simplifying administration.
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Magnetothermal Miniature Reactors Based on Fe O  Nanocube-Coated Liquid Marbles

Hualin Li,  Peng Liu,  Renardi Gunawan,  Zemenu Mengistie Simeneh,  Chen Liang,  Xi Yao,  Mengsu Yang

2001658  First Published: 20 January 2021

The novel development of AMF-heatable iron oxide nanocube-coated liquid marbles is reported, which incorporates a
reliable heating mechanism and is shown to successfully perform DNA ampli�cation with better e�ciency than standard
thermal cycler. This report demonstrates the potential development of liquid marbles as heatable mini-reactors and their
applications in areas such as biosensor, point-of-care testing, and theranostics.
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An Accelerated Wound-Healing Surgical Suture Engineered with an Extracellular Matrix

Agustina Setiawati,  Dongyoon Jang,  Daeyon Cho,  Shingyu Cho,  Hayan Jeong,  Sungmin Park,  Jungsug Gwak,  Soo Ryeon Ryu, 
Won Hee Jung,  Bong-Gun Ju,  Kwang-Hwan Jung,  Oh-Sun Kwon,  Kwanwoo Shin

2001686  First Published: 18 January 2021

By adsorbing �bronectin (FN) onto existing commercial sutures, a novel surgical suture system is developed, accelerating
wound healing. The engineered sutures improve cell migration and adhesion at the wounded tissues and prevent bacterial
infection. This strategy can be universally applied to most kinds of sutures currently in use, providing a highly e�ective and
safer suture system for clinical applications.
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Sterilization of Semiconductive Nanomaterials: The Case of Water-Suspended Poly-3-Hexylthiophene
Nanoparticles

Filippo Monti,  Giovanni Manfredi,  Ilaria Elena Palamà,  Alessandro Kovtun,  Mattia Zangoli,  Stefania D'Amone,  Luca Ortolani, 
Gaia Bondelli,  Tomasz Szreder,  Krzysztof Bobrowski,  Mila D'Angelantonio,  Guglielmo Lanzani,  Francesca Di Maria

2001306  First Published: 14 January 2021

Ionizing radiation, either γ-rays or high-energy electrons, allows to
sterilize water suspensions of polythiophene based nanoparticles. In
addition, the content of endotoxin—, that is, the lipopolysaccharide
component of Gram-negative bacteria responsible for sepsis,
in�ammation etc.—is drastically reduced reaching values well below
those required for in vivo applications.

Abstract Full text PDF References Request permissions

Accelerated Bone Regeneration by MOF Modi�ed Multifunctional Membranes through Enhancement of
Osteogenic and Angiogenic Performance

Yiyuan Xue,  Zhou Zhu,  Xin Zhang,  Junyu Chen,  Xiao Yang,  Xiaomeng Gao,  Shu Zhang,  Feng Luo,  Jian Wang,  Weifeng Zhao, 
Chao Huang,  Xibo Pei,  Qianbing Wan

2001369  First Published: 14 January 2021

The metal–organic framework (MOF) crystal coating is shown to
facilitate osteogenesis and angiogenesis in vitro and in vivo. Strikingly,
the MOF modi�ed membrane demonstrates a signi�cant angiogenic
response versus commercially collagen membrane. The current work
o�ers valuable information for exploring the interface of MOFs and
biology, and motivates the application of MOF crystals in bone tissue
engineering.
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Induction of M2-Type Macrophage Di�erentiation for Bone Defect Repair via an Interpenetration Network
Hydrogel with a GO-Based Controlled Release System

Min Zou,  Jiachen Sun,  Zhou Xiang

2001502  First Published: 19 January 2021

An interpenetration network (IPN) hydrogel is developed utilizing
graphene oxide (GO)-carboxymethyl chitosan/poly(ethylene glycol)
diacrylate. The IPN hydrogel shows enhanced stability and physical
properties. A GO-based interleukin-4 and bone morphogenetic protein-
2 delivery system is loaded by the hydrogel to promote macrophages
M2-type di�erentiation and bone regeneration.
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Self-Limiting Mussel Inspired Thin Antifouling Coating with Broad-Spectrum Resistance to Bio�lm Formation
to Prevent Catheter-Associated Infection in Mouse and Porcine Models

Kai Yu,  Amal Alzahrani,  Sara Khoddami,  Demian Ferreira,  Kymora B. Scotland,  John T. J. Cheng,  Hossein Yazdani-
Ahmadabadi,  Yan Mei,  Arshdeep Gill,  Lily E. Takeuchi,  Edbert Yeung,  Dana Grecov,  Robert E. W. Hancock,  Ben H. Chew,  Dirk
Lange,  Jayachandran N. Kizhakkedathu

2001573  First Published: 20 January 2021

A highly e�ective non-fouling coating with long-term bio�lm prevention
activity is developed and applied to diverse catheters. The thin coating
is lubricous, stable, highly uniform, and shows broad-spectrum
prevention of bio�lm formation. The coated human-sized Foley
catheters are evaluated in a porcine CAUTI model and show consistent
e�ciency in reducing bio�lm formation by E. coli over 95%.
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Freeze-Thawing Chitosan/Ions Hydrogel Coated Gauzes Releasing Multiple Metal Ions on Demand for
Improved Infected Wound Healing

Jian Xiao,  Yajiao Zhou,  Mengqi Ye,  Ying An,  Kangning Wang,  Qiuji Wu,  Liwan Song,  Junwen Zhang,  Huacheng He,  Qianwen
Zhang,  Jiang Wu

2001591  First Published: 15 December 2020

Chitosan/metal ions hydrogels are coated to medical gauzes through a
simple freeze-thawing strategy to realize on-demand release of
multiple metal ions for improved wound healing by promoting
granulation formation, collagen deposition and maturation, re-
epithelization, angiogenesis, and inhibiting in�ammation via regulating
the expression of in�ammatory factors (e.g., tumor necrosis factor-α )
and polarization of macrophages.
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Patient-Derived Prostate Cancer Explants: A Clinically Relevant Model to Assess siRNA-Based
Nanomedicines

Terence Tieu,  Swati Irani,  Kayla L. Bremert,  Natalie K. Ryan,  Marcin Wojnilowicz,  Madison Helm,  Helmut Thissen,  Nicolas H.
Voelcker,  Lisa M. Butler,  Anna Cifuentes-Rius

2001594  First Published: 04 December 2020

Patient-derived explants o�er a more representative model of solid
tumors for the analysis of novel nanoparticle formulations. This
platform underlines the importance of understanding how
nanoparticles interact with tissue relevant to humans—a key objective
in the development of more clinically e�cacious nanomedicines.
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Biocompatible Iron–Boron Nanoparticles Designed for Neutron Capture Therapy Guided by Magnetic
Resonance Imaging

Veronica Torresan,  Andrea Guadagnini,  Denis Badocco,  Paolo Pastore,  Guillermo Arturo Muñoz Medina,  Marcela B.
Fernàndez van Raap,  Ian Postuma,  Silva Bortolussi,  Marina Bekić,  Miodrag Čolić,  Marco Gerosa,  Alice Busato,  Pasquina
Marzola,  Vincenzo Amendola

2001632  First Published: 28 December 2020

Iron–boron nanoparticles (NPs) featuring the set of functions required
to assist neutron capture therapy with magnetic resonance imaging are
obtained by laser synthesis and exceed by three orders of magnitude
the payload of boron isotopes contained in clinical sensitizers. These
NPs have useful magnetic properties, are biocompatible, and undergo
to slow degradation in lysosomal environment.
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Tumor Microenvironment Responsive Biodegradable Fe-Doped MoO  Nanowires for Magnetic Resonance
Imaging Guided Photothermal-Enhanced Chemodynamic Synergistic Antitumor Therapy

Yusheng Chen,  Mengluan Gao,  Lingjian Zhang,  Enna Ha,  Xin Hu,  Rujia Zou,  Li Yan,  Junqing Hu

2001665  First Published: 16 December 2020

Fe-doped Mo O  (FMO) nanowires are �rst synthesized through a one-pot solvothermal route. It is con�rmed that these
nanowires can e�ectively alter tumor microenvironment by cyclic reaction to enhanced chemodynamic therapy (CDT) e�ect.
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FMO can also ablate tumor cells both in vitro and in vivo through the high photothermal properties for T1-weighted magnetic
resonance imaging (MRI), and can e�ectively degrade in vivo.
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Thylakoid Membranes with Unique Photosystems Used to Simultaneously Produce Self-Supplying Oxygen
and Singlet Oxygen for Hypoxic Tumor Therapy

Yan Cheng,  Runxiao Zheng,  Xiaqing Wu,  Keqiang Xu,  Panpan Song,  Yanjing Wang,  Jiao Yan,  Rui Chen,  Xi Li,  Haiyuan Zhang

2001666  First Published: 14 January 2021

Inspired by photosynthesis, thylakoid membranes with unique Z-
scheme electron transport property is extracted from chloroplasts and
decorated on upconversion nanoparticles, which can simultaneously
produce oxygen and singlet oxygen under near infrared laser
irradiation. This design provides a new photodynamic therapy strategy
to realize spatiotemporally synchronous oxygen self-supply and
reactive oxygen species production.

Abstract Full text PDF References Request permissions

Particle Sti�ness and Surface Topography Determine Macrophage-Mediated Removal of Surface Adsorbed
Particles

Aaron Lee,  Dedy Septiadi,  Patricia Taladriz-Blanco,  Mauro Almeida,  Laetitia Haeni,  Miguel Spuch-Calvar,  Wildan Abdussalam, 
Barbara Rothen-Rutishauser,  Alke Petri-Fink

2001667  First Published: 12 January 2021

Mechanical properties play a key role in cellular object recognition. The
capability of macrophages to clear surface debris is shown to be
contingent on the mechanical compliance of the target. Involvement of
topographical signaling cues is demonstrated to provide insight into
substrate-mediated interactions.
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A Magnetically Guided Self-Rolled Microrobot for Targeted Drug Delivery, Real-Time X-Ray Imaging, and
Microrobot Retrieval

Kim Tien Nguyen,  Gwangjun Go,  Zhen Jin,  Bobby Aditya Darmawan,  Ami Yoo,  Seokjae Kim,  Minghui Nan,  Sang Bong Lee, 
Byungjeon Kang,  Chang-Sei Kim,  Hao Li,  Doyeon Bang,  Jong-Oh Park,  Eunpyo Choi

2001681  First Published: 27 January 2021

A magnetically guided self-rolled microrobot is developed for targeted
drug delivery. The self-rolled microrobot is capable of loading
anticancer drug and X-ray contrast agent using its structural property.
The microrobot can perform precise targeting through autonomous
driving under X-ray imaging and rapidly release drugs through near-
infrared stimulus. After drug delivery, the microrobot can be safely
recovered using magnetic �eld generators.
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A Graded, Porous Composite of Natural Biopolymers and Octacalcium Phosphate Guides Osteochondral
Di�erentiation of Stem Cells

Elisabeth Amann,  Amisel Amirall,  Albina R. Franco,  Patrina S. P. Poh,  Francisco J. Sola Dueñas,  Gastón Fuentes Estévez,  Isabel
B. Leonor,  Rui L. Reis,  Martijn van Griensven,  Elizabeth R. Balmayor
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Lesions involving two di�erent tissues and their interface are challenging to treat. This study demonstrates that by using
biomimetic, multilayered sca�olds, zone speci�c osteogenic, and chondrogenic di�erentiation are possible even without
adding growth factors. The bone zone mineralizes with bone speci�c mineral. Relevant for such functional sca�old
fabrication is the use of composite biomaterials, gradients thereof, and adequate fabrication design.
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A new concept, assembling cell-laden tissue modules, is for the �rst
time proposed for engineering a �exible, volumetric, and functional
adipose construct through combinational 3D printing.
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An Accelerated Wound-Healing Surgical Suture Engineered
with an Extracellular Matrix

Agustina Setiawati, Dongyoon Jang, Daeyon Cho, Shingyu Cho, Hayan Jeong,

Sungmin Park, Jungsug Gwak, Soo Ryeon Ryu, Won Hee Jung, Bong-Gun Ju,

Kwang-Hwan Jung, Oh-Sun Kwon, and Kwanwoo Shin*

A suture is a ubiquitous medical device to hold wounded tissues together and

support the healing process after surgery. Surgical sutures, having incomplete

biocompatibility, often cause unwanted infections or serious secondary

trauma to soft or fragile tissue. In this research, UV/ozone (UVO) irradiation

or polystyrene sulfonate acid (PSS) dip-coating is used to achieve a fibronectin

(FN)-coated absorbable suture system, in which the negatively charged

moieties produced on the suture cause fibronectin to change from a soluble

plasma form into a fibrous form, mimicking the actions of cellular fibronectin

upon binding. The fibrous fibronectin coated on the suture can be exploited as

an engineered interface to improve cellular migration and adhesion in the

region around the wounded tissue while preventing the binding of infectious

bacteria, thereby facilitating wound healing. Furthermore, the FN-coated

suture is found to be associated with a lower friction between the suture and

the wounded tissue, thus minimizing the occurrence of secondary wounds

during surgery. It is believed that this surface modification can be universally

applied to most kinds of sutures currently in use, implying that it may be a

novel way to develop a highly effective and safer suture system for clinical

applications.

The suture is a ubiquitous medical device used to close and sup-
port wounded tissue during the healing process after surgery.[1]
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Various absorbable and non-absorbable
polymers, natural, or synthetic polymers
with mono- or multi-filament structures,
are commonly used as suture materials.[2]

Because non-absorbable sutures, such as
nylon, silk, and polypropylene, have long-
term biocompatibility issues and need to
be removed in revision surgery, new re-
search directions or technological advances
are needed to address these weaknesses.[3]

On the other hand, absorbable sutures,
such as polydioxanone (PDO), polyglycolic
acid (PGA), and polyglactin 910 (PGLA), are
still in need of further technological devel-
opment, despite the advantage that min-
imal postoperative treatment is required;
the decomposition time must be consis-
tent with tissue recovery stages, and their
metabolite product should be non-toxic to
the human body. To meet clinical require-
ments, researchers have investigated exten-
sively the biocompatibility,[4] biodegradabil-
ity andmechanical strength[5] of absorbable
sutures.

Recently, studies have been conducted in new directions, and
attaching drugs or biological molecules[4] to surgical sutures has
been reported to hold promise for developing a delivery plat-
form that will enhance wound healing.[2,6] Despite efforts to
implement drug-releasing functions with sutures, fundamental
problem remains. During surgery, friction at the interface be-
tween the tissue and the suture, which can trigger serious “sec-
ondary trauma” to soft or fragile tissue, is always present to some
degree[7] and can cause inflammation, pain[8] and infection at the
surgery site, resulting in a longer healing time. For instance, lu-
bricating a suture with an antibiotic or with dopamine hydrochlo-
ride (DA) and carboxymethyl cellulose (CMC) can reduce the fric-
tion coefficient and the tissue drag, as well as improve the ability
of the suture to glide through the tissue.[9] Therefore, an ideal
modification for the surface of a suture should not only decrease
the friction force at the suture–tissue interface to minimize scar
formation but also increase biofunctionality and biocompatibility
to enhance would healing.
The wound healing of tissue injured during surgery has three

dynamic phases, inflammation, proliferation and remodeling,
in which fibroblasts are the key players.[10] During late inflam-
mation and proliferation, fibroblasts degrade fibrin clotting by
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releasing matrix metalloproteinase (MMP) and then replacing it
with extracellular matrix (ECM) compounds.[10] Once the ECM
organization has been fully restored, newly formed tissue will
have the same strength and functions as the original tissue. In
a previous study, ECM organization was successfully restored
by incorporating matrix metalloproteinase inhibitor into the su-
ture’s surface and by coating the suture’s surface directly with
ECM compounds like collagen and laminin.[5,11] Fibronectin
(FN), a glycoprotein found in anionic proteoglycan (PG)-rich ex-
tracellular regions, is an abundant ECM compound and plays
a crucial role in wound healing.[12,13] In late wound healing re-
sponses, fibroblast-released globular cellular fibronectin (FN) as-
sembles into a three-dimensional fibrillar structure that plays an
important role in regulating the composition of the ECM and the
deposition of its components, including collagen types I and III,
fibrinogen, fibrillins 1 and 2, fibullin, tenascin-c and laminin.[14]

Interestingly, FN is also known to have a lubricating property
when combined with synovial fluid components.[15]

As the basis of this study, we hypothesize that the presence
of unfolded FN on the surface of a suture can improve bio-
compatibility and stimulate cellular activity to accelerate wound
healing. In a previous study, FN was successfully adsorbed onto
the suture‘s surface by using polystyrene sulfonate (PSS) and
UV/ozone (UVO) irradiation; this provided negative charges on
the suture and subsequently induced the unfolding of FN by
electrostatic interactions to domain I1–5 and III10 of the FN
molecule.[16,17] This method is universally applicable to any type
of suture regardless of its structure, size and degradability. We
found that a polydioxanone (PDO) suture with adsorbed FN had
improved biocompatibility because it attracted fibroblasts while
impeding the binding of Staphylococcus aureus (S. aureus) and Es-
cherichia coli (E. coli) with the surface of the suture. The healing
functionalities of PDO sutures with adsorbed FN were investi-
gated by measuring the fibroblast migration rate in scratch as-
says in vitro, assessing the degree of skin tissue regeneration, and
calculating the Scar Index in a stitched mice model in vivo. Our
result revealed better wound healing activity and less scarring for
PDO sutures with adsorbed FN than for the control PDO sutures.
Thus, we could infer that adsorbed FN had been released to the
surrounding area, enabling fibroblast migration, and initiating
wound closure. Finally, the use of the suture with surface modifi-
cation potentially minimized tissue damage by reducing friction
between the suture and tissue due to the lubrication effect pro-
vided by the modified surface. Our result highlights that surgical
sutures with adsorbed FN are a simple, versatile alternative to
the usual sutures and that such modified sutures will promote
greatly accelerated wound healing.
We modified the surfaces of sutures with either polystyrene

sulfonate acid (PSS), an anionic derivative of polystyrene (PS),
as a biomimetic analogue to negatively charged sulfonated PGs
such as heparin sulfate, or with UV/ozone (UVO) irradiation
to produce hydroxy (OH) and carbonyl (C=O) groups as ana-
logues to negatively charged chondroitin sulfate, as described in
Figure 1a. In the case of PSS dip-coating, we used PSS contain-
ing 33 mol% of sulfonate groups, which was found in our pre-
vious study to initiate successful FN network formation.[17] PSS
facilitated FN adsorption and fibrillogenesis via electrostatic in-
teractions with the excess positive charges in domains I1–5 and
III10 in the FN molecule.[16] On the other hand, ozone absorbs

254-nm UV light to form atomic oxygen that reacts with water
molecules to generate hydroxyl radicals that are a strong oxidiz-
ing agent.[18] Subsequently, UVO irradiation induces negative
charge[19,20] through the introduction of hydroxy and carbonyl
groups on the surface of the target polymer.[21] Both methods
open cryptic domains of the FN molecule, which are crucial to
the binding of 𝛼5𝛽1 and 𝛼v𝛽3 integrin receptors of cells.[16] Be-
cause prolonged UVO irradiation causes damage to the surface
of polydioxanone (PDO) (Figure S1, Supporting Information), we
used an irradiation time of two minutes.
To confirm the successes of the PSS dip-coating and the UVO

irradiation in generating negative functional groups on the sur-
faces of the sutures and subsequently initiating FN adsorption,
we used Fourier transform infrared (FTIR) spectroscopy to com-
pare the sutures at each step of the two treatments. The peaks
at 680 and 1109 cm−1 corresponding to the -CS stretching band
and the S-phenyl group, respectively, confirmed the presence of
sulfone groups on the surfaces of the sutures that had been dip-
coated with PSS while the peak at ≈3600 cm−1 corresponding to
the −OH stretching band confirmed the presence of oxidation
on the surfaces of the UVO-treated sutures. The FTIR results ob-
tained after the treatments pointed to the presence of substantial
amounts of incorporated FN, as evidenced by the amide I peaks
at 1653 and 1651 cm−1 and the amide II peaks at 1547 and 1553
cm−1. FN adsorption was further confirmed by the presence of
amide A peaks at 3271 cm−1 and at 3274 cm−1 on the surfaces of
the PSS-treated and the UVO-treated sutures, respectively (Fig-
ure 1b). We also found that the two processes can be univer-
sally applied to various commercial sutures, regardless of their
structures, sizes, and degradability in the human body (Figure
S2 and Table S1, Supporting Information). The results of quanti-
tative analyses showed that the FN amounts on UVO-irradiated
(34.22 ± 1.15 ng mm−2) and PSS-coated (48.28 ± 0.98 ng mm−2)
sutures were significantly higher than the amount on the con-
trol suture, the untreated PDO suture (14.70 ± 1.12 ng mm−2)
(p < 0.01) (Figure 1c).
To investigate whether the negative charges on the engineered

PDO surfaces could induce protein unfolding of FN upon ad-
sorption, we performed fluorescence resonance energy transfer
(FRET) assays and calculated the FRET ratio (IA/ID). The folded
quaternary FN revealed strong energy transfer with an IA/ID
value of 1.06 ± 0.05 while energy transfer was reduced due to
extended conformations in 6-m GdnHCl (IA/ID 0.27 ± 0.01). The
UVO-derived charges unfolded the FN confirmation, resulting in
an IA/ID value of 0.51± 0.04, whereas the presence of strong neg-
ative charges in PSS induced even more significant FN confor-
mational change, resulting in a reduced IA/ID value of 0.28± 0.04
(Figure 1d). SEM images of the UVO- and PSS-treated sutures
further confirmed that the unfolded FN molecules formed an
extended fibrillar matrix on the modified sutures, which was in
good agreement with the previously observed morphologies,[16]

while intact, globular FN molecules on the non-charged pristine
PDO suture were clustered in island-like aggregates (Figure 1e;
Figure S3, Supporting Information). In addition, we confirmed
that the FN fibrillar structures occupied a larger area in the en-
gineered sutures; the high-resolution SEM images in Figure 1e
showed higher FN coverages of 13.3 ± 2.2% and 21.1 ± 3.6% re-
spectively for the UVO- and PSS-treated sutures, but only 6.1 ±

1.6% for the untreated suture.
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Figure 1. Fabrication of a surface-modified suture and confirmation of the presence of unfolded FN on its surface. a) Schematics of the process for
fabricating FN-coated sutures. b) FTIR spectra for the surfaces of PDO, PDO-UVO, PDO-UVO/FN, PDO-PSS, and PDO-PSS/FN sutures. Black arrows
indicate -CS peaks of PSS; −OH peak from UVO oxidation; amide I, amide II and amide A of fibronectin. c) Amount of FN adsorbed on surface-modified
PDO (n = 4) Statistical significance was determined using a one-way ANOVA followed by the Tukey test; * p < 0.05, **p < 0.01, and ***p < 0.001.
d) Results of Föster resonance energy transfer (FRET) measurements for the analysis of FN conformation on the surface-modified PDO. Schematics
showing the folded and unfolded of FN in donor–acceptor energy transfer on top of the bar charts. e) Representative false colored SEM images of FN
(orange) on surface-modified PDO. f) Representative confocal images of S. aureus (green) binding on surface-modified PDO (red). g) Quantification of
the GFP-expressing S. aureus on surface-modified PDO sutures (n = 3). Statistical significance was determined using a one-way ANOVA followed by the
Tukey Test; *p < 0.05, **p < 0.01, and ***p < 0.001. h) Schematic of an S. aureus binding assay on surface-modified PDO. The illustrations of bacteria
were provided by BioRender. c,d,g) Error bars indicate means ± standard deviation (S.D.).

Adv. Healthcare Mater. 2021, 2001686 © 2021 Wiley-VCH GmbH2001686 (3 of 10)



www.advancedsciencenews.com www.advhealthmat.de

We asked whether the mechanical stretching of the FN
molecules on the engineered surfaces of the PDO sutures could
disrupt binding to S. aureus,[22] which often causes an oppor-
tunistic infection and leads to skin abscesses. As shown in Fig-
ure 1f (Movies S1 and S2, Supporting Information) and quanti-
fied in Figure 1g, the UVO-irradiated and the PSS-coated sutures
prevented S. aureus binding, as evidenced by decreases in the
GFP fluorescence intensity to 66.85 ± 7.02×103 AU and 61.97 ±
5.92×103AU, respectively; furthermore, those surface-modified
sutures were more effective than the unmodified control suture
(PDO-FN, 155.41 ± 2.66×103 AU). Of note is that the pristine
PDO fiber has the lowest binding of 39.72 ± 10.63×103 AU. In
nature, S. aureus binds to FN molecules mediated by fibronectin
protein binding A (FnBPA) through a low homophilic bond.[23]

However, S aureus does not have an affinity to PDO, but rather
naturally binds to globular FN rather than stretched FN (Fig-
ure 1h). In addition to positive-gram bacteria like S aureus, the
FN structure reveals binding domains for various negative-gram
bacteria for internalization. For instance, E. coli binds to FN
molecules through adhesive molecules called long polar fim-
briae (lpf1) and curli, which mediate internalization to eukary-
ote cells.[24,25] This study further assessed GFP-expressing E. coli
binding to the surface-modified PDO sutures (Figure S4, Sup-
porting Information). Interestingly, both the UVO-irradiated and
the PSS-coated sutures also exhibited mild binding to E. coli, as
evidenced by decreases in the average of GFP fluorescence in-
tensity to 11.75.85 ± 2.46×103 AU and 12.27 ± 2.22×103 AU, re-
spectively. These values were significantly lower than the values
of 137.00± 4.78×103 AU for the PDO-FN sutures and 89.28 ±

18.78×103 AU for the PDO control sutures. We confirmed that
the presence of negative charges on the engineered surfaces of
the sutures induced the stretching of FN molecules and the ad-
sorbed FN fibrillar networks prevented the unwanted binding of
infectious bacteria very effectively.
The performance of a suture is commonly evaluated by its

biocompatibility, which refers to a good interaction between the
biomaterial and the biological cells for a specific biomedical
purpose.[26] To meet such requirements, sutures have been pri-
marily evaluated based on interactions between the surface of the
suture and biological fluids such as water, saline and serum.[27]

We found that PSS dip-coating and UVO irradiation of PDO sur-
faces significantly increased their hydrophilicity by decreasing
the contact angles in water, saline (NaCl 0.9%) and serum com-
pared to the hydrophilicities of the control sutures. Furthermore,
no statistically significant differences were observed between the
contact angles on water and on saline for the PDO-PSS and the
PDO-UVO sutures before and after FN adsorption (Figure S5a,b,
Supporting Information). However, the contact angle on serum
for the PDO-PSS suture (65.2± 0.7) was significantly higher than
that for the PDO-PSS/FN suture (50.8 ± 3.0) (Figure S5c, Sup-
porting Information). Moreover, PSS and FN treatments of the
PDO sutures increased the hydrophilicity significantly compared
to the values for the UVO- and the FN-treated sutures. Therefore,
a PSS coating followed by FN treatment is predicted to have a
higher biocompatibility than a PSS coating followed by UVO or
FN treatment.
To test the biocompatibility, we seeded fibroblasts in a confo-

cal dish coated with Pluronic F-127. The densities of attached fi-
broblasts after 24 h for the PDO-UVO/FN and the PDO-PSS/FN

sutures were 384.1 ± 80.6 and 447.2 ± 77.8 cells per mm2 (Fig-
ure 2a,b; Movie S3, Supporting Information), respectively, which
were significantly higher than the value for the control sutures
of 86.9 ± 8.3 cells per mm2 (p < 0.01) (Movie S4, Supporting In-
formation). After 72 h, the cell densities for the PDO-UVO/FN
and the PDO-PSS/FN sutures had increased to 1680.7 ± 269.7
(p < 0.01) and 2258.7 ± 193.6 cells per mm2 (p < 0.001) (Fig-
ure 2b, Movie S5, Supporting Information), respectively, while
that for the control sutures remained at 461.98 ± 96.77 cells per
mm2 (Movie S6, Supporting Information). We further quanti-
fied fibroblast attachment and growth on the PDO-UVO and the
PDO-PSS sutures without any FN treatment. After seeding for
24 h, the cell density for the PSS-coated sutures (113.5 ± 26.5
cells permm2) was significantly higher than those for the pristine
PDO (10.7 ± 4.8 cells per mm2) and the UVO-irradiated (27.1 ±
11.3 cells per mm2) sutures. Over 72 h, these cells grew more
significantly on the PSS-coated sutures to 660.2 ± 34.8 cells per
mm2 than they had on the PDO and the UVO-irradiated sutures
(14.9 ± 6.1 and 54.8 ± 9.6 cells per mm2, respectively) (Figure
S6, Supporting Information), yet much slower than they had on
either the FN-treated PSS dip-coated sutures or the FN-treated,
UVO-irradiated sutures. This result supports the finding of a pre-
vious study that PSS grafting attracted fibroblasts and improved
the attachment of polymeric ligaments to bone tissue.[28,29] How-
ever, the presence of unfolded FN on the surfaces of the tested
sutures was clearly found to improve their biocompatibility dra-
matically. Also, of note is the observations that neither PSS coat-
ing nor UVO irradiation (for 2 min) altered any physical strength
properties of the sutures (Figure S7, Supporting Information), in-
dicating that this method affects neither the chemical structures
on surface nor the native physical characteristics of the PDO su-
tures tested.
The presence of biologically active fragments of FN is known

to augment cell migration; FN molecules promote fibroblast
polarization and high directional persistence in fibroblast
migration through interactions with both its cell-binding and
heparin-binding domains.[30] We assume that the fibroblasts in
proximity to the FN-coated PDO may be responsible for the
improved motility, which is one of the crucial factors in tissue
regeneration and rapid wound repair. Thus, the effects of the
surface-modified PDO sutures on cell migration were evaluated
by using in vitro wound healing assays (scratch assays),[31] with fi-
broblasts being the key players in wound healing. Fibroblasts are
known tomigrate to the site of a woundwithin 24–48 h postinjury
by expressing matrix metalloproteinase to degrade fibrin clotting
and replace it with collagen fiber.[32] The scratch assay was mod-
ified based on the width of the scratch (Figure 2c). According
to the results, wound closure for the PDO-UVO/FN suture was
13.64± 0.77%while that for the PDO-PSS/FN suture was 17.83±
0.55%, both of which were significantly higher (p < 0.001) than
the value (3.05± 0.25%) for the unmodified (control) suture (Fig-
ure 2d,e).We inferred that somemolecular release of the attached
FN molecules into the physiological buffer may have occurred.
As shown in Figure 2f, the accumulative amounts of released
FN for the PDO-UVO/FN suture were 12.2 ± 0.9, 12.4 ± 1.6,
and 16.5 ± 2.5 pg mm−2 at 6, 12, and 24 h, respectively, while
those for the PDO-PSS/FN suture were 13.1± 1.3, 17.4± 1.1, and
22.0 ± 0.8 pg mm−2. It is worth revealing that the total amount of
FN released for the PDO-UVO/FN and PDO-PSS/FN sutures at
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Figure 2. In vitro biocompatibility test and wound healing assay of FN-coated PDO sutures. a) Representative confocal images of GFP-expressing
fibroblasts (green) grown on PDO-FN, PDO-UVO/FN and PDO-PSS/FN sutures (red) at 24 and 72 h after seeding. b) Fibroblast densities on the suture
at 24 and 72 h after seeding. c) Schematics of in vitro wound healing assay. d) Confocal snapshots from in vitro scratch assays, migrating fibroblasts
(green) on a culture dish at 0 and 24 h. e) Quantitative analysis of wound closure. f) Cumulative released fibronectin from modified sutures at 6, 12,
and 24 h. Released FN amounts were given by FN mass in pg per suture’s surface area in mm2 (n = 3). Statistical significance was determined using a
one-way ANOVA followed by the Tukey test; *p < 0.05, **p < 0.01, and ***p < 0.001. b,e,f) Error bars indicate means ± S.D.

24 h corresponds to ≈0.53% and 0.46%, respectively of the total
amounts of FN preattached to a given suture. The amounts of re-
leased FN for the two sutures were meaningfully different at 12
and 24 h (p < 0.01). Therefore, we could confirm that the sutures
with FN adsorbed were gradually releasing the preattached FN
molecules during the wound healing process, thereby improving
the migration of the surrounding fibroblasts, and consequently
leading to faster wound healing.
Male-BALB/c mice received 4-cm stitches in their dorsal skin

by using the surface-modified PDO sutures to assess the in vivo
efficacy of those sutures. The wound healing process for these
modified sutures was monitored by observing the histology of
the wound due to stitching on the dorsal regions of the mice
(Figure 3a). Before suturing the mice, we used IR spectroscopy
to confirm that our modification process had led to the success-
ful adsorption of FN on the surface of the PDO sutures (Figure
S8, Supporting Information). After 10 days, the stitched areas
weremacroscopically andmicroscopically evaluated. The suture–

tissue interface for the surface-modified sutures was observed
by cross sectioning the skins of mice taken from the area of the
wound.
Macroscopically, the wounded skin showed inflammation as

indicated by the black arrows in the images of the dorsal areas
(Figure 3b). Inflammation was observed in the areas of mice
stitched with the PDO (control) sutures and with the PDO-
PSS/FN sutures while very mild inflammation was observed for
the mice stitched with PDO-UVO/FN sutures. The process of
wound healing was then evaluated using the properties of multi-
ple skin healing parameters; including the epidermis thickness,
the formation of granulation tissue, the arrangement of collagen,
and scar analyses.[33] As marked in Figure 3c, granulation tis-
sue (GT), composed of tissue matrix (e.g., collagen, fibronectin,
and hyaluronic acid) supporting the immune related cells, was
found for all suture cases in the region of dermis (D). Notably,
more endothelial cells (EC) were found at the mouse skin spec-
imen stitched with the PDO-PSS/FN suture than those with the

Adv. Healthcare Mater. 2021, 2001686 © 2021 Wiley-VCH GmbH2001686 (5 of 10)



www.advancedsciencenews.com www.advhealthmat.de

Figure 3. In vivo wound healing assays of FN-coated PDO sutures. a) Schematic representing in vivo wound healing assay. The red lines on mice dorsal
represent stitched suture. b) Mice skin macroscopy images at days 0 and 10, with the black arrows pointing to the inflammation. c) Histology analysis
of H&E-stained cross sections of mouse skin in epidermis (left) and dermis layer (right). E) Black arrows mark epidermis, D) dermis, granulation tissue
(GT), endothelial cell (EC) and ECM fiber. Double sided arrows in the left side point out the thickness of epidermis layer. d) Epidermis thickness of the
modified sutures, as obtained from mouse-skin histology. e) Representative microscopic images of Masson’s trichrome staining of collagen at days
10 postsuturing (up) and corresponding enlarged inserts (bottom). Blue: stained collagen. f) %collagen areas for each type of modified suture (n = 5
animals). d,f) Error bars indicate means ± S.D. Statistical significance was calculated using a one-way ANOVA followed by the Tukey test; *p < 0.05.

other sutures, which indicated that angiogenesis had occurred
more actively (Figure 3c). Meanwhile, epidermis thickness (E) in
the histological sections, known as a general indicator for skin
healing was evaluated. The newly formed epidermis covers the
wound, and consequently protects it from infection.[34] Based on
hematoxylin-eosin (H&E) staining, we found epidermis thick-
nesses of 209.8 ± 18.2, 380.0 ± 42.4, and 355.7 ± 48.8 µm for
the PDO, PDO-UVO/FN, and PDO-PSS/FN groups, respectively
(Figure 3d). The two surface-treated sutures showed a signifi-
cantly thicker epidermis than the control suture (p < 0.05) as a
consequence of re-epithelialization due to cells migrating after
injury to the site of the wound.[34]

Specific histology changes, such as flattening of the dermal
and epidermal boundaries and the arrangement of collagen bun-
dles, were subsequently observed, and the results from scar anal-
yses were assessed. We found that scar formation for the PDO
control suture was noticeably higher than that for any of themod-
ified sutures, as indicated by the flattened tissue areas, marked
at dermis-epidermal junction (Figure S9a, Supporting Informa-

tion). We further evaluated wound scaring by quantifying the
Scar Index by dividing the scar area by the corresponding der-
mis thickness.[35] The PDO-UVO/FN (1152.3 ± 168.0 µm) and
the PDO-PSS/FN (960.0 ± 170.3 µm) sutures had lower Scar In-
dices than the PDO control suture (1544.8 ± 232.9 µm) (p < 0.05)
(Figure S9b, Supporting Information). Using the degree of colla-
gen deposition and organization, the efficiency of wound heal-
ing was further investigated.[36,37] As can be seen in Figure 3e,
Masson’s Trichrome-stained sections revealed a distinct struc-
tural difference in the deposition of collagen fibrils; collagen
was abundant, and showed greater in color-depth in specimens
stitched with the PDO-UVO/FN and PDO-PSS/FN sutures; and
collagenwas aligned in ordered configuration, whereas specimen
with the PDO control suture was presented as sparse and unor-
ganized collagen bundles. Figure 3f showed % collagen in tis-
sue section; for the PDO-UVO/FN and PDO-PSS/FN sutures,
% collagen areas were 44.7 ± 2.8% and 35.8 ± 3.5% respec-
tively, statistically higher than the value of 29.3 ± 3.1% for the
control PDO (P<0.05). Lastly, a series of inflammation markers,
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Figure 4. Friction test of FN-coated PDO sutures. a) Schematic representing the friction experiment. b) Repeated traces of the friction coefficients as
a function of suture–displacement in time (3 cycles). c) Friction coefficients of PDO sutures and of FN-coated PDO sutures (PDO-UVO/FN and PDO-
PSS/FN) on Dragon skin 10. Error bars indicate means ± S.D. for n = 3 cycles. Statistical significance was calculated using a one-way ANOVA followed
by the Tukey test; * p < 0.05. Schemes on the top of bar chart representing suture–tissue interface. d) Representative false-colored SEM images of FN
molecule (orange) on the surface-modified PDO sutures before and after stitching in mouse skin.

including interleukin-1 (IL-1), interleukin-6 (IL-6), tumor necro-
sis factor alpha (TNF-𝛼), and vascular endothelial growth factor
(VEGF), were evaluated, in order to compare the differences in
healing effects.[38,39] The IL-1 level, however, was not measurable
due to the very low expression level in all samples, and all other
protein levels were not statistically significant between groups
(Figure S10, Supporting Information). This may be due to a low
inflammatory response to the wound from the suture on the 10th
day after suturing. Nevertheless, in line with in vitro study, the re-
sults of in vivo wound healing assays supported our hypothesis
that the engineered sutures with FN would improve wound heal-
ing during postsurgery recovery.
As previously mentioned, friction occurs at the interface be-

tween the sutures and the tissues and can cause secondary tissue
trauma and infection.[7] During stitching, we notably found that
the surface-modified sutures easily glided through mouse skin.
In order to confirm this quantitatively, we designed a friction test
for artificial skin. Dragon skin 10 was chosen for the artificial
skin material, and the carefully measured friction coefficients of
the FN-coated sutures were compared, for a normal loading force
(Fn) and a frictional force (Ff), to those of the sutures without

FN adsorption (Figure 4a; Figure S11, Supporting Information).
Once the suture was dragged along tissue’s surface, a stick-slip
plot was generated, and the result is shown in Figure 4b. The
optimal normal load in this study was found to be 0.400 N, and
the optimal speed was found to be 3 mm s−1. The kinetic friction
coefficients (µK) for the PDO-UVO/FN and the PDO-PSS/FN su-
tures were 1.33 ± 0.03 and 1.17 ± 0.04, respectively, which were
lower than that of the PDO (control) suture (1.46 ± 0.03) (Fig-
ure 4c). The sticky characteristic of silicone rubber caused the
µK value (>1.00) to be higher than in previous studies (≈0.100)
that used other types of artificial skin. Our FN-coated sutures re-
duced the friction coefficients from about 0.1–0.30, similar to the
reduction in friction coefficients from 0.12 to 0.37 in previously
reported study.[7] This confirms that the FN layer on the PDO su-
tures significantly reduces the friction at the interface with the
skin, as previously noticed by the tactile sensations during stitch-
ing. Friction at the suture–silicone rubber interface disturbed the
coated FN and caused deformation of the PDO (Figure S9b, Sup-
porting Information). SEM images of the surfaces of the sutures
after in vivo stitching in mice indicated trends similar to those
in the friction test; i.e., some coated FN had peeled off from the
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suture’s surface (Figure 4d). However, we assume that the FN re-
maining on the sutures was responsible for the healing of the
stitched wounds on the skins of mice. We confirmed that coating
with FN provided not only a therapeutic advantage but also a lu-
brication effect, thereby minimizing tissue defects by behaving
like a liquid and lowering the friction force.[40]

In this report, the adsorption of fibronectin by a surgical su-
ture was achieved by using UVO irradiation or a PSS dip-coating.
Unfolded and stretched FN molecules on the surfaces of the
charged sutures disturb the FN binding domains for S. aureus
and E. coli, preventing the risk of secondary infection during or
after the stitching process. These FN molecules also improved
the biocompatibility of the sutures by attracting fibroblasts to the
wound site. Furthermore, in vitro and in vivo studies of wound
healing revealed that the FN-coated sutures enhanced the wound
healing process via accelerated re-epithelialization, which may
minimize scar formation. Additionally, the FN-coated suture was
found to lower the friction at the suture–tissue interface. Most
importantly, this approach can be further expanded by incorpo-
rating other therapeutic proteins or small molecules to function-
alize sutures to improve tissue integration and healing.

Experimental Section

Chemicals: The polydioxanone sutures used in this study (Monosorb,
Code DMMV102) were provided by Samyang Biopharmaceuticals. Other
various suture materials, polydioxanone (PDS II, W9234), polyglactin
910 (Vicryl, W9440), silk (Mersilk, W605) and polypropylene (Prolene,
8832H), were purchased from Ethicon while silk (Black Silk, SK521), ny-
lon (Blue Nylon, NB428), polyglycolic acid (Surgifit, AV122), and cat gut
(Chromic, C517) were obtained from Ailee. All suture sizes were based
on those listed in The United States Pharmacopeia. The polymer ma-
terial used for the coating was poly (styrene-co-4-styrene sulfonic acid)
(PSS33, 33.0 mole% SO3H, Polymer Source P6114-SSO3H) in dimethyl-
formamide (DMF, Sigma D4551). Fibronectin was obtained from human
plasma (Invitrogen, 33016015). The phosphate buffer saline (PBS) (10010-
023) used in this research and the cell culture were purchased fromGibco.
Cells for biocompatibility and wound healing assays were GFP-human der-
mal fibroblast neonatal (Angio-proteomie) maintained in Dubelcco’s Min-
imumEssentialMedia (DMEM,Gibco) containing 10% fetal bovine serum
(FBS, Gibco 16000044) and 1% penicillin-streptomycin-glutamine 100×
(Gibco, 10378016). Luria-Bertani (LB), Tryptic Soy Broth (TSB, 22092)
and zinc chloride (ZnCl2, 208086) for bacteria media were purchased
from Sigma. Cells were cultured in a dish from Corning. Pluronic-127
(P2443), bovine serum albumin (BSA) (A9647), anti-human fibronectin
antibody isolated from rabbits (F3648), substrate tetramethylbenzidine
(TMB) (T8665), Tween (P1754), paraformaldehyde (P6148), and 2, 2, 2-
tribromoethanol (Avertin) (T48402) were purchased from Sigma-Aldrich.
The Piercemodified Lowry (P1856006)methodwas obtained fromThermo
Fischer Scientific, and horseradish peroxidase conjugated goat anti-rabbit
IgG-HRP (ab6721) was purchased from Abcam. Alexa NHS 488 succin-
imidyl ester (A20000) and Alexa C5maleimide 546 (A10258) were supplied
by Invitrogen. Silicon rubber for the friction test was provided by Dragon
Skin 10.

Surface Modification of the Suture and Characterization: The sutures
were cut into 2-cm pieces, placed in vacuum-sealed plastic, and kept at
−20 °C until they were used. PDO sutures were dip-coated in 33% poly
(styrene-co-4-styrene sulfonic acid) (PSS33) and then dried overnight in
an oven at 65 °C. For another group, sutures were exposed to UV/ozone
(UVO cleaner Ahtech AH1700) for 2 min while the PDO sutures for the re-
maining groups were used without any treatment. All of those pretreated
sutures were incubated in 50 µg mL−1 of fibronectin in PBS for 72 h at
37 °C under gentle shaking to distribute FN equally over the sutures. After

incubation, the sutures were washed in PBS three times. For FTIR spec-
troscopy, the PDO sutures was dried in air, after which attenuated total-
reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy measure-
ments were performed using the Agilent Cary 610 system in the Advanced
Bio-Core Facility at Sogang University; 64 scans in the wavenumber range
from 600 to 4000 cm−1 were accumulated. The signal range for FN ad-
sorption was confirmed by using the same system to record spectra for
the FN solutions.

Adsorbed Fibronectin Quantification: The amount of adsorbed FN was
quantified based on the Piercemodified Lowrymethod. Five pieces of 2-cm
sutures were incubated in 50 µg mL−1 of FN solution at 37 °C. The FN so-
lutions before and after incubation (40 µL) were collected in 96-well plates
(SPLs), with three replications for each group. The known concentration
of the FN solution was used as the standard in this procedure. Modified
Lowry reagent, as much as 200 µL, was added into a well and was gently
mixed into the solution by using a mini rocker (Bio-Rad) at room temper-
ature (RT) for 10 min. PBS solution was used as a blank for subtracting
the absorbance of every sample. Then, Folin-Ciocalteu reagent was mixed
into each well and immediately shaken for 30 seconds. The 96-well plate
was covered by aluminum foil to protect it from light and incubated at RT
for 30 min. A multi-plate reader (EnSpire, PerkinElmer) was used to mea-
sure the absorbance at a wavelength of 750 nm. The standard curve was
calculated using the corrected absorbance of the known FN solution. The
number of adsorbed FN in µg was determined by subtracting the initial
number of the FN solution from the number of the FN solution remain-
ing on the plate. The unit of the adsorbed FN was then converted into ng
mm−2 by dividing by the suture’s surface area.

Fluorescence Resonance Energy Transfer (FRET) Analysis: Fibronectin
was labeled according the procedure reported by Smith et al. (2007) with
Alexa NHS 488 and Alexa C5 maleimide 546.[41] To open the FN struc-
ture, up to 8-m guanidine hydrochloride (GdnHCl) was added in NaHCO3

buffer at pH 8.5. Fibronectin was further labeled with acceptor Alexa C5
maleimide, as much as 30 times the FN molar ratio, for an hour at RT.
Excess dye was removed by using dialysis against NaHCO3 buffer three
times at two-hour intervals and overnight at 4°C. Moreover, the FN was
labeled with 70-fold excess donor Alexa NHS 488, a process that took 2 h.
Free dye was removed from the FN-DA by using a PD-10 column that had
been equilibrated with PBS. The quantitative ratio of acceptors to donors
for each FN dimer molecule was calculated using the absorbance at 280,
495 and 556 nm and the FNmolar extinction coefficients. Fibronectin dou-
ble labeled with 10% glycerol was kept at −20°C until it was used. The
acceptor-to-donor fluorescence intensity ratios were measured spectroflu-
orometrically (Hitachi 7000) by using 0- to 6-m GdnHCl. The PDO sutures
and the modified sutures were incubated under the previously mentioned
conditions with 90% unlabeled FN and 10% double-labeled FN. The in-
tensity ratio, IA/ID, demonstrated the existence of a secondary structure
in Gdn HCl. To investigate FN conformation on suture, PDO sutures ob-
tained from Ethicon (PDS II 2-0) were used.

Modified Suture and Bacteria Interaction: The plasmid pCM29,[42]

which is a S. aureus–E. coli shuttle vector for expression of sGFP, was pro-
vided by Dr. Alexander Horswill (University of Colorado Anschutz School
ofMedicine). The pCM29was transformed into E. coli C2925 (dam−/dcm1

E. coli K12 derivative; New England Biolabs), and plasmid DNA was puri-
fied from the positive transformants by using HiGene Plasmid Mini Prep
Kits (BioFact, Daejeon, South Korea) according to manufacturer’s instruc-
tions. The plasmid purified from E. coli C2925 was introduced via elec-
troporation into S. aureus NCTC8325-4.[43] E. coli and S. aureus cultured
in Luria Bertani (LB) and Tryptic Soy Broth (TSB) supplementing with
ampicillin (100 µg mL−1) and chloramphenicol (10 µg mL−1) at 37°C un-
der shaking whereas enhanced GFP-expressing E. coli was constructed
by first introducing GFP to pET28a at the NdeI and the NotI restriction
enzyme sites. Both pKA001[44] and introduced pET28a-EGFP were cut at
the Xba and the NotI restriction enzyme sites. Subsequently, the product
containing the histidine tag, the thrombin cleavage site, and the EGFP
was cloned for the pKA001 vector. The final vector, named pKA28-EGFP,
was then transformed to E. coli UT5600. A single colony of E. coli UT5600
containing pKA28-EGFP was inoculated into Luria Bertani (LB) medium
with 50 µg mL−1 of ampicillin at 37°C and was spun at 200 rpm for 16 h.
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The grown cells were transferred to LB in a 1:100 starter : medium ra-
tio and incubated until OD600 reached 0.4 at 37°C at 200 rpm. At that
time, 1-mM isopropyl 𝛽-D-1-thiogalactopyranoside (IPTG) was added un-
til log phase had been reached. In the late log phase, surface-modified
sutures were added into the media and then incubated at 30 °C for 2 h
in S. aureus or 8 h in E. coli. Sutures were washed with Tris-buffered saline
(TBS) buffer supplemented with 1-mMZnCl2 to detach unbound S. aureus
and E. coli. Bound bacteria cells were further observed under a confocal
microscope.

Suture Biocompatibility: The cells were cultivated in a 100-mm cul-
ture dish at 37 °C in 5% CO2 until they had reached 80–90% confluence.
The cells were washed using PBS and were detached enzymatically using
trypsin-EDTA (0.25%) in DMEM for 3 min. Then, the cells were collected
by using centrifugation at 1500 rpm for 3 min (Eppendorf 5810R). The
cells (5×105) were seeded on a 2-cm suture in a sterile 35-mm confocal
dish (SPL, 200350) that had been previously coated with Pluronic-127 5%
in distilled water for 30 min. This step was used to ensure that the cells
had attached equally over the entire surface of the suture. The prepared su-
tures were divided into six groups: the PDO, PDO-UVO, PDO-PSS, PDO-
FN, PDO-UVO/FN, and PDO-PSS/FN groups. After 12 h, the cell-coated
sutures were transferred into a new confocal dish filled with 2 mL of fresh
media. Z-stack images of the sutures in each group were subsequently
taken using confocal microscopy. The number of cells in the 3D-image
of a suture was determined using a 3D object counter plug-in in Image J
(Fiji) and properly adjusting the threshold for each stack. For contact angle
and tensile strength measurements, PDO sutures (Monosorb) were pre-
pared as previously mentioned. The contact angle was measured using an
SEO Phoenix 300 Touch Contact Angle, Image XP 5.6U while the tensile
strength was determined using an Optech forcemeter DS2-50N.

In Vitro Wound Healing Assay: Wound healing assays were performed
by using scratch assays on a cell monolayer that had been modified to
quantify the cell migration capability after having been exposed to the su-
ture. Briefly, fibroblasts, 1×105 cells mL−1, were seeded in a 35-mm cul-
ture dish. After the cells had reached confluence in 10% FBS containing
DMEM, they were scratched by using a cell scrapper to create an ˜1-mm
wound. The cells were gently washed with PBS three times to remove cell
debris, and the medium was replaced with one containing 0.5% FBS. The
migrating cells were evaluated by measuring the residual gap on five dif-
ferent scratched areas at 0 and 24 h.

Quantification of Fibronectin Release: Five pieces of 2-cm sutures were
surface-modified and the number of adsorbed FN was calculated as pre-
viously mentioned. The fibronectin-coated PDO samples from the non-
treatment, UVO-treated and PSS pretreatment groups were incubated in
PBS solution (pH 7.4, Gibco 10010001) at 37 °C under gentle shaking
with a mini rocker (BioRad 1660720). Samples of the solution were col-
lected at 6 h, 12 h and 24 h then kept at 4 °C until the sampling pro-
cess had been completed. Fibronectin released from the PDO suture was
quantitatively determined using competitive enzyme-linked immunosor-
bent assays (ELISAs) that had been developed initially by Rennard and
colleagues.[45] Principally, FN was coated on the bottom of micro-well
plate and antibody-samplemixture was incubated on the FN coatedmicro-
well plate. Free antibody bound to bottom FN, while FN binding antibody
was removed by washing steps. Secondary antibody-conjugated enzyme
and subtrate was further added to form visible complex reaction. Themore
FN released frommodified-suture, the less free antibody to react with TMB
substrate to form complex reaction. Briefly, a micro titer well plate (SPL)
was precoated with FN solution at a concentration 1 µg mL−1 in a coating
buffer that contained 0.1% bovine serum albumin. The coating process
was carried out at 4 °C overnight; the excess fibronectin was washed away
three times in Tris-buffered saline and Tween 20 (TBST). The coated plate
was blocked with 1%BSA in TBS solution for an hour at RT. After the block-
ing had been completed, the plate was washed with TBST three times to
remove unbound BSA. Then, various concentration of standard solution
and sample were prepared by adding 50 µL of the standard solution or
50 µL of the sample solution to 50 µL of anti-fibronectin antibody isolated
from rabbits (1:30 000). This mixture was incubated for an hour at RT. Af-
ter an hour, 100 µL of this mixture was added to each well, and the wells

were incubated for an hour at RT. After each well had been washed three
times with TBST, horseradish peroxidase conjugated mouse anti-rabbit
IgG-HRP was added to each cell, followed by the addition of a tetramethyl-
benzidine (TMB) substrate and incubation for 30 min. The complex reac-
tion products were dissolved in 1-m HCl, and the absorbance was mea-
sured using a multi-plate reader (EnSpire, Perkin Elmer) at 450 nm. The
number of released FN was calculated by subtracting remaining FN in
the solution from the number of adsorbed fibronectin. The unit of the ad-
sorbed FN was then converted into pg mm−2 by dividing by the suture’s
surface area.

Suture–Tissue Interface on Stitched Mice: Animal model experiments
were performed using the IACUC protocol (No. IACUC2020_02) approved
by Sogang University and in accordance with The Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health. Male
BALB/cmice 8- to 10-weeks old were adapted in a 12-hour light/dark cycle.
The mice were individually caged for at least 24 h before the experiment.
The mice were anesthetized using 250 mg kg−1 of 2,2,2-tribromoethanol
(Avertin) intraperitoneally. Hair on the dorsal part was shaved, and the area
was cleaned with povidone iodine. The dorsal parts of the test mice were
stitched using PDO-UVO/FN and PDO-PSS/FN sutures, and the dorsal
parts of the controlmice were stitched using PDO sutures; all PDO sutures
used in this researchwere obtained fromEthicon (PDS II 5-0,W9863T) and
were prepared in the same way as previously described. The presence of
adsorbed FN on the suture was confirmed using 458 IR spectra prior to
the animal experiments. The mice were resuscitated and monitored daily.
After 10 days, 5 mice were sacrificed, and regrown hair was removed. The
wounds were excised, along with an area of normal skin ca. 5 mm around
the wound, after which the excised tissues were pinned flat on dental wax.
Tissues were then fixed in 4% aqueous paraformaldehyde and embedded
in paraffin. The cut paraffin sections were stained with hematoxylin-eosin
(H&E) andMasson’s Trichrome dye. Re-epithelialization was assessed us-
ing Image J to analyze the newly formed epithelial layer while the scarring
of tissue was evaluated using the Scar Index, which is defined as the scar
area (µm2) divided by the average dermal thickness (µm) according to pre-
vious study.[35] The collagen area was calculated by evaluating blue stain-
ing of Masson’s Trichrome dye using the color deconvolution Image J in
pixels. Collagen area was measured as % collagen area divided by total
area of section in 100%.[36]

Quantitative PCR: Total RNA was extracted from cells or mouse skin
by using Tri-RNA Reagent (Favorgen). First-strand cDNA synthesis from
the total 500 ng of RNA was performed with PrimeScript RT master mix
(RR036A, Takara). The thermocycling condition was 15 min at 37°C and
5 s at 85°C. A Stratagene Mx3000p qPCR machine (Agilent Technologies)
was used to subject the synthesized cDNA to real-time PCR with qPCR
2× Premix SYBR (Enzynomics). The PCR conditions used to amplify all
genes were 10 min at 95 °C, 40 cycles at 95 °C for 15 s, and 40 cycles at
64 °C for 40 s. Expression data were calculated from the cycle threshold
(Ct) value by using the ΔCt method of quantification. The 18s rRNA was
used for normalization. The oligonucleotides are listed in Table S2 in the
Supporting Information.

Friction Behavior between the Suture and the Tissue: Friction tests were
performed using a typical tribological setup.[37] The experimental sample
was silicone rubber (Dragon skin 10), which has a biomechanical behavior
similar to that of human tissue.[46,47] Dragon skin 10 was prepared using
equal weights of parts A and B solution to be mixed for 4 min, followed
by degassing for 5 min. The mixture was cured in a polyethylene tereph-
thalate (PET) dish at room temperature and then cut into 20×20×5 mm3

pieces for friction sample measurement. To set up the friction experiment,
the surface-modified sutures were cut into pieces of 30 cm in length and
placed the pieces in a suture holder. The suture holder was fixed after the
suture had come into direct contact with sample’s interface. The normal
force and the friction force were recorded using a force meter (Optech-
Imada DS2-5N) while the vertical dragging movement was driven using a
Handpi Mo-HTH unit. The PDO control was loaded with a normal force of
0.1–0.5 N at varying dragging speeds (1–3 mm s−1) to determine the opti-
mum force and the optimum dragging speed for the experiment. A normal
force of 0.4 N and a dragging speed of 3 mm s−1 were found to be optimal
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conditions for the friction experiments. The kinetic friction coefficient (µK)
of the surface-modified PDO was calculated using the following equation

𝜇K =

Friction force
(

Ff

)

Normal force (Fn)
(1)

Statistical Analysis: All data in this report are presented as means ±

standard deviations of the mean (S) based on at least three independent
measurements. Obtained data were preprocessed to evaluate outliners.
Data were statistically analyzed using the one-way ANOVA followed by the
Tukey test, and significance was achieved at *p < 0.05 using Origin 9.0.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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