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Abbreviations 
 

ADSC adipose-derived stem cell LMW* PChi with DS 0.14 from 2 kDa of 
PNIPAM 

AFM atomic force microscopy MAPK mitogen-activated protein kinase 

Alg alginate MSC mesenchymal stem cell 

ASC adult stem cells NHS N-hydroxysuccinimide 

BMP bone morphogenetic protein NMR nuclear magnetic resonance 

BSA bovine serum albumin PAA propylacrylic acid 

Cdc42 Cell division control protein 42 
homolog 

PAH poly(allylamine hydrochloride) 

Chi chitosan PChi PNIPAM-grafted-chitosan 

ChS chondroitin sulfate PCS PNIPAM-grafted-cellulose sulfate 

CLSM confocal laser scanning 
microscopy 

PEL polyelectrolyte 

CS cellulose sulfate PEM polyelectrolyte multilayer 

DLS dynamic laser scattering PG proteoglycan 

DS degree of substitution pI isoelectric point 

ECM extracellular matrix PI3K phosphoinositide 3-kinase 

EDC 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide 

PLL poly-L-lysin 

EDTA ethylenediaminetetraacetic acid PNIPAM Poly(N-isopropylacrylamide) 

ERK extracellular signal-regulated 
kinase 

PSC pluripotent stem cell 

ESC embryonic stem cell PSS poly(styrene sulfonate) 

FAK focal adhesion kinase QChi quaternized chitosan 

FGF-2 fibroblast growth factor-2 QCM-D quartz crystal microbalance with 
dissipation monitoring 

FGFR-2 FGF-2 receptor RGD arginine–glycine–aspartate 

FN fibronectin RhoA Ras homolog family member A 

FTIR Fourier-transform infrared 
spectroscopy 

ROCK Rho-associated protein kinase  

GAG glycosaminoglycan SEM scanning electron microscopy 

GF growth factor SPR surface plasmon resonance 

HA hyaluronic acid TCP cloud point temperature 

Hep heparin TCPS tissue culture polystyrene 

HMW PChi with DS 0.03 from 10 kDa of 
PNIPAM 

TGF-β transforming growth factor beta 

HSC hematopoietic stem cell VEGF vascular endothelial growth 
factor 

iPSC induce pluripotent stem cell VN vitronectin 

LbL layer-by-layer WCA water contact angle 

LCST lower critical solution temperature   
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Graphical abstract 

 

Schematic general overview on thesis chapters. To apply PNIPAM as a polyelectrolyte 

(PEL) for polyelectrolyte multilayer (PEM) formation, this work begins with (i) two 

approaches for the synthesis of PNIPAM-grafted-chitosan (PChi) as polycation and 

PNIPAM-grafted-cellulose sulfate (PCS) as polycation. While PChi-containing PEMs 

are prepared from PChi and polyanions using sulfated glycosaminoglycans (heparin, 

chondroitin sulfate), PCS-containing PEMs are combining PCS and polycations (poly-

L-lysin, quaternized chitosan). The thesis focuses on the influence of molecular weight 

(MW), degree of substitution (DS) of PNIPAM and sulfate groups, and charge density 

on the PEM (ii) formation and structure, (iii) stability (ionic and/or covalent crosslinking) 

at different pH, (iv) thermoresponsivity (physiochemical and mechanical properties), (v) 

bioactivity with an immobilized adhesive protein (vitronectin) and a growth factor (FGF-

2), and (vi) biocompatibility towards responses of mouse stem cells and fibroblasts. 

Finally, this work investigates the potential of PNIPAM-containing PEMs to control the 

release of the immobilized FGF-2, and to regulate cell activities in terms of cell 

adhesion, proliferation, and migration by the crosstalk between FGF-2 and vitronectin 

integrin receptor. 
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Abstract 

Thermoresponsive Poly(N-isopropylacrylamide) (PNIPAM) is popularly applied in 

hydrogels and for surface modification allowing controlled release of drugs, cell sheet 

engineering, and tissue engineering. With the advantage of its lower critical solution 

temperature around 32 °C close to body temperature, PNIPAM is a promising material 

to modulate physiochemical properties of biomaterial surfaces. However, current 

methods for fabricating PNIPAM-modified surfaces are often ineffective or expensive, 

and lack bioactivity, which restrict their use as stimuli responsive cell culture substrata 

with the regulatory effect on cell or stem cell activities. By combining with native or 

semi-synthetic glycosaminoglycans (GAGs), a facile and cost-effective fabrication of 

bioactive PNIPAM-containing polyelectrolyte multilayers (PEMs) is established using a 

layer-by-layer (LbL) technique through the alternating adsorption of oppositely charged 

polyelectrolytes (PELs). Here, two approaches to apply PNIPAM as PELs for the PEM 

assembly are explored by conjugation of PNIPAM with the (i) polycation chitosan (Chi) 

or (ii) polyanion cellulose sulfate (CS).  

The first part focuses on the use of PNIPAM-grafted-Chi (PChi) as polycation to form 

PEMs with native GAGs like heparin (Hep) or chondroitin sulfate (ChS) as polyanions. 

Molecular weight (MW) and degree of substitution (DS) of PNIPAM on PChi are found 

to affect charge density and cloud point of temperature where PChi undergoes a 

conformational change. Two PChi with high and low DS, LMW* (DS 0.14 from 2 kDa 

of PNIPAM) and HMW (DS 0.03 from 10 kDa of PNIPAM) are selected to form LMW*- 

or HMW-containing PEMs with polyanions at pH 4. The post covalent crosslinking 

using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide is 

introduced to strengthen the stability of PEMs at physiological pH 7.4 by forming the 

amide bonds between Hep and Chi. The growth behavior, stability, physiochemical and 

mechanical properties of PEMs are systematically investigated. The results reveal that 

covalent crosslinking maintains the integrity of PEMs, while partial decomposition of 

uncrosslinked PEMs is found after exposure to physiological buffer at pH 7.4, 

particularly when formed from LMW*. Resulting surface wettability and mechanical 

properties confirm that the PEM containing HMW is responsive to temperature at 20 

°C and 37 °C, while LMW* restricts the change in these properties. Moreover, using 

Hep as terminal layer in combination with HMW better retains the adhesive protein 
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vitronectin (VN) at 37 °C, which further corresponds to the sustained release of 

fibroblast growth factor-2 (FGF-2). This is the first study to explore the synergistic effect 

of VN and FGF-2 immobilized on PEM and its impact on cell activities. Not only specific 

interaction of Hep but also hydrophobic interaction of HMW contribute to the binding 

with VN and FGF-2, and in turn promote superior cell activities in terms of cell adhesion, 

spreading, proliferation and migration using multipotent mouse fibroblast cell line 

C3H10T1/2 and 3T3.  

At the second part of this PhD study, a mimetic GAG, CS with exceptional bioactivity 

is used to seek for the possibility to replace native GAGs due to their batch-to-batch 

variation. Two novel synthetic routes for the preparation of PNIPAM-grafted-cellulose 

sulfate (PCS) as polyanion with distinct DS of PNIPAM and sulfate groups are 

developed to achieve thermoresponsive and bioactive PEM by LbL technique. Lower 

sulfated PCS 1 (DS 0.41) and higher sulfated PCS 2 (DS 0.93) are used to study their 

ability to form PEM with polycations (poly-L-lysin, PLL or quaternized chitosan, QChi). 

The resulting growth behavior, internal structure, stability, and surface properties are 

strongly dependent on the sulfation degree, type of polycation and the presence of 

PNIPAM. The higher sulfated PCS 2 overcomes the steric hindrance of PNIPAM 

allowing higher adsorption of both polycations and forms more stable PEM compared 

to the lower sulfated PCS 1 after exposure to pH 7.4. In addition, the smaller molecule 

PLL tends to form more intermingled PEM than the larger QCHI, resulting in a more 

pronounced effect on surface properties. The study on surface characterization is 

further related to the toxicity and biocompatibility of PEM towards cell behaviors. PEM 

combined with PLL leads to higher toxicity to 3T3 cells particularly in combination with 

PCS1, while the combination of QChi and PCS2 shows excellent biocompatibility and 

promotes cell adhesion and proliferation over 7 days.    

Overall, this thesis presents the newly developed thermoresponsive coatings that 

elucidates the capability to modulate surface properties and improve the bioactivity by 

inclusion of PNIPAM combined with native or semi-synthetic GAGs. This coatings have 

an enormous potential as a cell culture substrate for growth factor delivery, production 

of (stem) cells and as a bioactive wound dressing for tissue regeneration. 
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ZUSAMMENFASSUNG 
 

Thermoresponsives Poly(N-isopropylacrylamid) (PNIPAM) wird häufig in Hydrogelen 

und der Oberflächenmodifizierung zur kontrollierten Freisetzung von Arzneimitteln 

sowie im Zellblatt- und Tissue-Engineering eingesetzt. Mit dem Vorteil seiner 

niedrigeren kritischen Lösungstemperatur von etwa 32 °C nahe der Körpertemperatur 

ist PNIPAM ein vielversprechendes Material zur Modulation der physiochemischen 

Eigenschaften von Biomaterialoberflächen. Aktuelle Methoden zur Herstellung von 

PNIPAM-modifizierten Oberflächen sind jedoch oft ineffektiv oder teuer und weisen 

keine Bioaktivität auf, was ihre Verwendung als stimuliresponsive Zellkultursubstrate 

mit regulierender Wirkung auf Zell- oder Stammzellaktivitäten einschränkt. Durch die 

Kombination mit nativen oder halbsynthetischen Glykosaminoglykanen (GAGs) wird 

eine einfache und kostengünstige Herstellung bioaktiver PNIPAM-haltiger 

Polyelektrolyt-Mehrfachschichten (PEMs) mithilfe einer Schicht-für-Schicht-Technik 

(LbL) durch abwechselnde Adsorption entgegengesetzt geladener Polyelektrolyte 

(PELs) ermöglicht. Es werden zwei Ansätze zur Anwendung von PNIPAM als PELs für 

den PEM-Aufbau durch Konjugation von PNIPAM an (i) das Polykation Chitosan (Chi) 

oder (ii) das Polyanion Cellulosesulfat (CS) untersucht. 

Der erste Teil konzentriert sich auf die Verwendung von PNIPAM-grafted-Chi (PCi) als 

Polykationen zur Bildung von PEMs, mit nativen GAGs wie Heparin (Hep) oder 

Chondroitinsulfat (ChS) als Polyanionen. Es wurde festgestellt, dass das 

Molekulargewicht (MW) und der Substitutionsgrad (DS) von PNIPAM auf PChi die 

Ladungsdichte und die Trübungspunkttemperatur beeinflussen, an welcher PChi eine 

Konformationsänderung erfährt. Zwei PChi mit hohem und niedrigem DS, LMW* (DS 

0,14 von 2 kDa von PNIPAM) und HMW (DS 0,03 von 10 kDa von PNIPAM), werden 

ausgewählt, um LMW*- oder HMW-haltige PEMs mit Polyanionen bei pH 4 zu bilden. 

Nach der Multischichtbildung werden diese mit 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimid/N-Hydroxysuccinimid kovalent vernetzt, um die 

Stabilität von PEMs bei physiologischem pH-Wert 7,4 durch Bildung der 

Amidbindungen zwischen Hep und Chi zu stärken. Das Wachstumsverhalten, die 

Stabilität, sowie die physiochemischen und mechanischen Eigenschaften von PEMs 

werden systematisch untersucht. Die Ergebnisse zeigen, dass die kovalente 

Vernetzung die Integrität von PEMs aufrechterhält, während eine teilweise Zersetzung 
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unvernetzter PEMs nach Einwirkung von physiologischem Puffer bei pH 7,4, 

insbesondere bei den aus LMW* gebildeten zu beobachten ist. Die sich ergebende 

Oberflächenbenetzbarkeit und die mechanischen Eigenschaften bestätigen, dass die 

PEM mit HMW auf Temperaturen bei 20 °C und 37 °C reagiert, während LMW* die 

Änderung dieser Eigenschaften einschränkt. Darüber hinaus hält die Verwendung von 

Hep als finale Schicht in Kombination mit HMW das adhäsive Protein Vitronektin (VN) 

bei 37 °C besser zurück, was außerdem mit der anhaltenden Freisetzung von 

Fibroblasten-Wachstumsfaktor-2 (FGF-2) korrespondiert. Dies ist die erste Studie, die 

den synergistischen Effekt von auf PEM immobilisiertem VN und FGF-2 und seinen 

Einfluss auf Zellaktivitäten untersucht. Nicht nur die spezifische Interaktion mit Hep, 

sondern auch die hydrophobe Interaktion mit HMW tragen zur Bindung von VN und 

FGF-2 bei und fördern wiederum überlegene Zellaktivitäten in Bezug auf Zelladhäsion, 

Ausbreitung, Proliferation und Migration unter Verwendung der multipotenten Maus-

Fibroblasten-Zelllinie C3H10T1/2 und 3T3. 

Im zweiten Teil dieser Doktorarbeit wird ein mimetisches GAG, CS mit 

außergewöhnlicher Bioaktivität, verwendet, um nach der Möglichkeit zu suchen, native 

GAGs aufgrund ihrer chemischen Variabilität in verschiedenen Chargen zu ersetzen. 

Es werden zwei neuartige Synthesewege zur Herstellung von PNIPAM-gepfropftem 

Cellulosesulfat (PCS) als Polyanion mit unterschiedlichen Substitutionsgraden von 

PNIPAM- und Sulfatgruppen entwickelt, um thermoresponsive und bioaktive PEM 

durch die LbL-Technik herzustellen. Niedrig sulfatiertes PCS 1 (DS 0,41) und höher 

sulfatiertes PCS 2 (DS 0,93) werden verwendet, um deren Fähigkeit zur Bildung von 

PEM mit Polykationen (Poly-L-Lysin (PLL) oder quaternisiertes Chitosan (QChi)) zu 

untersuchen. Das resultierende Wachstumsverhalten, die innere Struktur, die Stabilität 

und die Oberflächeneigenschaften hängen stark vom Sulfatierungsgrad, der Art des 

Polykations und der Anwesenheit von PNIPAM ab. Das höher sulfatierte PCS 2 

überwindet die sterische Hinderung von PNIPAM, ermöglicht eine höhere Adsorption 

beider Polykationen und bildet nach Einwirkung von pH 7,4 ein stabileres PEM im 

Vergleich zum niedriger sulfatierten PCS 1. Darüber hinaus neigt das kleinere PLL-

Molekül dazu, eine stärker vermischte PEM zu bilden als das größere QCHI, was zu 

einem stärkeren Effekt auf die Oberflächeneigenschaften führt. Die Studie zur 

Oberflächencharakterisierung steht außerdem im Zusammenhang mit der Toxizität 

und Biokompatibilität von PEM gegenüber dem Zellverhalten. PEM in Kombination mit 
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PLL führt insbesondere in Kombination mit PCS1 zu einer höheren Toxizität für 3T3-

Zellen, während die Kombination von QChi und PCS2 eine ausgezeichnete 

Biokompatibilität aufweist und die Zelladhäsion und -proliferation über 7 Tage fördert. 

Insgesamt stellt diese Arbeit die neu entwickelten thermoresponsiven Beschichtungen 

vor, die die Fähigkeit verdeutlichen, Oberflächeneigenschaften zu modulieren und die 

Bioaktivität durch Einbeziehung von PNIPAM in Kombination mit nativen oder 

halbsynthetischen GAGs zu verbessern. Diese Beschichtungen haben ein enormes 

Potenzial als Zellkultursubstrat für die Freisetzung von Wachstumsfaktoren und die 

Produktion von (Stamm-)Zellen sowie als bioaktive Wundauflage zur 

Geweberegeneration. 
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Chapter 1 – Introduction 

This thesis consists of four publications. The first chapter is a general introduction for 

the research topics of this thesis. Three of four manuscripts have been published and 

assembled as chapter 2, 3, and 5 including a summary at the beginning of each chapter. 

The fourth manuscript has been submitted to Biomaterials Advances and represents 

chapter 4. Chapter 5 has been implemented partly in the introduction when discussing 

cellulose sulfates.  
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1 Basis of tissue engineering 

Severe injuries but also infections and aging cause the failure of tissues and organs 

which represents a challenge for the body to repair completely. Although the 

development of organ transplantation has successfully treated many patients in the 

majority of cases, the clinical application is still limited due to critical shortage of donors, 

immune rejection by the recipient, and high mortality rate for aging people after surgery 

[1]. With the first concept by Langer and Vacanti in early 1990, tissue engineering has 

emerged as a different strategy with the main aim to maintain, restore and repair the 

function of tissues or organs and to overcome the drawbacks of organ transplantation 

[2].  

Study on tissue engineering is highly interdisciplinary involving biology, chemistry, 

material science and engineering to create bioartificial substitutes that mimics the 

biological environment and functions for tissue regeneration [3]. Tissue engineering is 

classified into three main approaches: (i) cell therapy, treating injured tissues with the 

injection of cells grown in vitro; (ii) tissue inducing substance, delivering bioactive 

substances like growth factors to induce tissue regeneration in the local tissue; (iii)  the 

bioartificial matrix combined with or without cells, transplanting cell adhered and fixed 

on the matrix (so called as ‘scaffold’) as a guiding template to induce local tissue 

regeneration in vivo [4]. However, most of cases are under clinical trials since cell 

transplantation requires a large number of cells, preservation of cell phenotype, and 

prevention of mutation during cell expansion [5]. Although stem cells have turned cell 

therapy into a new era, the lack of cell fixation in the local site of injury reduces the 

efficiency of new tissue regeneration [6]. Therefore, current strategy mostly focuses on 

the combination of cells, bioartificial matrix and growth factors/small molecules to 

promote cell responses including adhesion, growth, migration and differentiation that 

benefits rapid tissue regeneration at the desired injured site [4].  

Progress in tissue engineering has evolved rapidly and helped to treat many patients, 

for instance, by commercially available skin substitutes, bone and cartilage 

replacements [5]. Also, engineered tissues like cornea and blood vessel are under 

clinical trials [7,8]. These engineered living constructs can also be used as reliable 

sources for in vitro models of healthy or pathological tissues or organs, applicable for 

disease modeling and drug screening. Despite the fast growing research in tissue 

engineering, challenges remain due to the complexity of native tissues or organs, 
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concerns regarding the compatibility of bioartificial constructs, and the difficulty of 

large-scale production of specific cells [1]. To design a biomimetic and functional tissue 

substitute, multiple factors must be considered including cell source, material 

properties and structures, and environment to mimic the native physiological conditions 

(Figure 1). Particularly, biocompatibility, biodegradability, and bioactivity of these 

constructs are critical characteristics to be integrated in the host tissues or organs to 

avoid toxicity and immune rejection. Thus, various components important for building 

the tissue-engineered constructs are discussed in the following section. 

 

Figure 1. The development of tissue engineering focuses on derivation of cell sources, 

fabrication of tissue architecture and tailoring structures and properties of engineered 

materials to mimic native physiological condition of tissues and organs. Created by the 

Servier Medical Art Commons Attribution 3.0 Unported License. 

 

1.1 General introduction and application of (stem) cells in tissue engineering 

In general, cell types used for tissue engineering are derived from diverse sources 

including autologous cells, allogeneic cells, and xenogeneic cells of the same patient, 

genetically different donors, and different species, respectively [5]. Nevertheless, using 

allogeneic and xenogeneic cells are not preferred due to the issue of immune rejection. 

Although mature cells like fibroblasts, epithelial cells, and endothelial cells represent a 
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large population of specific cell type in the human body that are easily translational, 

they are still restricted in clinical application due to limited division in vitro and age-

associated problem [9]. Stem cell research is popular as a promising cell source since 

they exist during embryonic development to differentiate into the whole organism of the 

fetus, and later contribute to the renewal and regeneration of tissues and organs in 

adult organism. Based on the ability of self-renewal and differentiation into multiple 

lineages, stem cells are classified into five types: totipotent, pluripotent, multipotent, 

oligopotent and unipotent (Figure 2) [5].  

 

Figure 2. Classification of stem cells including totipotent, pluripotent, multipotent, 

oligopotent, and unipotent. Diagram of the development and differentiation of human 

pluripotent stem cells (embryonic stem cells, ESCs and induce pluripotent stem cells, 

iPSCs) into three germ layers (ectoderm, mesoderm, endoderm). Mature cells derived 

from pluripotent or multipotent stem cells can be applied for drug screening, human 

disease models and cell therapy to ultimately treat patients.  

Totipotent stem cells are morula formed after fertilization of sperm and oocyte that have 

an ability to divide and differentiate into all types of the cells that form the whole 

organism [10]. They have the highest proliferative and differentiation ability to form the 

embryo and extra-embryonic structures. When an embryo undergoes preimplantation, 

the pluripotent embryonic stem cells (ESCs) can be derived from the inner cell mass 

of blastocysts (Figure 2). ECSs are capable of self-renewal and have the potential to 
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differentiate into three germ layers: ectoderm (epidermal tissues and nerves), 

mesoderm (bone, muscle and blood), endoderm (pancreas, liver and lungs) [5]. Under 

the control of transcription factors and a cascades of signal transduction pathways, 

ESCs can maintain their pluripotency at undifferentiated state, or generate multipotent 

and progenitor cells to differentiate into specific cell types. Since 1998, the first human 

ESCs (hESCs) was isolated by James Thomson’s group [11], research on regenerative 

medicine, disease modeling and drug screening has been heavily relied on the 

therapeutic potential of hESCs. Several diseases using hESC-derived cells are under 

clinic trials such as Parkinson's disease, spinal cord injury, and type I diabetes [12]. 

However, there are two main concerns of using hESCs in the clinical trial, ethical issue 

regarding the damage of human embryo and immune rejection due to the allogenic cell 

source after transplantation [12]. Therefore, as a groundbreaking study conducted by 

Yamanaka’s group in 2007, human induced pluripotent stem cells (human iPSCs) were 

successfully generated from patient’s own somatic cells by reprogramming process 

with the pluripotent genes such as Oct3/4, Sox2, Klf4, and cMyc (Figure 2) [13]. With 

the similarity to ESCs in many aspects including expression of the same pluripotent 

genes and proteins, pluripotency, embryoid body formation and differentiation ability, 

iPSCs overcome the immunogenic and ethical issues of ESCs. Nevertheless, if there 

are some undifferentiated PSCs remain in the final derived cells, it will keep 

proliferation and may form tumor/teratoma [12].  

While a complicated protocol is generally required to guide pluripotent ESCs and 

iPSCs differentiation into specific lineage and the following desired mature cells with 

low efficiency and purity, adult stem cells (ASCs) isolated from somatic cells of the 

adult human possess specific differentiation ability to the certain lineages. They can be 

derived from mature tissues, for example, multipotent stem cells like mesenchymal 

stem cells (MSCs) are isolated from bone marrow, amniotic fluid and fat [14], and 

hematopoietic stem cells (HSCs) are derived from umbilical cord blood [15]. Unlike 

pluripotent ESCs and iPSCs, no report shows these ASCs differentiate to 

tumors/teratoma. In addition, they can be used to reconstitute the damage tissues as 

an allogenic source for another patient, thereby mitigating the risk of immune rejection 

[16,17]. Therefore, ASCs are considered as more suitable and promising stem cell 

sources for the application in tissue engineering. The most widely used stem cells are 

MSCs with immunoregulatory functions and multilineage differentiation potentials , 
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such as bone, muscle, and cartilage that have been approved to treat bone diseases 

[17]. They also play important roles in differentiation into cardiovascular cells to 

clinically improve and restore the cardiac function for the cardiovascular diseases such 

as heart attack or heart failure [16]. Although ASCs are more easily accessible in the 

clinical application, there are difficulties to isolate and purify them from tissues and 

maintain their phenotype during expansion. In addition, their proliferative capacity is 

limited depending on the kind of tissue and the age of patients [5]. The comparison of 

three main stem cells with benefits and limitations is listed in Table 1.  

 Table 1. Benefits and limitations using embryonic stem cells (ESC), induce pluripotent 

stem cells (iPSC) and adult stem cells (ASC). 

 

Compared to stem cells, fibroblasts are easily accessible by biopsies and has been 

widely used as a model cell in studies on tissue regeneration and wound healing. 

Fibroblast is the main cell type in connective tissue capable of synthesizing 

extracellular matrix (ECM) proteins like collagen and fibronectin (FN) to maintain 

structural integrity of tissues or organs [18]. In particular, fibroblasts play predominant 

roles in three phases of wound healing, namely inflammation, proliferation and 

remodeling after hemostasis [19]. During inflammation phase, fibroblasts are activated 

and recruited in a crosstalk with immune cells by producing proinflammatory cytokines 

and releasing chemokines [20,21]. They become more actively during proliferation 

phase, secreting proangiogenic molecules, including vascular endothelial growth factor 

(VEGF), fibroblast growth factors (FGFs) to promote angiogenesis and the formation 

 
ESC 

(Embryonic stem cells) 
iPSC 

(Induce pluripotent stem cells) 
ASC 

(Adult stem cells) 

Benefits  

 Pluripotent 
 Indefinite self-renewal 

activity 

 Pluripotent 
 Indefinite self-renewal 

activity 
 No ethical issues 
 Non- immunogenic 

(autologous) 

 No ethical issues 
 Non- immunogenic 

(autologous, allogenic) 
 Low risk of teratoma 

formation 

Limitations  

 Ethical issues 
 Immunogenic 
 Potential risk of teratoma 

formation 
 Differentiation protocol: 

efficiency and purity initially 
slow to progress towards 
specific tissue cells  

 Low programming efficiency 
 Potential risk of teratoma 

formation 
 Differentiation protocol: 

efficiency and purity initially 
slow to progress towards 
specific tissue cells  

 Not pluripotent 
 Limited self-renewal 

activity 
 Difficult to isolate pure 

population 
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of granulation tissue [22,23]. Later of this stage, fibroblasts begin to differentiate into 

myofibroblasts for wound contraction and deposit the ‘late provisional matrix’ 

constituted of FN and collagen III that supports keratinocyte migration for re-

epithelialization [24]. The final phase undergoes wound contraction, vascularization 

and cellularity decline regulated by myofibroblasts. Once the wound closes and repairs, 

myofibroblasts undergo apoptosis or turn into quiescent state.  

When cultured under appropriate conditions such as stimulation by biological factors 

and mechanical force, fibroblasts have mesenchymal-like differentiation ability not only 

into adipogenic, osteoblastogenic, and chondrogenic lineages but also hepatocytes 

and neural cells [25–27]. In addition, fibroblasts were found to have a greater 

proliferative capacity with shorter doubling time than MSCs, making them an ideal 

model to efficiently promote cell growth and regeneration [27]. This provides the 

advantage of using fast-growing fibroblasts to shorten the time for reprogramming into 

patient-specific iPSC and differentiation into desired cell type [13].  

 

1.2 The importance of microenvironment for (stem) cells   

Stem cells are capable of self-renewal and giving rise to the differentiated daughter 

cells under a certain microenvironment. Like the somatic cells with important biological 

activities, cell adhesion, spreading, proliferation, migration, differentiation, and 

apoptosis are regulated by physical and chemical cues from the environment. These 

cues interact with specific ligands through transmembrane cell receptors leading to a 

cascade of molecular signal transduction events to determine structural change in cells 

[28].   

Cell microenvironment, also called ‘niche’, is dynamic and composed of a complex 

combination of factors maintaining the balance between self-renewal and 

differentiation. Niches are specially recognized by each type of cells based on the key 

components including (i) communications between cells and the neighboring 

supportive cells, (ii) interaction between cells and surrounding ECM, (iii) soluble and 

secreted factors and (iv) additional sources like physical and environmental stimuli 

(Figure 3). The significance of niches maintains proper cell functions while protects 

them from damage by initiating the crosstalk of different factors for cell renewal and 

repair in tissues [29].  
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Figure 3. Cell responses are regulated by microenvironmental cues (niches) including 

cell−cell interaction, cell−ECM interaction, soluble factors, and physical factors that 

generate a cascade of molecular signal transductions through transmembrane cell 

receptors Created by the Servier Medical Art Commons Attribution 3.0 Unported 

License. 

Communications between neighboring cells 

The interaction between cells is mainly mediated by physical contact through cell−cell 

adhesion molecules and membrane receptors bound with ligands. The cell adhesion 

molecules dominantly associated with the cell−cell adhesion are selectins, members 

of immunoglobulin superfamily, and cadherins. While selectins and immunoglobulin 

superfamily on endothelial cells are involved in the heterophilic cell–cell interactions for 

trafficking and migration of lymphocytes to the site of inflammation or injury, cadherin 

is crucial for the homophilic adhesion between the neighboring epithelial cells [30]. 

Cadherins are a family of homophilic adhesion receptors that play a key role in 

anchoring the adjacent cells in the extracellular domain involving Ca2+-dependent 

adhesion mechanism. Their association with α-, β- catenin, and p120 is essential to 

bind vinculin, actin or intermediate filaments for maintaining tissue stability and cell 
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mobilization [30]. In particular, E-cadherin is required to maintain self-renewal and 

pluripotency in PSCs regarding its role in embryonic development and early 

differentiation [31].  

Role of the extracellular matrix in the cell niche 

ECM plays a predominant role in cell niche in most of tissues while its composition and 

nature depends on the type and location of tissues. The interaction between ECM and 

cells involves various intracellular signaling pathways through a number of receptors 

not only for anchoring cells in the niches but also to determine cell fate. The major 

receptors mediating cell adhesion, anchorage and localization are integrins, a large 

family of transmembrane receptors including at least 24 heterodimers, which dimerize 

from an α subunit and a β subunit [30]. By specific binding of ECM components on cell 

surface as chemical signals, integrins activate the downstream signaling that is 

associated with the conformational change of integrin, a dozen of intracellular proteins 

forming cell attachment structure (named as ‘focal adhesion’), and the stabilization of 

actin cytoskeleton. The affinity of integrins to different ECM proteins is especially 

distinct even to the same protein. For example, α1β1 and α2β1 integrin can bind to both 

the fibrillar collagen I in connective tissue and the non-fibrillar collagen IV in basement 

membrane. While the association of α1β1 is stronger with collagen IV, α2β1 has higher 

affinity to collagen I [32]. The integrin β1 is particularly crucial for stem cell adhesion, 

self-renewal and proliferation that activates the downstream signaling pathway through 

focal adhesion kinase (FAK) and phosphoinositide 3-kinase (PI3K) [33]. In addition to 

integrin αvβ1 binding to FN and vitronectin (VN), the part of a region on both proteins 

containing the peptide sequence of arginine–glycine–aspartate (RGD) is important for 

stem cell adhesion and proliferation. Integrin αvβ5 interacting with VN has been 

demonstrated a key for adhesion and self-renewal of undifferentiated hPSCs essential 

for long-term culture [34]. Different to classical ECM proteins that support structural 

integrity of tissue, VN is a component of blood plasma and mostly synthesized by 

hepatocytes considered as matricellular protein and provisional ECM. Upon injury, VN 

interacts with fibrinogen and with PAI-1 as complexes to prevent unintended 

coagulation and fibrinolysis. It undergoes a conformational change and self-assembly 

into fibrils forming an interconnected network with other proteins (e.g. fibrin, FN, factor 

XIII) to support cell survival and tissue repair [35].  
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On the other hand, proteoglycans (PGs) and GAGs are also major ECM components 

existing in basal lamina and connective tissues, contributing to the formation of network 

structures within ECM and to the stabilization of the interactions between different ECM 

components like collagen, FN, laminin, and glycoproteins [30]. PGs act importantly not 

only as a structure support for the formation of ECM scaffold but also as an integrator 

to govern cell behaviors through the main signaling cascades. PGs are generally 

characterized by a protein core with specific protein sequences containing serine that 

serve as links to longer linear chains of GAGs. Regarding abundant negatively charged 

sulfate, carboxylic, and hydroxyl groups, these GAGs are highly hydrated important for 

mechanical properties of tissues, such as the compression stability, and contribution 

to homeostasis of electrolytes. GAGs also have high affinity to numerous proteins that 

possesses GAG-binding domains, including ECM proteins, cell surface receptors, 

growth factors, chemokines, and cytokines to mediate cell functions [36]. For instance, 

syndecans are the typical cell surface PGs carrying the GAG chains including heparin 

sulfate and chondroitin sulfate. They function as co-receptors for the binding of growth 

factors or adhesive proteins to the corresponding receptors and involved in several 

signal transduction cascades [37]. Among GAGs, heparin with the highest sulfation 

degree (2.3−2.8 sulfates/disaccharide) has been reported to enhance activity of FGF-

2 signaling to maintain the stemness of human PSCs [38,39].  

Soluble factors 

The soluble factors including growth factors (GFs) and other cytokines are secreted by 

cells and act locally during tissue development, homeostasis and repair. They not only 

mediate indirect communication between cells and niches through paracrine or 

autocrine actions but also trigger intracellular signal transductions via surface cell 

receptors (e.g., FGFs act through tyrosine receptor kinases) to regulate cell functions 

such as stimulation or inhibition of cell proliferation, migration, and differentiation. Many 

GFs have pleiotropic effects playing pivotal roles in maintaining self-renewal and 

pluripotency in stem cells. FGF-2 alone or in concomitance with 

Activin/Nodal/transforming growth factor beta (TGF-β) are well-known for maintaining 

hPSC undifferentiated and alive by binding to corresponding receptors to stimulate 

FGF and Activin/Nodal/TGFβ signaling pathways [40]. The following activation of 

downstream signaling cascades including mitogen-activated protein kinases (MAPKs), 

PI3K, and Smad2/3 promotes the expression of pluripotent genes and blocks the bone 
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morphogenetic protein (BMP) signaling from differentiation. On the other hand, FGF-2 

also induces angiogenesis and bone regeneration, which has been reported to 

enhance the differentiation potentials of MSCs to osteoblasts and chondrocytes by 

upregulating the respective signaling molecules [41,42]. Another key feature of these 

secreted factors is their capability to bind to ECM components like adhesive proteins 

(e.g. VN, FN) and PGs, increasing the local concentration of these agonists to induces 

signal transductions and regulate cell functions [28]. Owing to the GAG-binding domain 

on GFs, GAGs also acts as a storage depot protecting GFs from proteolytic 

degradation to prolong their half-life as it is found for PG of the ECM [36,43]. In addition, 

integrin and GF receptor can either independently or cooperatively activate the same 

signal pathways in a concomitant way. The crosstalk between integrin and GF receptor 

can activate the important downstream signaling that regulate cell activities and 

stemness of stem cells, such as PI3K and MAPK signaling [33,44].  

Biophysical properties of microenvironment  

In addition to biological cues such as ECM components and secreted factors, 

biophysical cues like topography and mechanical properties of microenvironment are 

considerably important for determination of cell fate. Throughout the human body, 

tissues exhibit different levels of stiffness from soft neural tissue to rigid bone. Cells 

can sense external forces generated from the elasticity of ECMs and the compression 

of neighboring cells primarily through local cell−integrin anchoring sites. Integrins are 

responsible for mechanosensing to transmit the extracellular mechanical signal from 

ECMs to cells and regulate intracellular cytoskeleton [45]. The multiprotein complexes, 

focal adhesion, plays a central role in linking the contractile actomyosin cytoskeleton 

and integrins that induces mechanotransduction involving Rho family GTPases to 

regulates cell phenotype, such as cell geometry, and cytoskeleton organization [45]. In 

addition, recent evidence has found that cell morphology can be affected by a direct 

transmission of the mechanical signal to nucleus through the cytoskeleton. This signal 

causes the deformation of nucleus and conformational change of nuclear lamina to 

induce chromatin stretching and expression of a reporter transgene [46]. Integrin-

induced mechanosensing alone or involving GFs could determine cell phenotype, 

especially associated with differentiation of stem cell to specific lineage by the crosstalk 

between integrin, mechanotransduction and GF signaling pathway [44]. For example, 

the combination of matrix stiffness and TGF-β has been demonstrated to promote the 
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expression of chondrocyte differentiation, as cells integrate the signaling from both 

biophysical and biochemical cues [47]. Therefore, elasticity of ECM is important for 

specific lineage differentiation of stem cells regarding the structural regulation of focal 

adhesion and cytoskeleton manipulated by the mechanosensing. 

Engineered tissue-like scaffolds 

Understanding the interactions between cells and microenvironments is crucial for 

designing biomaterials used in tissue-engineered constructs that mimic the niches of 

real tissues. Currently, the abovementioned factors are intensely employed in 

biomimetic biomaterials to render the bioactivity of the constructs, aiming to restore the 

functions of the damaged site, or controlling cellular behaviors into desired cell types. 

Biomaterials used in tissue engineering are generally categorized into two subtypes: 

naturally occurring and synthetic materials. Naturally occurring materials are based on 

components derived from ECM such as proteins (e.g. collagen, FN) and GAGs or from 

other organism like polysaccharides (e.g. chitosan, cellulose, alginate) [48]. These 

natural polymers are usually biodegradable and biocompatible, possessing 

exceptional advantages such as similar physical and inherent biological properties to 

native tissue environment. In particular, using ECM proteins in biomaterials can 

improve the bioactivity toward cell responses due to the recognition of receptor−ligand 

interactions. However, purification, batch-to-batch quality, cost, and control over the 

mechanical properties of natural polymers are the main concerns to be used [5]. By 

contrast, synthetic materials provide a wide range of selections from metals, ceramics 

to synthetic polymers that can be precisely and consistently produced with readily 

controlled mechanical strength depending on the damaged site. One of the issues is 

that the majority of the synthetic materials are not biodegradable and biocompatible, 

causing the pro-inflammatory response in the host tissue resulted in cell death and 

impairment of tissue function [49]. Thus, the most beneficial strategy for engineering 

tissue-like biomaterials is combining both advantages from properties of natural and 

synthetic materials to control biodegradability, biocompatibility, bioactivity, and 

mechanical strength.  

2 Isolation and production of cells for tissue engineering applications 

Cell adhesion plays an important role in cell communication and regulation for 

maintenance and development of tissues and organs [48]. In vivo, cell fate is 
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predominately controlled by cell adhesion between cell−cell or cell−ECM matrix that 

stimulates intracellular signals through cell receptors to regulate cell phenotype, cycle, 

migration and survival. The tight cell−cell interaction at epithelia is mediated by 

cadherin forming impermeable layers outside and inside of the organisms. These cells 

interact with the underlying thin layer of ECM through integrins called lamina containing 

key components such as collagen IV and laminin. Connective tissue is a combination 

of cells, abundant fibrous ECM proteins and GAGs providing structural integrity of 

tissues [30]. Remodeling of ECM by resident cells through synthesis, enzymatic 

degradation and release of biomolecules is necessary for embryonic and tissue 

development, regeneration and homeostasis [50,51]. Cell adhesion is also related to 

pathological diseases including cancer, arthritis, and osteoporosis resulting from lower 

adhesion and destruction of tissue structure that can be observed by the morphological 

change [52]. Therefore, engineering an appropriate adhesive surface of biomaterials 

is prerequisite for cell adhesion and the progressive processes such as cell movement, 

proliferation and differentiation in tissue regeneration. Interaction between cells and an 

engineered substrate is not only dependent on surface properties of the substrate, but 

also associated with adsorption of ECM proteins on the substrate that is from tissue 

fluids, the serum in the culture medium, or secreted from cells [30]. Primary adhesion 

of suspended cells on surfaces in vitro is mediated by non-specific interaction, such as 

Coulomb, van der Waals forces, hydrogen bonds, and hydrophobic interaction [30]. 

Physiochemical properties of substrata like charge density, wettability and chemical 

functionality affect protein adsorption and subsequent cell adhesion [53,54]. For 

example, cell adhesion is inhibited by highly hydrophilic and hydrophobic surfaces due 

to suppression of protein binding to hydrated surfaces and the conformational change 

of proteins driven by hydrophobic interaction. Denatured proteins on the hydrophobic 

surface hinder specific cell binding site for cell adhesion [55]. When cells bind to the 

adsorbed ECM proteins, specific interaction between cells and these proteins through 

integrin occurs to activate the intracellular responses including the formation of focal 

adhesions and cytoskeleton. The following event is accompanied by the formation and 

organization of stress fiber and generation of contractile force to promote cell spreading 

and migration. After cell adhesion, cells can undergo growth and expansion to reach a 

maximum confluent cell monolayer which has strong connections between cells 

through cadherin and cell−substrate [56].  
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The most common approaches for cell transplantation in tissue regeneration therapies 

including intravenous/intraarterial infusion or direct intratissue injection require cell 

harvest process from the substrata (Figure 4B)  [57]. Cell detachment is typically 

achieved by potentially harmful proteolytic enzymes, chelating agents, or mechanical 

forces (Figure 4A). Enzymes like trypsin digest cell adhesion molecules and deposited 

ECM on the interfaces between cell−substrate and cell−cell, while chelating treatment 

using ethylenediaminetetraacetic acid (EDTA) depletes divalent cations (e.g. calcium 

ion, magnesium ion) from cells [58,59]. Consequently, damages on ECM/cell receptors 

and breaks between cell−cell junctions disrupt cell integrity resulted in the suspension 

of individual cells. Physical detachment by scraping a cell sheet from the surface could 

impair cell integrity leading to low cell viability due to the destruction of the cell 

membrane and membrane proteins [60]. In addition to these processes for cell harvest, 

poor cell localization, persistence and survival at the injury site are also the main 

reasons for low efficiency of cell transplantation [57]. On the other hand, scaffold-

embedded cells for tissue engineering may overcome the limitations of direct cell 

injections as it provides bioartificial tissue analogues that is promising for cell delivery 

in preclinical and clinical trials (Figure 4B)  [61,62]. However, complicated technology, 

poor understanding of the mechanism, and critical balance between the rate of tissue 

formation and scaffold degradation limit its clinical application and large-scale 

reproduction.  

Therefore, scaffold-free cell constructs consisting of layers of cell sheets from the same 

or different cell types surrounded by secreted and tissue-specific ECMs that allow 

retention of cell−cell and cell−ECM interaction exploit the tissue analogues by 

engineering macrotissues (Figure 4B). Through certain environmental stimuli like 

temperature, pH or electricity, a change in physicochemical properties of substrata and 

protein desorption can be induced, and thereby detachment of a cell monolayer ‘sheet’ 

from the culture substrate is achieved [63–65]. Since the generated cell sheets 

preserve cell junctions and deposited ECMs adhesive to biological entities, they can 

be directly transplanted to injured tissue without any additional fixation like sutures at 

the target site. It has shown a superior cell survival at the transplanted site to recover 

heart function after four weeks transplantation of cardiac cell sheets in comparison to 

cell injection [66]. Over the years, cell sheet engineering has shown successful 
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outcomes to treat the damaged tissues such as bone defect, heart failure, and corneal 

injury [67–70].  

 

Figure 4. (A) Conventional cell harvesting methods: proteolytic enzymatic digestion, 

chemically mediated chelation, and physical scrapping. (B) Cell-based tissue 

engineering therapies through transplantation of cell suspension, scaffold-embedded 

cells, or scaffold-free cell sheets. Adapted from [57] using the Servier Medical Art 

Commons Attribution 3.0 Unported License. 
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2.1 Thermoresponsive poly(N-isopropylacrylamide) for cell sheet engineering 

The concept of cell sheet engineering is pioneered by Okano’s group during 1990s, 

controlling the interaction between a thermoresponsive cell culture substratum and  

proteins/cells by simply reducing the temperature [71]. A thermoresponsive polymer, 

poly(N-isopropylacrylamide) (PNIPAM) was the first and most intensively studied 

material for cell sheet engineering. In 1967, Heskins and Guillet reported the unique 

phase transition behavior of PNIPAM in an aqueous solution across 32 °C, known as 

lower critical solution temperature (LCST) [72]. The conformation, solubility, and 

wettability of PNIPAM can be reversibly altered when passing through LCST ascribed 

to hydrophilic amide groups and hydrophobic isopropyl groups of PNIPAM. Below 

LCST, the structure of PNIPAM is extended and hydrated surrounded by the water 

molecules through hydrogen bonds with hydrophilic groups (Figure 5A). When heating 

across LCST, an immense amount of water is released from hydrophilic groups and 

hydrophobic groups are exposed leading to the conformational change that undergoes 

a coil-to-globule transition. Consequently, PNIPAM becomes insoluble in the aqueous 

solution resulting from dehydration of the collapsed chains and hydrophobic interaction 

between the hydrophobic groups. The popularity of PNIPAM used for cell sheet 

engineering is because of the non-toxic feature, excellent biocompatibility, and its 

LCST close to human body temperature (37 °C) that is independent of molecular 

weight and concentration [73,74]. To generate a cell sheet, cells are initially seeded on 

PNIPAM-grafted surface and cultured at 37 °C above LCST, at which PNIPAM chains 

are collapsed resulting in a dehydrated surface facilitating protein adsorption, and 

consequently promoting cell adhesion through integrin binding to the adsorbed proteins. 

In general, adherent cells generate traction and contraction forces by the formation of 

stress fibers on the surface [75]. These pulling forces of cytoskeleton and tensile stress 

of the ECMs reach equilibrium on the surface. When cells reach confluency, reducing 

environmental temperature to below LCST (e.g., 4 °C or 20 °C) weakens the binding 

of proteins to the surface due to the hydration force caused by exposure of the 

hydrophilic groups on PNIPAM. As a result, tensile stress generated by cytoskeleton 

is remained from the loss of equilibrium force leading to rolling and contraction of a cell 

layer to generate a cell sheet (Figure 5B) [74].  
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Figure 5. Illustration of (A) PNIPAM conformation below and above LCST. Application 

of PNIPAM hydrogels (B) as cell culture substrata for cell sheet engineering and (C) 

as drug reservoirs to control drug delivery. Created by the Servier Medical Art 

Commons Attribution 3.0 Unported License. 

The first commercially available thermoresponsive culture substrate was established 

by Yamada et al. in 1990, introducing a PNIPAM layer on the substrate by electron-

beam (EB) irradiation [71]. This PNIPAM-grafted surface exhibits thermoresponsive 

behaviors, allowing modulation of wettability to successfully harvest cell sheets by the 

temperature control. To fabricate PNIPAM-grafted surface for cell sheet engineering, 

a balance between hydrophobicity for cell adhesion and hydrophilicity for cell 

detachment must be taken into consideration [76,77]. Thickness and type of substrate 

are the direct factors to be adjusted for the surface wettability. The PNIPAM layer with 

a thickness of 15−20 nm on tissue culture polystyrene (TCPS) is optimal for cell 

adhesion and detachment. In comparison, a PNIPAM layer with only 3.5−5 nm on the 

glass is ideal for controlling cell adhesion and detachment, which is linked to the 

wettability of the substrate. Other methods to fabricate PNIPAM-grafted surfaces were 

also developed to better control thickness, grafting density, chain length and 

polydispersity of layers and surface wettability such as plasma polymerization [78], UV 

and visible light irradiation [79,80], living radical polymerization such as atom transfer 

radical polymerization (ATRP) and reversible addition fragmentation chain transfer 

(RAFT) [81–83].  
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Physical deposition of the polymer PNIPAM provides a rather easier procedure and 

economic process of surface modification such as using spin coating [84]. This 

approach enables the introduction of various blocks, such as hydrophilic, hydrophobic, 

ionic or functional polymer to PNIPAM. It facilitates the physical binding of 

functionalized PNIPAM to the surface and modulation of the properties including 

transition temperature, surface wettability, mechanical properties, biodegradability and 

biocompatibility [85].  

2.2 Thermoresponsive poly(N-isopropylacrylamide) for controlled release including 

growth factor delivery 

Regarding the sol-gel transition of PNIPAM changing from a soluble fluid to an 

insoluble hydrogel above LCST, another important application of PNIPAM has been 

explored as drug carriers for control release of drugs or biomolecules such as proteins, 

GFs, and antibodies (Figure 5C) [86–88]. In addition, PNIPAM can be incorporated 

with other polymers to form hydrogels based on physical and chemical crosslinking to 

better control release the drugs [89,90]. In general, small drugs can freely diffuse in 

and adsorb to the swollen PNIPAM-based hydrogel below LCST, while the release of 

the drugs is driven by slow physical diffusion [91,92]. Above LCST, the hydrogel 

becomes shrunk suddenly and pushes the dugs outwards to be rapidly released. 

However, some studies reported that cooling-mediated release liberates the drugs 

from the swollen hydrogel below LCST by passive diffusion when the drugs can be 

entrapped in the shrunken and collapsed hydrogel above LCST [93,94]. The 

mechanism of biomolecule delivery is very complicated mainly govern by interaction 

between these molecules and PNIPAM-based hydrogels, which depends on the nature 

of molecules such as hydrophobicity and isoelectric point (pI), medium pH, and ionic 

strength [89,95,96]. Aside from the common physical diffusion, Wu et al. thoroughly 

investigated other driving forces including electrostatic interaction, seizing action, and 

hydrophobic interaction that control biomolecule delivery in response to pH and 

temperature strongly related to the biomolecule−PNIPAM hydrogel interaction [88]. 

They studied the mechanism of the adsorption and controlled release of bovine serum 

albumin (BSA) as an example in the PNIPAM-based nanogel (Figure 6). The 

electrostatic interaction comes from the positive charges of BSA and negative charges 

of the nanogel when pH is below the pI of BSA. When temperature is heated to 37 °C, 

hydrophobic interaction and seizing action contributed to the controlled delivery as 
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phase transition occurs breaking hydrogen bonds leading to shrinkage of the nanogel 

and enhanced interaction between BSA and nanogel.  

 

Figure 6. The driving forces including physical diffusion, electrostatic interaction, 

hydrophobic interaction and seizing action contributing to bovine serum albumin (BSA) 

adsorption in the PNIPAM nanogel are dependent on environmental temperature and 

pH. Adapted from [88] using the Servier Medical Art Commons Attribution 3.0 Unported 

License. 

Therefore, PNIPAM-based hydrogel can be employed for the sustained release of 

proteins including GFs to avoid their rapid degradation in physiological environments 

and burst release that causes serious side effects such as abnormal tissue formation 

and inflammation [97]. It has been studied to couple PNIPAM-based hydrogels with 

GFs in skin wound healing and induction of bone, nerve and retinal regeneration 

[87,89,98,99]. Table 2 summarizes delivery systems of GFs based on various 

PNIPAM-based hydrogels. Mostly, GFs were initially uploaded at low temperature 

below LCST and encapsulated in the hydrogels by elevating the temperature above 

LCST. As mentioned earlier, incorporation of PNIPAM with other polymers can 

modulate its properties like LCST and hydrophobicity to enhance the interaction with 

GFs. For example, hydrophobic ethyl methacrylate (EMA) and N-tert-butylacrylamide 

(NtBAAm) were used to reduce the LCST of PNIPAM-based hydrogels that not only 

increased the stability of the hydrogels but also increased the interaction with GFs like 
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EGF and BMP-2 through hydrophobic interaction above LCST [89,94]. Based on the 

pI of GFs, the charge density of GFs is dependent on the environmental pH. FGF-2 

and EGF are positively charged at pH 7.4 regarding their pI ≈ 9.5 and 8.5, respectively 

[90,96]. By integrating pH sensitive polymers like propylacrylic acid (PAA) with 

PNIPAM with a pKa ≈ 6, the gel formation could be controlled and the bioactivity of 

FGF-2 could be maintained by appropriate pH and temperature [96]. Moreover, 

association of PNIPAM with bioactive molecules such as polydopamine, collagen, 

GAGs can improve the interaction between hydrogel and GFs and cell adhesion 

[98,99]. For example, heparin was immobilized on the PNIPAM-modified surface to 

bind FGF-2 and promote rapid proliferations of fibroblasts and hepatocytes [100,101].   

Table 2. PNIPAM-based hydrogels for GF delivery. 

GF/protein 
delivery 

PNIPAM scaffold 
Driving force 
for controlled 

release 
Application Remarks Ref. 

BMP-2 
NIPAM/NASI gel 
NIPAM/EMA gel 

Hydrophobic 
interaction/ 

Chemical bond 
(amide 

formation) 

Rat bone induction 

 Loading BMP-2 in the 
polymer solution at 4 °C 
Implantation with a collagen 
sponge 

 Injection directly without 
collogen sponge 

[89] 

VEGF/Alb
umin 

NIPAM-co-NtBAAm 
film 

Slow diffusion/ 
Hydrophobic 
interaction 

Culture and promote 
proliferation of human 
aortic endothelial cells 

 Loading EGF/albumin on the 
film for 7 days at 4 °C and 
transferred the dish to 37 °C 
for 1 h 

 Higher adsorption and 
slower release of albumin 
above LCST than below 
LCST 

[94] 

FGF-2 
PNIPAM-b-sulfated 

PMAGlcC5 film 

Hydrophobic 
interaction/ 

Specific 
electrostatic 
interaction 

Promote adhesion and 
proliferation of human 

umbilical vein 
endothelial cells 

 Sulfation of glyco-polymers 
enhenced binding of FGF-2 
together with PNIPAM at 
37 °C than at RT 

[102] 

EGF SPSHU-PNIPAM gel 

Slow diffusion/ 
Specific 

electrostatic 
interaction 

Promote blood vessel 
formation and protect 

cardiac function 

 Sulfonation groups helped 
retain EGF and reduced 
burst release 

[103] 

EGF 
PDA-NPs-coated 

PDA-NPs/PNIPAM 
hydrogels 

 
Promote fibroblast 

adhesion in vitro and 
skin wound healing in 

vivo 

 Loading EGF for 3 days at 
20 °C and releasing at 37 °C 

 PDA-NPs-coated PDA-
NPs/PNIPAM hydrogels 
showed better retention of 
EGF and performance on 
fibroblast adhesion and 
wound healing 

[99] 

NGF Collagen-PNIPAM 
Seizing action/ 
Hydrophobic 
interaction 

Promote neuronal 
differentiation of rat 
pheochromocytoma  

 Loading NGF at 4 °C and 
release at RT or 37 °C 

 Higher release of NGF at 4 
°C than 37 °C 

 Pre-loaded NGF scaffolds 
were incubated at 4 °C or 37 
°C for 2 h before seeding rat 
pheochromocytoma for 
neural study 

[98] 
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Insulin PNIPAM-grafted dish Slow diffusion 

Promoting proliferation 
of retinal pigmented 

epithelial cells; 

Cell sheet engineering 

 Loading insulin on the dish 
for 3 days at 4 °C and 
transferred the dish to 37 °C 
for 30 min 

[87] 

FGF-2 
EGF 

[P(IPAM-co-CIPAM)]-
grafted surface 

immobilized with 
heparin 

 

Enhance adhesion and 
proliferation of 

fibroblast;  
Maintain hepatic 

function of 
hepatocytes  

Cell sheet engineering 

 Loading FGF-2 at 20 °C 
 Stable binding of FGF-2 on 

heparinized surfaces  

[100,
101] 

FGF-
2/VEGF 

P(NIPAM-co-PAA) 
hydrogel 

Electrostatic 
interaction  

Storage of FGF-2  
Controlled release of 

VEGF 

 Maintaining bioactivity of 
FGF-2 

 Release of EGF depending 
on pH, temperature for gel 
formation and electrostatic 
interaction 

[96] 

FGF-2/DS 
SA/bFGF@pNIPAM/
DS@p(NIPAM-co-

AA) hydrogel 

Slow diffusion/ 
Electrostatic 
interaction/ 

Hydrophobic 
interaction/ 

Seizing action 

Increase 
the wound contraction 
percentage, reduced 
the inflammation and 

promoted the 
angiogenesis 

 FGF-2 solution mixed with 
PNIPAM nanogel at RT and 
incubated at 37 °C for 2 h 

 Hydrophobic interaction 
between PNIPAM and FGF-
2 at 37 °C facilitate FGF-2 
loading and sustained 
release  

[90] 

NASI: nacryloxysuccinimide; EMA: ethyl methacrylate; NtBAAm: N-tert-butylacrylamide; MAGlcC5: a,b-D-glucofuranosyl-6-

methacrylamido hexanoate; SPSHU: salfonated poly(serinol hexamethylene urea); PDA: polydopamine; NP: nanoparticle; CIPAM: 

2-carboxyisopropylacrylamide; PAA: propylacrylic acid; DS: diclofenac sodium; SA: sodium alginate 

3 Surface modification by layer-by-layer technique 

Although several techniques modifying surfaces with PNIPAM have been found 

versatile for cell sheet engineering and controlled release, some difficulties limit their 

application including the use of expensive machinery, transition metal ions, toxic 

initiators, chain transfer agents and chemicals, complicated fabrication processes, and 

the need of introducing cell-adhesive molecules like RGD to improve cell adhesion 

[104]. During the last two decades, a facile, flexible, and inexpensive technique, layer-

by-layer (LbL) assembly became popular to fabricate a controllable architecture with a 

thin coating from nano to micrometer scale [105]. The first concept of LbL technique 

can be traced back to 1966 when Iller generated a film on a solid surface by alternating 

deposition of a positively and a negatively charged colloidal particle based on inorganic 

materials (e.g. silica, alumina) [106]. In 1990, Decher et al. further explored this concept 

and provided the possibility of employing LbL technique to form polyelectrolyte 

multilayers (PEMs) for biomedical application with organic and biological materials 

[107,108]. The formation of PEM is initially based on alternating adsorption of the 

oppositely charged polyelectrolytes (PELs) from aqueous solution via electrostatic 

interaction followed by washing steps in between to remove the weakly bound PEL 
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(Figure 7A). This deposition process is repeated to reach the desired number of layers 

representing a multilayer assembly. Since intrinsic ion paring between the oppositely 

charged PELs is more favorable than extrinsic charge compensation between PEL and 

small counterions, the main driving force of PEM formation is attributed to 

thermodynamically entropy gain from the release of counterions and water [109,110]. 

When the charges within the PEM cannot be neutralized by the oppositely charged 

PEL due to steric hindrance, the extrinsic compensation by small counterions can 

occur to neutralize the charges. In addition to the majority of LbL assembly fabricated 

via electrostatic interaction, other non-electrostatic interactions have attracted attention 

such as hydrogen bonding, hydrophobic interactions, covalent bonding and specifically 

biological interactions [111]. 

3.1 Factors and strategies for multilayer formation via LbL technique 

The most effective force to mediate LbL assembly is electrostatic interaction and the 

following ion paring mainly relying on the long ranged attractive or repulsive force but 

may also involve other shorted range interactions such as van der Waals force or 

hydrogen bonding [111]. Using LbL technique to construct multilayer architectures 

allows precise control of film thickness and properties depending on the type, charge 

density, and molecular weight of PEL, adsorption and rinsing time, and environment 

such as ionic strength, pH and temperature [105]. These factors play predominant roles 

in modulating the growth and internal structure of the PEMs, given with tunable 

physiochemical, mechanical, topographical, and biological properties. Since the 

construction process of PEM is important for its internal structure, a thorough screening 

is required with diverse techniques such as surface plasmon resonance (SPR), quartz 

crystal microbalance (QCM), ellipsometry, atomic force microscopy (AFM), scanning 

electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) [111]. In 

addition, without the prerequisite of active functional groups for the underlying 

substrate, there are a variety of choices of substrates for PEM deposition.  

As LbL assembly represents a constitution of multiple materials, a wide range of 

building blocks can be served as PELs to construct a PEM including synthetic and 

biogenic PELs. Synthetic PELs, such as poly(styrene sulfonate) (PSS), poly(allylamine 

hydrochloride) (PAH), and PAA, with controllable molecular weight, charge density, 

and structure are generally easier to tailor the internal structure and properties of PEM 

in a wide range of environments (e.g. pH and ionic strength) [112]. However, they are 
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often non-biodegradable causing potentially harmful effects and not bioactive that limits 

their use in biomedical application. On the other hand, biogenic PELs with special 

structures are usually biodegradable, biocompatible, and often bioactive that presents 

similar properties to tissues and more suitable ingredients for constructing PEMs under 

biological environment [105]. These naturally occurring polymers are mainly divided 

into polysaccharides, polypeptides, and polynucleotides that comprise ECM, cell 

membrane components and can be directly or indirectly influence signaling pathways 

of cells. The main drawbacks of PEM built from biogenic PELs are the difficulty for 

quality control associated with limited availability of origins with poor-defined properties 

due to heterogeneity from batch-to-batch purification process. They also exhibit high 

hydration, and low mechanical properties due to the abundance of hydrophilic groups 

like hydroxyl and carboxylic groups on the backbone of PELs [113,114].  

 

Figure 7. (A) Schematics of layer-by-layer (LbL) adsorption of oppositely charged 

polyelectrolytes (PELs) based on electrostatic interaction and ion pairing. PEM 

formation is achieved by alternating deposition of the solutions of polycation and 

polyanion on the substrate. Each deposition is followed by a washing step to remove 

unbound PEL. The physiochemical and mechanical properties of PEM are dependent 

on the charge density and molecular weight of PEL and environmental conditions (e.g., 

pH, ionic strength, temperature). These properties (e.g., wettability, surface charge 

density) are associated with protein adsorption and subsequent interaction with cells. 

Cell responses towards PEMs can be regulated (B) by modulation of mechanical 

properties using different crosslinking methods (ionic, chemical and physical 

crosslinking) or (C) by introduction of biomolecules like proteins and GFs. Created by 

the Servier Medical Art Commons Attribution 3.0 Unported License. 
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The overall properties including growth behavior, internal structure, hydration, and 

thickness of PEM depends on the structure of the building blocks and the buildup 

parameters (Figure 7A). Strong PELs persist constant structure and charge density in 

media with a wide range of pH or ionic strength while the charge density, structure and 

swelling ability of weak PELs are strongly dependent on their pKa and media condition. 

The working range of pH for biogenic PELs is 3−10 regarding pKa of carboxylic group 

(3−5), sulfate group (0.5−1.5) and amino group (6.5−10) [105]. For example, the sulfate 

groups in Hep are always negatively charged within the working range (pH 3−10) when 

carboxylic groups become fully charged above pH 5. Chitosan (Chi) with a pKa ≈ 6.5 

as a typical weak polycation for PEM formation is considered fully positively charged 

at pH 4 but not available to serve as polycation at pH above 5.5. pH effect has 

thoroughly investigated on the PEM built from Chi and alginate (Alg) at pH 5.5. PEM 

de-swelled after exposure to solution with a pH of 4 leading to a decrease in thickness 

attributed to increased charge density in Chi. The PEM is swelling when pH was 

elevated to 8 resulting in increased thickness related to deprotonation and loopy 

structure of Chi and electrostatic repulsion between negative charges in Alg [115].  

The growth behavior and internal structure of PEM is based on the capability of 

interdiffusion of PELs linked to the charge density, structure and molecular weight. For 

[PSS/PAH] PEMs composed of both strong PELs, interdiffusion only occurs to the 

neighboring layer because they are fully charged in the media and mostly 

compensated intrinsically with almost equal stoichiometry [116,117]. As a result, the 

LbL process exhibits linear growth behavior to form denser and less hydrated PEMs. 

Moreover, different charge densities on Hep, chondroitin sulfate (ChS) and hyaluronic 

acid (HA) as polyanions showed different patterns on PEL diffusion and PEM thickness 

in combination with PLL [118]. Highly charged Hep formed denser, thinner, less 

hydrated PEMs with almost linear growth attributed to its extended conformation and 

stronger electrostatic interaction, compared to exponentially grown, thicker and highly 

hydrated PEM built from weakly charged and coiled HA. The molecular weight comes 

into the effect on the growth behavior. Chi or PLL with a low molecular weight was 

more diffusible to the outer region to interact with HA while the diffusion was almost 

inhibited by high molecular weights of both polycations [119]. Of note, to achieve the 

desired properties for further application, the growth behavior and structure of PEM 

can be controlled by the choice of PEL and environmental conditions.  
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3.2 Application of LbL technique in tissue engineering  

The straightforward and facile LbL technique brings enormous potential for 

modification of biomaterials using either synthetic or biogenic polymers for biomedical 

applications such as drug delivery, engineering of tissue analogs and implant coatings. 

It is already known that terminal layer, topography, wettability, surface charge and 

mechanical properties of PEMs affect protein adsorption and subsequent cell 

behaviors in terms of cell adhesion, proliferation, and differentiation. Although several 

reports have claimed PEMs made of synthetic PELs permit better control over the 

aforementioned parameters, biogenic PELs are preferred in the construction of PEM 

to mimic biological environments with excellent biocompatibility and biodegradability 

[105]. In particular, ECM components including polysaccharides and adhesive proteins 

can mimic the properties and structures of native matrix regulating in this way cell 

responses with their inherent bioactivity. GAGs with abundant sulfate and carboxylic 

groups are widely used as polyanions owing to their specific interaction with protein 

ligands, such as GFs and cell receptors [36]. Chi as one of the most used polycations 

is often studied with GAGs to form bioactive PEM because of its anti-bacterial and anti-

inflammatory properties [120,121]. However, the PEMs formed from these biogenic 

PELs are sensitive to changes of environmental conditions (e.g., pH, ionic strength and 

temperature) usually causing PEM partial disassembly or structural rearrangement at 

physiological pH. In addition, the rather soft and hydrated features of these biogenic 

PEMs reduce protein adsorption leading to poor cell attachment [113,120]. 

Considerable efforts have been made to tailor the properties of PEMs, from chemical 

modification of PELs, modulation of surface physicochemical and mechanical 

properties to render PEMs with bioactivity. For instance, the solubility and protonation 

of Chi are poor when pH is above its pKa ≈ 6.5 affecting electrostatic interaction with 

polyanions to form PEM. Quaternization of Chi makes it more soluble in aqueous 

solution and appropriately protonated in a wider range of pH, which has been found to 

improve fidelity of LbL assembly at neutral pH [122].  

Since cells can sense mechanical stimuli from the surrounding environment that 

induces mechanical and biochemical signals, strengthening the interaction between 

layers with an additional non-electrostatic crosslinking is one of common approaches 

to avoid partial loss or rearrangement of layers and enhance stiffness of PEMs (Figure 

7B). Different crosslinking methods has been explored to modulate stiffness and 
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improve cell behaviors including chemical crosslinkers such as 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide/N-hydroxysuccinimide (EDC/NHS), 

glutaraldehyde, and genipin [123,124]. EDC/NHS crosslinking of PEMs has been 

extensively studied in a range of concentrations corresponding to a stiffness  range of 

200 kPa–600 kPa. Better adhesion and spreading of pre-osteoblasts and myocytes 

were found on stiffer [PLL/HA] PEMs [125]. Niepel et al. also investigated increasing 

concentrations of EDC ranging from 2 to 50 mg mL−1 resulted in increasing stiffness of 

[PLL/HA] PEMs [113]. The stiffer PEM not only supported better adhesion and 

spreading of human adipose-derived stem cells (ADSCs) but also promoted their 

osteogenic differentiation. Apart from carbodiimide crosslinking based on amide bond 

formation via the activation of carboxyl groups for direct reaction with primary amino 

groups, a nature crosslinker, genepin is popularly used for the crosslinking of amino 

groups of amine-containing polymers. Mano et al. has systematically studied the 

continuous gradients of stiffness by genipin crosslinking in the PEMs comprised of Chi 

and Alg [126]. The results showed that density of fibroblasts was promoted on stiffer 

region of the PEMs. An alternative approach introduced by Zhao et al. is the 

functionalization of GAGs (e.g. HA, ChS) with aldehyde groups to intrinsically crosslink 

with amino groups of collagen I, rendering PEMs with better stability and superior cell 

behaviors using multipotent embryonic fibroblasts [127]. 

On the other hand, LbL assembly allows the presentation of biochemical signals to 

activate specific cellular pathways by embedding bioactive molecules inside or on the 

PEMs during the buildup process or after the assembly (Figure 7C). ECM proteins like 

FN, collagen and VN are advantageous to form bioactive PEMs that regulate cell 

adhesion and further cell behavior, particularly in combination with GAGs. Collagen I 

has been used as polycation for PEM assembly with GAGs (e.g. HA, ChS) to support 

adhesion and induce osteogenic differentiation of hADSCs [127]. In particular, fibril-

like reorganization occurred when combined with ChS, which mimicked the ECM 

structure of the native tissue [128]. Pre-coating FN on Hep-based PEMs has been 

found to support adhesion and proliferation of MSCs [129].  

High concentration of soluble GFs is generally added to the growth or differentiation 

culture medium to promote cell proliferation and differentiation. However, rapid 

deactivation and consumption of GFs can lead to inconsistent cell performance like 

slow rate in cell proliferation [129]. One of the most appealing strategies for LbL 
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assembly is to act as a reservoir for GFs storage, protecting them from proteases and 

rapid degradation and controlling their delivery in a matrix-bound manner. There are 

two major approaches to simply employ GFs in the PEM, as a regular PEL layer or 

post-loading in the as-prepared PEM without exposure to harsh condition. 

Incorporation of FGF-2 into PEMs has been widely studied regarding its promoting 

effect on cell proliferation, migration, and differentiation. As a polycation, FGF-2 was 

used to prepare PEMs with Hep or ChS, which was found to enhance proliferation of 

preosteoblast cells over 7 days compared to negligible effect of FGF-2 supplemented 

in culture medium [130]. Furthermore, synergistic effect of bioactive molecules used in 

PEM has been explored. Simultaneous embedding TGF-β1 and BMP-2 on 

succinylated PLL-based PEM was found to induce differentiation of embryonic bodies 

to cartilage and bone [131]. Such synergistic effect was also observed in [Hep/Chi] 

PEM by cooperation of GFs (e.g. FGF-2, TGF-β1) with ECM protein like FN to promote 

MSC proliferation or enhance the function of primary human hepatocytes [129,132].  

The concept of GFs in a matrix-bound manner in PEM was introduced by Crouzier et 

al., which is closer to the native ECM environment, where GFs are bound to ECM 

proteins and GAGs [133]. By investigating the presentation of BMP-2 on [PLL/HA] PEM, 

they demonstrated that diffusion of BMP-2 was restricted due to spatial confinement of 

BMP-2 ligand and receptor complexes of myoblasts. The matrix-bound GFs enabled 

the crosstalk between GF receptors and integrin, which induced cytoskeleton 

remodeling (Figure 8).  In comparison, such effects cannot be achieved by 

presentation of GFs in solution since they can freely diffuse and limit their availability 

to receptors. The release profile of GFs from PEM can be tuned by various factors such 

as the environment during PEM preparation, composition, structure, thickness, and 

crosslinking degree of PEM. Different crosslinking methods have impacts on GF 

uptake and release. Anouz et al. has found the presentation of BMP-2 in matrix-bound 

manner was sustained in the intrinsically crosslinked PEMs composed of collagen 

I/oxidized CS over 14 days, showing ability to promote osteogenic differentiation of 

myoblasts, which surpassed the effect of uncrosslinked PEM and BMP-2 released in 

solution [134]. Hautmann et al. reported a thick free-standing PEM film of Chi/Alg with 

200 layers took up more FGF-2 and sustained release of FGF-2 when crosslinked by 

genipin, showing promoting effects on fibroblast migration and in vivo wound closure 

compared to crosslinking by EDC/NHS [135]. In this regards, LbL assembly presents 
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a reservoir to mimic ECM in a role that binds with GFs and deliver them to cells for 

consequent cell activities.    

 

 

Figure 8. Scheme summarizes the differences of GF presentation from PEM in matrix-

bound manner and soluble form. Diffusion of matrix-bound GF is restricted due to 

spatial confinement of GF and its receptor complexes. Due to the proximity of GF 

receptor and integrin, the matrix-bound GF enables the crosstalk between GF 

receptors and integrin, which induces signal transduction, cytoskeleton remodeling, etc. 

In comparison, such effects cannot be achieved by presentation of GFs in solution 

since they can freely diffuse which limits their stability and availability to receptors. 

Adapted from [133] using the Servier Medical Art Commons Attribution 3.0 Unported 

License. 
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3.3 Examples of biogenic polyelectrolytes used for LbL technique 

3.3.1 Polyanions  

 

Figure 9. Structures of polyanions including (A) heparin, (B) chondroitin sulfate and (C) 

cellulose sulfate.  

 

(a) Heparin (Hep, H) 

Heparin (Hep) is known as GAG with the highest negative charge related to the 

presence of a large numbers of sulfate and carboxylic groups. It consists of repeating 

saccharide units of N-acetylated or N-sulfated D-glucosamine that are α(1-4)- or β(1-

4)-linked to uronic acids (L-iduronic or D-glucuronic acid). Specially, the major 

disaccharide units are iduronic acid with 2-O-sulfation and glucosamine with N- and 6-

O-sulfation [136]. Hep is only produced in connective-tissue-type mast cells or 

basophils where it is synthesized on a specific core protein (serglycin, MW: 750–1000 

kDa) with a MW of 60–100 kDa. During degranulation of mast cells or basophils, Hep 

chains are cleaved with a MW of 5–25 kDa and stored in cytoplasmic secretory 

granules of mast cells from where they can be secreted into ECM [137]. The presence 

of sulfate groups at carbon 2 and glucosamine with N- and 6-O-sulfation and carboxylic 

groups generates strong negative charges along its chains, playing important roles in 

association with a plethora of proteins. The interaction between Hep and proteins is 

based on the Hep-binding domains via ionic interaction or hydrogen bonding [138]. 

One of the important therapeutic applications of Hep is the anticoagulant properties by 

binding to antithrombin III that inactivates clotting factors [137]. Due to the well-known 

affinity to adhesive proteins (e.g. FN, VN) and GFs (e.g. FGF-2) forming the complexes 

with corresponding cell receptors, Hep is often incorporated into biomaterials to 

mediate integrin- or GF-related signal transduction for cell adhesion, proliferation and 

differentiation [36].  
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(b) Chondroitin sulfate (ChS) 

Chondroitin sulfate (ChS) as the other sulfated GAG with similar structure to Hep, is 

composed of alternating β(1-4) glucuronic acid (GlcA) and β(1-3) N-

acetylgalactosamine that can be sulfated at the carbon 4 or 6 of the galactosamine 

(named as ChS-A or ChS-C, respectively), and additionally at C2 and/or C3 of the GlcA 

(named as ChS-B) [136]. ChS exists abundantly in the cell surfaces and within 

extra/pericellular matrices of connective tissues in the form of proteoglycans (ChSPGs) 

with varying molecular weights from 5-70 kDa. ChS is the major component in central 

nervous systems where ChSPGs are found to interact with neurons and neural cell 

adhesion molecules for the development and pathophysiology of the brain and spinal 

cord [139]. ChS with strong negative charges has specific interaction with ECM 

proteins and GFs, making them important regulator for biological functions including 

anti-inflammation, interaction with collagen in the regulation of fibrillogenesis, 

acceleration of mineralization process and repair in bone. In particular, treatment of 

osteoarthritis with ChS has been reported widely to reduce pain and swelling of the 

joint [140]. 

(c) Cellulose sulfate (CS) 

The purification of GAGs from animal sources requires several critical processes that 

limit their availability, and heterogeneous GAGs from batch to batch are usually 

obtained, sometimes even with the risk of contamination [39]. Cellulose draws a plenty 

of attention due to the presence of hydroxyl groups that permit versatile chemical 

modifications to mimic anionic GAGs or other glycans, which can provide superior 

tunable functionality of such GAGs mimicking biopolymers [36]. Cellulose, as the most 

abundant polysaccharide in nature, is a linear-chain polysaccharide composed of β-

1,4-linked d-anhydroglucopyranose units (AGUs). Each AGU contains hydroxyl groups 

at C2, C3, and C6 position, which can undergo the typical sulfation reactions of primary 

and secondary alcohols to synthesize cellulose sulfate (CS). CS with GAGs-analogue 

sulfation patterns can be synthesized using diverse sulfating reagents [141,142]. A 

particular sulfating route could affect the intrinsic characteristics of obtained CS, which 

include the molecular weight, total degree of substitution (DS) ascribed to sulfate 

groups (DSS), the distribution and the position of sulfate groups [143]. Based on the 

knowledge about sulfation pattern of natural GAGs, the binding affinity of CS toward 

GFs was investigated by Peschel et al. and Zhang et al., especially regarding the 
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substantial effects of regioselectivity and overall DSS between 0.58 and 1.94 on GF 

binding and cellular activities [141,144,145]. Studies showed that CS with overall DSS 

more than 1.57 in addition to a gradual increase of sulfation at both the 2-O- and the 

6-O-position exhibited a stronger binding ability toward FGF-2, while a higher affinity 

to BMP-2 was found for CS with intermediate DSS and more sulfation at the 6-O-

position, but lower sulfation at the 2-O-position. Mitogenic and osteogenic activities of 

CS promoted cell proliferation and differentiation, which was comparative or even 

surpassing that of heparin. CS also acts to protect GFs from proteolytic cleavage that 

prolonged their half-life resulted in a sustained stability and bioactivity with increasing 

DSS and concentration [43]. 

 

3.3.2 Polycations  

 

Figure 10. Structures of polycations including (A) chitosan, (B) quaternized chitosan 

and (C) α-Poly-L-lysine.  

(a) Chitosan (Chi) 

Chitosan (Chi) is obtained by the deacetylation of chitin, a naturally occurring 

polysaccharide as the second most abundant natural polymer on earth after cellulose 

which exists in shells of crustaceans such as crabs, but also insects, spiders and funghi 

[146]. Chi is a cationic linear polysaccharide consisting repeating units of N-acetyl-D-

glucosamine and D-glucosamine. It is available in a wide range of MW and degrees of 

deacetylation (DD) linked to physiochemical properties like viscosity, wettability, 

colloidal stability and sensitivity to pH [147]. Some studies point out that a DD of 50% 

is considered as Chi [148]. Based on the protonation of primary amino groups at C-2 

position of the D-glucosamine unit, Chi with a pKa of ≈ 6.5 is soluble and positively 

charged in an acidic solution but becomes insoluble and uncharged at neutral and 
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basic pH. It is hydrophilic and shows great biocompatibility and biodegradability with 

lysozyme in living human tissues, making it attractive for biomedical application [149]. 

Regarding the positive charges, Chi has an antibacterial activity by electrostatically 

interacting with anionic groups at the bacterial cell wall and the polycation leading to 

an increase in membrane permeability resulted in cell death [150]. The protonated 

amino groups also endow Chi with an ability to interact with anionic polymers or 

functionalize with multiple functional groups such as carboxylic groups and hydroxyl 

groups [146]. These beneficial properties of Chi are particularly highlighted by its 

application as one of the most popular polycations for LbL assembly in tissue 

engineering and would healing [151,152].   

(b) Quaternized chitosan (QChi) 

Since solubility and protonation of Chi depends on DD and pH, the physiochemical 

(solubility, absorption, bioavailability) and biological properties (antibacterial property, 

antioxidant, bioadhesion, mucoadhesive property) can be improved by quaternization 

of Chi. The insertion of a hydrophilic group is involved in the process of quaternization 

including three general approaches: direct quaternary ammonium substitution, epoxy 

derivative open loop and N-alkylation [153]. N,N,N-trimethyl chitosan chloride (TMC) is 

the most intensely explored QChi derivative that mainly relies on the methylation of the 

amino group at the C-2 site of Chi backbone [154]. N-[(2-hydroxyl-3-trimethyl 

ammonium) propyl] chitosan (HTCC) is another most explored QChi via alkylation 

process by grafting quaternary ammonium groups using the reagent 

‘glycidyltrimethylammonium chloride’ at the site of C-2 attached amino groups [155]. 

These QChi derivatives exhibit enhanced aqueous solubility, superior antibacterial 

properties and biocompatibility attributed to the increased positive charges [156]. The 

physiochemical and biological properties are highly linked to the degree of 

quaternization (DQ) and preparation methods, as the reports have shown increased 

DQ, resulting in amplified viscosity, solubility, antibacterial property, bioadhesive and 

mucoadhesive property in HTCC while opposite trends of these properties were 

observed in TMC due to steric hindrance during the quaternization process [157–159]. 

QChi has shown inhibitory effect on E. coli and S. aureus while excellent 

cytocompatibility was found with in vivo test by subcutaneous implantation on rat [160]. 

QChi also has promoting effect on wound healing and tissue engineering, which is 

evident by the skin regeneration treated with a nanofiber containing QChi [161].  
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(c) α-Poly-L-lysine (PLL)  

α-Poly-L-lysine (PLL) is a synthetic polypeptide and composed of repeating monomeric 

α-L-lysine that is one of the naturally occurring amino acids involved in biological 

processes such as injury recovery and protein functions. PLL exhibits cationic 

properties in a wide range of pH owing to the amino side chains with a pKa of around 

9−10, making it applicable under physiological condition. [162] Regarding positive 

charges of the primary amino groups, it has been extensively explored in biomedical 

application as nanocarriers, coating biomaterials, and antibacterial biofilms interacting 

with negatively charged components via electrostatic interaction [163]. PLL is highly 

soluble in aqueous solution, however, depending on the environment (e.g. pH, 

temperature, solvent variations, and surfactants), it can fold into secondary structures 

with varying solubility and hydrophobicity related to intramolecular hydrogen bonding 

between their backbones and side chains [164,165]. PLL is commonly used as 

antibacterial agents because it is positively charged at physiological conditions that 

could cause physical disruption of the anionic membrane of bacterial cells [166]. 

Although the cationic amino groups and secondary structure of PLL has been 

demonstrated to improve cell adhesion, proliferation and induce stem cell 

differentiation, it was also reported to disrupt membrane of human epithelial cells 

through permeabilization particularly using high HW [167,168]. The toxicity of PLL can 

be alleviated by balance of its positive charges with negatively charged materials, or 

chemical modification of the primary amino groups. Therefore, the construction of 

hybrid biomaterials such as hydrogel or PEM is one of the most strategic method to 

apply PLL in tissue engineering [163].     

4 State-of-the art of PNIPAM-containing PEM for biomedical applications  

Since PNIPAM is uncharged, some strategies for incorporation of PNIPAM into PEM 

have been developed for deposition of PNIPAM element on the substrate (Table 3). 

One of the earliest studies on the fabrication of thermoresponsive PEM is through 

hydrogen bonding between PNIPAM and PAA at pH 3, which has shown the ability to 

reversibly load and unload with dye (Rhodamine B) in response to temperature [169]. 

In contrast to form PNIPAM-containing PEMs via hydrogen bond with only few reports, 

more studies focused on the conjugation of PNIPAM with ionic polymers to facilitate 

LbL deposition process via electrostatic interaction and ion paring. Jaber and Schlenoff 
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constructed a PNIPAM-containing PEM by modification PNIPAM with PAH as 

polycation and PSS as polyanion at pH 6.5 [170]. They demonstrated reversible 

thermoresponsivity of the PEM in the cyclic temperature range of 10−50 °C under 

thorough investigation. Another example is forming an anionic microgel combining 

PNIPAM and PAA to construct PEMs with PAH [171]. In this study, a chemotherapeutic 

drug agent, doxorubicin, was loaded into the PEMs and found the release of the drug 

could be thermally controlled by a cycle modulation of the temperature between 50 and 

20 °C. Regarding the nature of ionic polymers dependent on the environmental 

stimulus, Osypova et al. included both temperature and pH effects of a PEM composed 

of PAH and PAA-b-PNIPAM to study the protein (ovalbumin) adsorption [172,173]. 

Higher adsorption of ovalbumin was found at higher temperature and acidic pH related 

to the hydrophobic interaction, conformation and charge repulsion between the PEM 

and protein. Study on PNIPAM-containing PEMs for biomedical application mostly 

focuses on controlling drug release, such as delivery of the lung cancer drug, 

osimertinib and recent anti-COVID-19 drug favipiravir. However, none of these studies 

are proceeded to preclinical trial [174,175]. The application of PNIPAM-containing 

PEMs in tissue regeneration and cell sheet engineering is scarcely found with only a 

report with comprehensive study by Liao et al., thermally controlling 

adhesion/detachment of hMSCs on PNIPAM-containing PEMs [176]. They prepared 

PNIPAM-containing PEM by assembling PNIPAM copolymers that modified with 

cationic allylamine hydrochloride segment and with anionic styrene sulfonic acid 

segment. They claimed that the cationic moiety on the outermost surface retained cell-

secreted proteins like FN on the positively charged surface, which promoted cell 

adhesion and proliferation. The aforementioned PNIPAM-containing PEMs were only 

comprised of synthetic PELs lacking specific interaction with biological molecules to 

regulate cell responses, which might be the reason why no study was conducted for 

GF delivery and tissue engineering.  
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Table 3. PEMs containing PNIPAM and their biomedical application. 

Category 
PNIPAM-contained 

PEM 
Driving force for 
PEM formation 

Application Remarks Ref. 

Small 
molecule 

[PNIPAM/PAA]10 
pH3 

Hydrogen bond 

Reversibly loaded 
and unloaded with 
dye (Rhodamine 
B) at pH3 

 Higher loading and release 
amount of dye at high 
temperature. 

 PEM prepared at a higher 
temperature tended to be 
slower both in the 
impregnation and in the 
release of dye. 

2004
[169] 

Small 
molecule 

[PAH-co-
PNIPAM/PSS-co-

PNIPAM]18  

pH6.5 
Ion paring 

Reversibly loaded 
and unloaded with 
potassium 
ferricyanide at 
pH6.5 

 PEM exhibited reversible 
thermoresponsivity. 

 PEM built at pH9 provided 
extrinsic site for more 
loading capacity at pH6.5 
(where more positive 
charges of PAH were 
interated with anionic 
ferricyanide) . 

2005 

[170] 

Drug 
PNIPAM- 

AA microgels/PAH 
pH 6.5 

Ion paring 

Loading 
chemotherapeutic 
drug agent 
doxorubicin at pH7 
and release at 
pH3 

 Loading and release of 
doxorubicin at cycling 
temperatue of 50 and 20 °C 
for 1 h each is more 
efficient than release at 
constant 20 °C 

2005 

[171] 

Drug 
[PNIPAM-b-
PHEMA/HA]6 

pH 2.2, 55°C 
Hydrogen bond 

Release of lung 
cancer drug 
osimertinib at pH 
2.2 

 PEM exhibited reversible 
thermoresponsivity. 

 Binding of osimertinib to the 
hydrophobic cores resulted 
in slower release at higher 
temperature, particularly 
when increasing ionic 
strength that facilitates 
collapse of PNIPAM. 

2020 

[174] 

Drug 

[silica 
nanocapsules-g-

PNIPAM-b-
quaternized 
PDMAEMA 

/PMAA]3 

pH 4.5 
Ion paring 

Release of anti-
COVID-19 drug 
favipiravir 

 PEM exhibited reversible 
thermoresponsivity. 
The nanocapsule-
embedded 

 PEMs were able 
to encapsulate a large 
amount of favipiravir, 
possessing a long-term 
drug release curve at 
higher temperature. 

2021 

[175] 

Protein 
[PAH/PAA-b-

PNIPAM]4 
pH5.7 

Ion paring 

Adsorption of 
ovalbumin at pH 
5.7 and at 20 or 37 
°C 

 PEM exhibited 
thermoresponsivity. 

 Higher adsorption of 
ovalbumin at higher 
temperature and acidic pH 
related to the less repulsive 
charge with thicker PEM. 

2015
, 

2017 

[172,
173] 

Tissue 
engineering 

[PSS-co-
PNIPAM/PAH-co-
PNIPAM]4-PAH 

[PSS-co-
PNIPAM/PAH-co-
PNIPAM]4-PSS 

Ion paring 
Culture and 
detachment of 
hMSCs 

 PEM could thermally 
control cell 
adhesion/detachment (at 4 
°C) but also retain cell-
secreted proteins like 
FN on the positively 
charged surface, which 
promoted the proliferation. 

2010 

[176] 

Tissue 
engineering 

[Chitosan-grafted-
PNIPAM/Alg]5-

Chitosan-grafted-
PNIPAM 

Ion paring 

Culture and 
detachment of 
human osteoblast-
like cell 

 PEM could thermally 
control cell 
adhesion/detachment. 

2011 

[177] 

 PAA: poly(acrylic acid); PAH: poly-(allylamine hydrochloride); PSS: poly(styrene sulfonate); PHEMA: 2-hydroxyethyl methacrylate; Alg: alginate. 
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5 Aim of this study 

LbL technique provides a facile approach to modify surfaces with PNIPAM without 

requiring a prior chemical activation of the surface. Such technique may allow a precise 

control of thickness and physiochemical properties of the PNIPAM surface. PNIPAM-

containing PEMs may represent an attractive system for drug delivery and cell sheet 

engineering. Since cell activities are regulated by signal transduction activated by cell 

receptors binding to corresponding biological ligands such as GFs and adhesive 

proteins, combining biopolymers or bioactive molecules like polysaccharide-based 

Hep, ChS, CS, and Chi with PNIPAM-containing PEM may enhance biocompatibility 

and mimic the native tissue environment. The superior bioactivity of sulfated Hep, ChS 

and CS towards adhesive proteins and GFs can control cell activities in terms of cell 

adhesion, proliferation, and differentiation. The aim of this study is to investigate if 

thermoresponsive surface coatings can be prepared via LbL technique from the PELs 

based on the derivatives of either polycation Chi or polyanion CS modified with 

PNIPAM. The molecular weight and grafting density of PNIPAM on these derivatives 

may affect the structure and charge density in response to the temperature that are 

further associated with the growth behavior, internal structure, and physicochemical 

properties of PEMs. It is essential to study thermoresponsive properties related to 

swelling/de-swelling ability, wettability, roughness, and stiffness of the PNIPAM-

containing PEMs which is important for the association with biomolecules (e.g., 

proteins, GFs) and controlling cell adhesion and detachment. As cells are sensible to 

the mechanical signal of the microenvironment, surface properties and stiffness of the 

PEMs can be modulated by additional covalent crosslinking of PEL.  

These PEMs may act as storage depot to bind GFs and protect and prolong their 

activity under physiological environment. The mitogenic and migratory activities of 

FGF-2 are well-known to induce angiogenesis and tissue regeneration and the key for 

maintaining self-renewal and differentiation ability of stem cells. It is known that FGF-

2 receptor (FGFR-2) and VN integrin can cooperatively regulate cell behaviors via 

MAPK pathway. Therefore, evaluation of VN adsorption/desorption and release kinetic 

of FGF-2 on these PEMs over a period of time is important to gain a comprehensive 

understanding on how it regulates cell adhesion, proliferation and migration using 

multipotent mouse fibroblast cell line C3H10T1/2 and 3T3. Such PEM systems 

combining bioactive polysaccharides and PNIPAM with tunable physiochemical and 
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biological properties may provide a great potential for not only GF delivery but also 

effective expansion and generation of cell sheets. 
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Chapter 2  

 

Summary – Engineering of stable cross-linked multilayers based on thermo-

responsive PNIPAM-grafted-chitosan/heparin to tailor their physiochemical 

properties and biocompatibility 

It is known that PNIPAM lack of specific bioactive interaction with cells restricts its 

application in drug delivery and tissue engineering. The first paper explored the 

possibility to develop thermoresponsive multilayers containing poly(N-

isopropylacrylamide) (PNIPAM) with the aim to tailor their physiochemical properties 

and improve biocompatibility in combination with bioactive glycosaminoglycans 

(GAGs). In this study, PNIPAM was integrated with chitosan (Chi) into PNIPAM-

grafted-chitosan (PNIPAM-Chi or PChi) to be employed as a polycation for assembly 

of PChi-containing polyelectrolyte multilayers (PEM) with a polyanion heparin (Hep) 

via layer-by-layer technique. Grafting carboxylic terminated− PNIPAM chains on the 

primary amino groups of Chi backbone was carried out by carbodiimide chemistry 

using 1-ethyl-3-(3- dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide 

(EDC/NHS). Different degree of substitutions (DS) of PNIPAM on PChi were derived 

by changing the molecular weight (MW) of PNIPAM with either 2 or 10 kDa or by 

changing the weight ratio of PNIPAM and Chi. The structure, DS, cloud point 

temperature (TCP) and hydrodynamic diameter were subsequently analyzed by NMR 

(nuclear magnetic resonance), FTIR (Fourier-transform infrared spectroscopy) and 

DLS (dynamic laser scattering). The results showed TCP of the PChi mainly depends 

on the MW in the range from 31 to 33 °C. Two PChi, from 10 kDa but lower DS, and 2 

kDa but higher DS of PNIPAM (referred as HMW and LMW*) exhibited more 

pronounced thermoresponsive behavior regarding the significant increase in diameter 

when heating above TCP. Therefore, both were further investigated to form PEMs with 

Hep at pH 4. Chi-containing PEMs composed of Chi and H was compared as control 

systems. A series of studies were conducted to evaluate the effect of MW and DS of 

PNIPAM, components and environment (e.g., pH, temperature) on the internal 

structure, swelling ability, thickness and wettability of PEMs by surface plasmon 
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resonance (SPR), quartz crystal microbalance with dissipation monitoring (QCM-D), 

ellipsometry, and water contact angle (WCA) measurement.  

The first observation was the interdiffusion of Hep into the layers making the structure 

more compacted, stiffer, and dehydrated because of its smaller MW. Compared to 

PEM containing HMW showing striking swelling ability and layer growth, LMW* rather 

restricted these effects. In addition, decrease in thickness of all PEMs was found 

particularly more obvious for LMW*-containing PEMs after exposure to physiological 

buffer, pH 7.4, indicating partial disassembly due to deprotonation of Chi. Hence, 

covalent crosslinking using carbodiimide chemistry was introduced to form amide 

bonds between H and Chi, which was demonstrated to strengthen the integrity of 

multilayers. The surface wettability confirmed certain thermoresponsive behaviors for 

PChi-containing PEMs attributed to the conformational change of PNIPAM chains. 

Biocompatibility of PEMs was studied using C3H10T1/2 multipotent embryonic mouse 

fibroblasts as the model cells that have differentiation ability to adipogenic, 

osteoblastogenic and chondrogenic lineages. The results showed that covalent 

crosslinking and the presence of dehydrated PNIPAM displayed no toxic effect of on 

cells, instead, they enhanced cell adhesion particularly on PEMs with Hep terminal 

layers.  

Overall, such PEM combining PNIPAM and bioactive GAG represents a temperature 

stimuli cell culture system that provides a potential for controlled release of growth 

factors that may further promote tissue regeneration.  
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Chapter 3 

 

Summary – Surface properties and bioactivity of PNIPAM-grafted-

chitosan/chondroitin sulfate multilayers 

Glycosaminoglycans (GAGs) play a crucial role in binding to adhesive proteins and 

growth factors (GFs) to regulate cell activities. The study in chapter 2 provided a 

possibility to fabricate PNIPAM-containing PEMs in combination with a GAG that 

improved biocompatibility and cell adhesion. In this paper, the capability of another 

member of GAGs, chondroitin sulfate (ChS), as polyanion to form PEMs with PNIPAM-

Chi (PChi) at pH 4 was investigated. HMW was used as the only thermoresponsive 

polycation throughout this study based on its ability to promote growth and retain 

assembly of PEM in chapter 2. Not only the growth and internal structure during PEM 

formation, but also more insight into surface properties and swelling ability of PEMs in 

responsive to temperature were investigated by a comprehensive screening using SPR, 

QCM-D, ellipsometry and WCA measurements. PEM comprised of ChS and Chi was 

compared as a control. A total of 10 layers by alternating deposition of Chi and PChi 

was achieved that showed remarkable exponential growth and swelling ability because 

PNIPAM chains extended at 25 °C coupling more water molecules. ChS as smaller 

molecule diffused into the layers, resulting in a denser and more rigid PEM. Moreover, 

the thermoresponsive behavior of PEMs was studied by QCM-D with NaCl solution at 

physiological pH 7.4 in a temperature swap of 20–40 °C. Compared to the control PEM, 

PChi-containing PEM exhibited noticeable swelling and deswelling effect in response 

to temperature. However, thermoresponsive behaviors was not observed by the 

surface wettability, possibly attributed to the rearrangement and partial disassembly of 

PEM after rinsing with physiological buffer, pH 7.4. After covalent crosslinking by 

EDC/NHS, the integrity of PChi-containing PEMs was maintained and able to thermally 

change wettability.  

Temperature and wettability are important factors for protein adsorption. The 

association of PEMs with protein was studied by adsorption and desorption of 

vitronectin (VN), which is a major cell adhesive protein that has specific binding site to 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 74 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

cell integrin to promote cell adhesion and spreading. Higher amount of VN 

adsorption/desorption were promoted at 37 °C in comparison to at 20 °C linked to the 

hydrophobic interaction between PChi-containing PEMs and VN adsorption. 

Importantly, PEMs with ChS terminal layers retained more VN on the surface owing to 

the specific interaction between ChS and VN, which was further corroborated with the 

behaviors of C3H10T1/2 multipotent embryonic mouse fibroblasts. Both ChS and PChi 

provides the advantage of binding more adhesive proteins secreted by cells (e.g., FN) 

and from serum (e.g., VN) on the surface, resulted in the enhanced adhesion and 

spreading of cells through integrin ligation. In addition, the used materials ChS and 

PChi and crosslinking process were confirmed again showing no toxicity to cells.  

Therefore, this study suggested PEMs combined with PNIPAM and GAGs like ChS 

with greater bioactivity, nontoxicity, and stimuli-responsivity may be useful as culture 

substrata for in vitro culture of stem and other cells. 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 75 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 76 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 77 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 78 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 79 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 80 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 81 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 82 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 83 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 84 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 85 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 

 



Chapter 3 − PNIPAM-grafted-chitosan/chondroitin sulfate multilayers │ 86 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, B. Fuhrmann, C. Woelk, K. Zhang, T. 
Groth, Surface Properties and Bioactivity of PNIPAM-Grafted-Chitosan/Chondroitin Multilayers. Smart 
Materials in Medicine, 4 (2023), 356-367. © 2022 The Authors. Publishing services by Elsevier B.V. on 
behalf of KeAi Communications Co. Ltd. DOI: doi.org/10.1016/j.smaim.2022.11.008 



Chapter 4 − Sustained Growth Factor Delivery │ 87 
  

 
Reprinted with permission from Y.-T. Lu, P.-T. Hung, K. Zeng, M Menzel, C. E.H. Schmelzer, K. Zhang, 
T. Groth, Sustained growth factor delivery from bioactive PNIPAM-grafted-chitosan/heparin multilayers 
as a tool to promote growth and migration of cells. Biomaterials Advances, 154 (2023), 213589. © 2023, 
Publishing services by Elsevier. DOI: doi.org/10.1016/j.bioadv.2023.213589 
 

 

Chapter 4  

 

Summary – Sustained growth factor delivery from bioactive PNIPAM-grafted-

chitosan/heparin multilayers as a tool to promote growth and migration of cells    

The previous studies have confirmed the enhanced stability, wettability, and 

biocompatibility of PEMs based on PChi and GAGs. Regarding the PEMs formed at 

20 °C, this work further investigated the mechanical properties of PChi-containing 

PEMs at 37 °C that may be associated with protein adsorption and cell behaviors. In 

addition, the bioactivity of PEMs was also studied by the interaction with GFs towards 

cell responses like adhesion, proliferation and migration. Here the surface topography 

and stiffness of covalently crosslinked PEMs with the terminal layer of either Hep or 

Chi/PChi (LMW* or HMW) in response to temperature were examined by atomic force 

microscopy (AFM). PEMs containing PChi were more inhomogeneous and softer due 

to the bulky structure of PChi at 20 °C. Upon incubation at 37 °C, PEMs with Hep 

terminal layer became smoother due to interdiffusion of H and aggregation of PChi. 

The overall surface became softer at 37 °C regarding higher mobility of PELs. 

Interesting, the dehydration of PNIPAM chains contributed a minor effect and made 

the surface stiffer than Chi-containing PEMs. However, such behaviors were restricted 

in PEMs containing LMW*. Higher hydration of PChi inhibited vitronectin (VN) 

adsorption at 20 °C, while decreased hydration of PChi at 37 °C favored VN adsorption. 

Abundant sulfate groups in Hep played a dominant role in retaining VN through the 

specific interaction with VN. As confirmed in Chapter 2 by the PEM stability, higher 

amount of Hep seemed to remain on HMW-containing PEMs which retained more VN 

on the PEMs in comparison to LMW*-containing PEMs. Therefore, PEMs containing 

Chi or HMW with Hep terminal layer was further studied for FGF-2 delivery and cell 

behaviors.  

Based on higher adsorption of VN at 37 °C, loading of FGF-2 was conducted at 37 °C. 

It is known that VN integrin and FGFR-2 could act synergistically on stimulation of the 

same signal transductions like MAPK/ERK (extracellular signal-regulated kinase) 
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pathway that is responsible for cell migration and proliferation. However, higher 

concentration of VN may compete with FGF-2 to interact with H or inhibit cell activities. 

Therefore, the concentration of VN was lower to 2 µg mL-1 that showed a promoting 

effect on FGF-2 activity for proliferation of 3T3 mouse embryonic fibroblasts. The 

delivery of FGF-2 was found to depend on covalent crosslinking degree and PNIPAM 

effect. Lower crosslinked HMW-containing PEM showed higher uptake and sustained 

release of FGF-2 compared to lower uptake and burst release of FGF-2 for higher 

crosslinked Chi-containing PEM. Taking all the factors into account, cell activities were 

affected by surface and mechanical properties, as well as biological properties. The 

results demonstrated a less wettable and stiffer surface of HMW-containing PEM 

promoted better cell adhesion. FGF-2 in a matrix-bond manner, cooperated with VN 

integrin further induced cell proliferation and migration in HMW-containing PEM after 

4-day cultivation. In contrast, FGF-2 in a soluble form was inactivated and unable to 

support cell activities.  

Hence, PEM comprised of bioactive H and HMW could efficiently promote cell 

proliferation and migration incorporated with the sustain release of matrix-bound FGF-

2 in a long-term culture, which can be potentially served as cell culture substrate for 

production of (stem) cells and bioactive wound dressing for tissue regeneration.  
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Chapter 5  

 

Summary − Synthesis of thermoresponsive PNIPAM-grafted cellulose sulfates 

for bioactive multilayers via layer-by-layer technique 

GAG-mimetic cellulose sulfate (CS) with the introduced sulfate groups has attractive 

advantages for biomedical application owing to similar biological activities to native 

GAGs such as binding of ECM proteins (e.g., FN) and GFs. Based on the exciting 

outcomes from previous chapters, this paper designed the synthesized routes for 

PNIPAM-grafted CS (PCS) and focused on the effects of degree of substitution (DS) 

of sulfate groups and PNIPAM on PCS as polyanions on the formation of PEMs with 

polycation poly-L-lysine (PLL) or quaternized chitosan (QCHI). Lower sulfated PCS 1 

(DSs = 0.41) was synthesized using click chemistry but failed to obtain PCS with higher 

DSs, while higher sulfated PCS 2 (DSs = 0.93) could be achieved through carbodiimide 

chemistry. To mimic the condition during PEM formation and physiological environment, 

the size temperature of cloud point (TCP) of both PCSs were analyzed by DLS in the 

aqueous solution in the presence or absence of NaCl at pH 4 or 7. Higher sulfation 

increased the TCP while the presence of kosmotropic Cl- reduced TCP. Both PCSs 

exhibited the coil-to-globular transition across TCP around 30 – 34 °C and became lager 

aggregates at 37 °C. The growth, internal structure, stability, and surface properties of 

a total 10 layers of PEMs from PCSs or their precursors CSs as polyanions combined 

with PLL or QCHI were studied by SPR, WCA measurements and surface zeta 

potential. It was confirmed that both PCS2 and QChi had the highest negative and 

positive charge densities and thus promoted the greatest PEM growth, overcoming the 

steric hindrance of bulky PNIPAM. These PEMs tended to form intermingled layers 

since oppositely charged PELs contributed to the surface potential where polycations 

dominated the surface zeta potential in the acidic region, while polyanions played a 

role in the basic region. CSs and PCSs were also dominant as terminal layers since all 

the PEMs presented negatively charged and highly wettable surfaces. Furthermore, 

type of polycations also came into effect on the composition of surface region of PEM, 

which was evident by the slightly lower hydrophilicity of PEMs composed of PLL due 
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to the fact that smaller PLL was more diffusible and might be more present on the 

surface region compared to QChi-containing PEMs.  

The used polycations, sulfation degree and the presence of PNIPAM played crucial 

roles for the stability and surface properties of PEMs and further determined the cell 

fate of 3T3 mouse fibroblasts regarding the cytotoxicity, cell adhesion, spreading, and 

growth. PCS1 with a lower DSs, as the polyanion for PEMs was the most cytotoxic 

associated with the lower structural stability arising from the decreased ion pairing with 

polycations. Thereby, cell adhesion and growth over 7 days were inhibited by 

polycations particularly PLL present on the surface region and released from PEM that 

could destroy cell membranes. In contrast, higher sulfated PCS2 enhanced the 

structural stability not only reducing cytotoxicity but also enhancing cell behaviors. This 

demonstrated a certain sulfation degree was necessary to form a stable PEM and 

endowed with the important bioactivity binding to the adhesive proteins from the serum 

and secreted by cells. Moreover, the presence of PNIPAM promoted even better cell 

adhesion and growth probably due to hydrophobic interactions with serum proteins and 

hence supported the adhesion and growth of cells.  

Overall, PEM using PCS2 particularly in combination with QCHI with an excellent 

biocompatibility is promising for bioactive and thermoresponsive coatings as cell 

culture substrates that could replace the use of native GAGs.  
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Summarizing discussion and future perspectives 

The aim of this PhD work was to develop thermoresponsive polyelectrolyte multilayer 

systems (PEM) with tailored surface properties and enhanced bioactivity to regulate 

cell activities in terms of adhesion, proliferation, and migration as well as to thermally 

control cell detachment without the impediment of cell integrity. Using LbL technique, 

as a facile and straightforward approach, allowed the combination of the 

thermoresponsive polymer PNIPAM and native or mimetic GAGs (Hep, ChS, CS) on 

the surfaces via alternating adsorption of oppositely charged PELs. First, two strategies 

were employed to modify PELs with PNIPAM for PEM formation, by preparation of 

PChi as a polycation or PCS as a polyanion. Second, either the post covalent 

crosslinking between Chi and GAGs or the use of stronger polycations (QChi, PLL) 

could improve the structural stability and integrity of PEMs. Third, native or biomimetic 

GAGs as terminal layers provided a better bioactivity of the PNIPAM-containing 

coatings to direct cell responses by interacting with adhesive proteins (VN) and GFs 

(FGF-2). In addition, the collapsed and dehydrated PNIPAM chains at 37 °C helped to 

achieve their sustained release and directed the presentation of FGF-2 immobilized in 

PEMs. The novelty of this work is especially highlighted by the synergistic effect of 

immobilized VN and FGF-2 on the regulation of cell adhesion, proliferation, and 

migration. 

Studies were first focused on the ability of PChi (LMW*, HMW) to construct PEM with 

native GAGs (Hep, ChS) at pH 4 and on the stability of PEMs by post covalent 

crosslinking. LMW* and HMW were selected as polycations regarding their 

pronounced thermoresponsive behaviors (e.g., conformational change and TCP ≈ 

31−33 °C) that might facilitate tailoring surface properties for cell adhesion and 

detachment. Both LMW* and HMW were able to form PEMs with both GAGs, however, 

a partial disassembly of PEMs occurred after exposure to pH 7.4 due to the 

deprotonation of Chi. In particular, LMW* with the lowest charge density showed 

significant disability to maintain the PEM integrity (≈ 50% decrease in thickness) under 

these conditions. Low stability of PEMs resulted in a decreased adhesion of 

C3H10T1/2 multipotent embryonic mouse fibroblasts. Indeed, the PEM integrity was 

maintained after covalent crosslinking by the formation of amide bonds and thus 

improving cell adhesion.  
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The temperature effect on the surface properties of crosslinked PEMs based on Hep 

and PChi provided more insight into their association with proteins (VN, FGF-2), cell 

activities and detachment. Combining the results from QCM-D, wettability, roughness, 

and stiffness, all pointed out a certain extent of thermoresponsivity of PEMs containing 

HMW in the temperature range of 20−37 °C. Although LMW* and HMW showed similar 

thermoresponsive behaviors in the aqueous solution, such behaviors were significantly 

restricted for the PEMs containing LMW* probably due to steric hindrance of higher DS. 

Higher density of PNIPAM grafted on the surface has been reported to limit its 

temperature response particularly in the PEM that involves many interactions such as 

ion paring and covalent bonding [63,170]. The presence of collapsed HMW at 37 °C 

seemed to contribute to dehydration and stiffness, making surfaces stiffer than Chi-

containing PEMs. In addition, temperature also played an important role for the surface 

properties of PEMs. Our findings showed these PEMs became overall smoother, more 

compact and softer at 37 °C than at 20 °C from AFM measurement. It has been 

reported that increasing temperature induces higher mobility and interdiffusion of PELs 

leading to a structural rearrangement of the PEM [198].  

Regarding the high affinity of sulfated GAGs to adhesive proteins and GFs, the 

bioactivity of PEMs was primarily assessed by studies on VN adsorption/desorption in 

dependence of the temperature effect. The interactions between VN and PEM were 

mainly attributed to three factors: temperature, hydrophobic interaction with PNIPAM 

and specific binding to GAGs. Higher temperature (37 °C), the presence of PNIPAM 

and GAG terminal layers led to higher VN adsorption. In addition, higher temperature 

could promote interdiffusion of polymers. Thus, VN might penetrate into the PEMs 

based on the higher mobility of VN at higher temperature, which was in agreement with 

a study that showed the diffusion of a fluorescent-labelled protein (FGF-2) throughout 

the PEMs [135]. Importantly, GAGs as terminal layers played dominant roles in 

retaining VN in the PEMs at 37 °C. Thereby, higher retention of protein (e.g., VN, FN) 

from the serum of culture medium or secreted by cells promoted better adhesion and 

spreading of C3H10T1/2 cells on GAG terminal layers. Nevertheless, the ability to 

retain VN was limited for PEM containing LMW*, possibly due to the lower amount of 

GAG and steric hindrance due to the higher density of PNIPAM. Thus, further studies 

were focused on PEM containing HMW or Chi with Hep terminal layer. Based on the 

higher adsorption of VN at 37 °C, the potential of the PEMs for GF delivery was also 
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investigated at 37 °C. It was found previously that less crosslinked PEM can take up 

more FGF-2 [135,213]. The HMW-containing PEM was less crosslinked (40%) than 

the Chi-containing PEM (60%).  Thus, lower crosslinking degree of HMW-containing 

PEM  and an expected hydrophobic interaction of PNIPAM with proteins at 37°C are 

assumed as the main reasons for superior uptake and sustained release of FGF-2 over 

7 days compared to a burst release from Chi-containing PEM.  

The effect of the cooperative activity of VN and FGF-2 with PEMs on cell responses 

was studied here for the first time. They were both adsorbed on the PEMs for the 

regulation of cell behavior in the low-serum medium. Cell responses should be 

connected to ligation of integrins and FGF-2 receptor, allowing the regulation of signal 

transduction pathways. Cell activities and ECM remodeling depend on the activation 

of RhoA/ROCK signaling through mechanosensing, activation of Rho GTPases family 

like Rac and Cdc42 by FGF-2, and MAPK/ERK signaling by synergistic activity of 

VN/FGF-2 [45,182,217]. Since the HMW-containing PEM exhibited a stiffer surface 

than the Chi-containing PEM at 37 °C, better cell adhesion was found related to the 

assembly of actin fibers and formation of focal adhesions. It is worth noting that GF 

loaded on PEMs in a matrix-bound manner allows the crosstalk between integrins and 

GF receptors that regulate the same intracellular signaling pathways [133,134]. 

According to the exceptional bioactivity of the HMW-containing PEM that better 

retained VN and sustained release of FGF-2, the synergistic activity of VN/FGF-2 was 

more pronounced on cell responses that was confirmed by more spreading, higher 

proliferation, and migration of 3T3 fibroblasts. In contrast, soluble FGF-2 could not 

efficiently support such cell behaviors because of the absence of crosstalk between 

FGFR-2 and VN integrins, as well as its rapid degradation in the medium. Overall, 

these extensive studies suggest an attractive strategy to fabricate a stimuli-responsive 

coating combining PNIPAM and GAGs to tailor the surface properties and enhance the 

bioactivity to effectively promote cell adhesion, proliferation, and migration.  

While adjustment of DS and MW of PNIPAM were in the focus to tailor surface 

properties and bioactivity of PChi-containing PEMs, the effects of sulfation degree and 

type of polycations were studied for PCS-containing PEMs. In this part, GAG-mimetic 

CS provided a possibility to replace native GAGs in combination with PNIPAM for PEM 

formation. Lower sulfated PCS 1 and higher sulfated PCS 2 were prepared as 

polyanions to construct PEMs with two different polycations (PLL, QChi). Unlike Chi 



Summarizing discussion and future perspectives │ 119 
  

 
 

which deprotonates and becomes uncharged at pH 7.4, PLL and QChi possess 

positive charges at both pH 4 and 7.4 that reduce their dependency on pH for PEM 

integrity. The charge density and sulfation degree of PCS were the keys for keeping 

control on PEM formation and integrity. PCS 2 with higher sulfation degree and 

negative charge density overcame the steric hindrance caused by PNIPAM to 

assemble PEMs with both polycations. The information of the internal structure and 

surface properties of PEMs were obtained from the results of surface wettability and 

zeta potential related to the type and molecular weight of polycation. The terminal 

layers of negatively charged PCSs dominated the surface properties for QChi-

containing PEMs, evident by more wettable surfaces and decreased point of zero 

charge (PZC). Interestingly, increased PZC and less wettable surface were observed 

for PLL-containing PEMs, indicating the presence of PLL in the surface region. PLL 

smaller than QChi can easier diffuse into PEM resulting in forming more intermingling 

layers and present at the outmost region of the PEMs.  

The structural stability of PEMs, type of polycation, sulfation degree and PNIPAM effect 

were crucial for cytotoxicity of PEM that was also strongly associated with cell fate in 

terms of cell adhesion, spreading and growth. Both polycations were highly positive 

charged that can destroy the cell membrane which is cytotoxic [167]. As lower sulfated 

PCS 1 with reduced ion paring with polycations resulted in lower stability of PEMs, the 

released polycations caused high cytotoxicity to 3T3 fibroblasts and low cell adhesion. 

The intermingling layers of PLL at the surface region further inhibited cell spreading 

and growth. Since PCS 2 was more present in the surface region of the QChi-

containing PEMs, cell behaviors were predominantly attributed to sulfation degree and 

PNIPAM effect. Higher sulfated PCS 2 not only improved the structural stability of PEM 

but also enhanced the interaction with proteins from serum or secreted by cells. 

Noteworthy, the dehydration of PNIPAM at 37 °C should also contribute to the 

interaction with proteins through hydrophobic interaction, which was supported by 

higher cell adhesion and growth. Hence, the combination of higher sulfated PCS 2 

possessing also more bioactivity and QChi presented another interesting approach to 

fabricate bioactive PNIPAM-containing PEM. 

The initial objective behind the development of PNIPAM-containing PEMs was to 

enable cell detachment driven by reducing the temperature. The detachment 

mechanism is based on the hydration and decreased stiffness of surfaces when the 
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environmental temperature is decreased from 37 °C to below LCST [74,222]. 

Consequently, the swelling of PNIPAM induces more hydrophilic and softer surface 

leading to protein desorption and thus cell detachment. Here, the PEMs based on PChi 

and native GAGs were further explored their potential in cell detachment using 

C3H10T1/2 cells. Cells were cultured on the PEMs containing Chi or PChi with Hep as 

terminal layer. After incubation at 37 °C for 48 h, these PEMs were exposed to 20 °C 

for 1 h, followed by incubation at 4 °C for another 1 h. Figure S1A showed no 

significant change in cell morphology after the incubation at both 20 and 4 °C. The 

detachment ratio was calculated in Figure S1C and less than 2 % of cells detached 

from all the surfaces. On the other hand, cells cultured on PEMs based on ChS and 

HMW also showed no obvious difference in cell morphology in Figure S2. Our results 

were different to the findings from Liao et. al., who demonstrated more than 70% 

detachment of hMSCs from PEMs prepared by PSS-co-PNIPAM/PAH-co-PNIPAM 

after cooling the surfaces to 4 °C for 1 h [176]. Although the wetting properties, 

roughness, and stiffness have confirmed that the HMW-containing PEM exhibited 

better ability to thermally change conformation than the LMW*-containing PEM, it 

seems that the extent of thermoresponsivity could not suffice the requirements for 

temperature-induced cell detachment. Therefore, we postulate insufficient 

thermoresponsive behaviors of PEMs for cell detachment because of several reasons. 

First, Okano’s group reported a high MW (>50 kDa) and grafting density (0.03 

chains/nm2) of PNIPAM on surfaces to favor cell detachment [82]. Second, a high 

degree of interpenetration in the PEM by ionic and covalent crosslinking could reduce 

the thermoresponsivity of PNIPAM due to steric hindrance [170,177]. As the PEMs 

prepared by Liao et. al. using both polycation and polyanion modified with a portion of 

50% PNIPAM were strong PELs with higher charge density and higher MWs (90 kDa), 

lower interpenetration between layers allowed thermoresponsive behavior of PNIPAM 

to promote cell detachment. In our case, the relatively low MW and grafting density as 

well as higher interpenetration of the PEMs is probably the reason for the lack of cell 

detachment. In addition, a higher density of PNIPAM on PChi (less amino groups/fewer 

positive charges) and the use of polysaccharides could result in a rather unstable and 

highly hydrated PEM. Another possible reason could be the high affinity of the PEMs 

to ECM proteins as an anchoring layer for strong cell adhesion, which was evident by 

less than 10 µg cm-2 of VN (< 3% from the adsorbed amount) desorbed form the 

surfaces by cooling the PEM from 37 °C to 4 °C [223]. Finally, the responding time and 
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temperature for the detachment can be different for varying phenotype of cells or 

origins due to their different metabolic requirements [224]. Therefore, these factors 

should be finetuned in future for such PNIPAM-containing PEMs in the application for 

cell sheet engineering.   

In conclusion, this PhD work provides fundamental insights into the presented PEM  

constructs based on polysaccharides containing PNIPAM with enhanced bioactivity, 

paving the way for the future applications like free standing PEM films in wound healing 

applications since proliferation and migration of cells like endothelial cells, fibroblasts 

and keratinocytes are important during tissue regeneration. In particular, the 

immobilization of GFs and adhesive proteins on such PEM may be an interesting 

approach to prolong the GF activity and improve the efficiency on culture and 

programming tissue and stem cells like PSC without the need to add soluble GF 

regularly. Finally, using higher molecular weight of PNIPAM may improve the 

thermoresponsive behavior of the PEM to better induce the cell detachment below the 

LCST.  
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Supporting information 

 

Figure S1. (A) Phase contrast image of C3H10T1/2 cells on crosslinked PEMs with 

Hep terminal layers after 48 h culture at 37 °C (upper row), cooling at 20 °C for 1 h 

(middle row), and cooling at 4 °C for another 1 h (lower row) Scale bar: 100 µm. 

Calculation of (B) cell number at 48 h culture and (C) detachment ratio after cooling at 

20 °C for 1 h and 4 °C for another 1 h. (Detachment ratio = number of detached cells / 

numbers of adhered cells before detachment) 

 

Figure S2. (A) Phase contrast image of C3H10T1/2 cells on crosslinked PEMs with 

ChS or PChi/Chi terminal layers after 72 h culture at 37 °C (upper row), and cooling at 

4 °C for another 1 h (lower row) Scale bar: 100 µm.
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