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ABSTRACT 

Immune cells that constitute our immune system keep the human body safe and help 

in warding off infections mediated by different pathogens and also play a key role in 

regulating homeostasis, wound healing, and regeneration of tissues. Implantation or 

infusion of foreign agents such as biomaterials, nanoparticles, small molecule drugs, 

or living cells needs to navigate the complex immune landscape for successful 

therapeutic outcomes. Thus, devising new engineering tools or immune-responsive 

biomaterials that can safely traverse/modulate the aggressive immune system or 

harness the ‘cell-killing’ or ‘wound healing’ properties of the immune system as a 

potent tool for treating human diseases are of paramount importance for developing 

new therapies. In this context, this dissertation has developed new bioengineering 

strategies adopting nanomedicine or tissue engineering approaches for modulating 

our immune system which was successfully demonstrated for anti-cancer studies, 

stem cell delivery, and tissue regeneration applications. 

Here in this thesis, hyaluronic acid (HA), one of the key polymers of our 

extracellular matrix (ECM) has been used as a major building block for engineering 

nanocarriers and a hydrogel scaffold. The HA-derived nanoparticles were designed 

for anti-cancer applications and immunosuppressive HA-based hydrogel scaffolds 

were designed for tissue engineering applications. The HA nanoparticles were 

designed following a novel self-assembly strategy where hydrophobic 

immunosuppressive drug, dexamethasone was conjugated to the HA backbone to 

induce amphiphilicity, which was subsequently loaded with a well-known 

chemotherapy drug, doxorubicin. These drug-loaded HA-nanoparticles formed an 

ideal nanocarrier for combination therapy and the delivery system was tested for its 

anticancer activity, macrophage polarization potential, and its capability to modulate 

thromboinflammation in human whole blood. Gratifyingly, the novel HA-based 

nanocarrier was found to suppress platelet aggregation and thrombin generation that 

are trigged by doxorubicin. The HA-based nanocarrier also triggered the 

repolarization of tumor-associated macrophages to M1 macrophages as evidenced 

by the increase in expression of proinflammatory genes like TNF. 

Delivering therapeutic cells such as mesenchymal stem cells (MSCs) is another 

key objective of this thesis. The thrombotic activity induced by MSCs after 
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allotransplantation is a major obstacle in the field of cell-based therapies as these 

cells trigger the activation of coagulation and complement cascade, after intravenous 

infusion leading to poor in-vivo survival. To circumvent this challenge, we adopted 

two independent approaches, namely nanoparticle-mediated tissue factor gene 

silencing and layer-by-layer polyelectrolyte coating. We designed a novel pluronic-

based nanomicelles conjugated with siRNA bearing a reducible disulfide linker that 

displayed efficient gene silencing (~70%) in MSCs. The effective silencing of the 

tissue factor gene in MSCs significantly enhanced the hemocompatibility in human 

whole blood as they did not activate the complement and coagulation pathways. 

Surprisingly, the silencing of tissue factor resulted in enhanced paracrine signaling 

and differentiation potential through some unknown molecular pathway. In the 

second strategy, we coated the MSCs with two polyelectrolytes namely, heparin and 

gelatin (H/G) in a layer by layer (LbL) manner. These coated cells were found to 

enhance hemocompatible when studied in human whole blood. The proliferation, 

paracrine signaling aspects and differentiation aspects of these coated cells were also 

studied. These studies revealed that the H/G coating did not hinder the paracrine 

signaling and differentiation capabilities of the cells.  

Finally, we engineered an immunoresponsive HA hydrogel by conjugating gallic 

acid, a polyphenol that is known to display antioxidant properties and are found in 

green tea, and other medicinal plants. The addition of gallol to HA hydrogel 

enhanced the adhesive and antioxidant properties while also providing a shear 

thinning/self-healing property to the hydrogel. Surprisingly, gallic acid 

functionalization provided immunosuppressive characteristics as verified by 

culturing primary murine M1 macrophages. Subcutaneous implantation of gallol-

functionalized HA gels in healthy mice displayed infiltration of immunosuppressive 

myeloid cells within these gels, while higher numbers of pro-inflammatory myeloid 

cells were observed in the control HA gels.  

In conclusion, this dissertation formulates a wide range of engineering strategies 

for regulating our immune system that supported enhanced survival of stem cells 

after transplantation, provided safer delivery of chemotherapeutic agents using 

biomimetic HA-based nanocarriers, and identified gallic acid as an 

immunomodulatory molecule that can be exploited to design immunosuppressive 

3D scaffolds for tissue engineering applications.  
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TIIVISTELMÄ 

Immuunijärjestelmän muodostavat immuunisolut, jotka pitävät kehomme turvassa 

ja auttavat torjumaan eri taudinaiheuttajien välittämiä infektioita sekä ovat 

keskeisessä roolissa homeostaasin säätelyssä, haavan paranemisessa ja kudosten 

uusiutumisessa. Onnistuneen hoidon saavuttamiseksi on potilaan kehoon lisätyn 

implantin tai muiden vieraiden aineiden, kuten biomateriaalien, nanopartikkeleiden, 

pienimolekyylisten lääkkeiden tai elävien solujen selviydyttävä monimutkaisessa 

immuuniympäristössä. Tämän vuoksi on ensiarvoisen tärkeää kehittää uusia teknisiä 

ratkaisuja tai immuunivasteisia biomateriaaleja, jotka pystyvät turvallisesti 

muuttamaan aggressiivista immuunijärjestelmää tai hyödyntämään 

immuunijärjestelmän "soluja tappavia" tai "haavoja parantavia" ominaisuuksia 

potilaiden sairauksien hoidossa. Tähän ongelmaan liittyen tässä väitöskirjassa 

kehitettiin uusia biotekniikan strategioita, jotka hyödyntävät nanolääketieteen tai 

kudosteknologian lähestymistapoja immuunijärjestelmän muuttamiseksi.  

Tässä väitöskirjassa on käytetty nanokantajien ja hydrogeelitukirakenteiden 

suunnittelussa hyaluronihappoa (eng. hyaluronic acid, HA). HA-pohjaiset 

nanopartikkelit suunniteltiin syövän vastaisiin sovelluksiin, kun taas 

immunosuppressiiviset HA-pohjaiset hydrogeelitukirankenteet suunniteltiin 

kudosteknologian sovelluksiin. HA-nanopartikkelit suunniteltiin käyttäen uutta 

itsekokoontumisstrategiaa, jossa vettä hylkivä immunosuppressiivinen lääke, 

deksametasoni, yhdistettiin HA-runkoon amfifiilisyyden luomiseksi. Tämän jälkeen 

tunnettu kemoterapialääke, doksorubisiini, lastattiin nanopartikkeliin. Nämä lääkettä 

sisältävät HA-nanopartikkelit muodostivat ihanteellisen nanokantajan 

yhdistelmähoitoon ja lääkkeenkuljetusjärjestelmää tutkittiin sen syövänvastaisen 

aktiivisuuden, makrofagien polarisaatiopotentiaalin ja sen kyvyn muuttaa 

trombiintulehdusta ihmisen kokoveressä. Havaittiin, että uusi HA-pohjainen 

nanokantaja esti verihiutaleiden yhteen kasautumista ja trombiinin muodostumista, 

mitä doksorubisiini yleensä aiheuttaa. HA-pohjainen nanokantaja aiheutti myös 

kasvaimeen liittyvien makrofagien repolarisaation M1-makrofageiksi, mikä on 

osoituksena tulehdusta edistävien geenien, kuten TNF:n, ilmentymisen 

lisääntymisestä. 
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Toinen väistökirjan keskeinen tavoite on terapeuttisten solujen, kuten 

mesenkymaalisten kantasolujen (eng. mesenchymal stem cells, MSC) toimittaminen 

kohteeseen. MSC-solujen aiheuttama tromboottinen aktiivisuus allotransplantaation 

jälkeen on suuri haaste solupohjaisissa hoidoissa, koska nämä solut laukaisevat veren 

hyytymisen ja komplementtijärjestelmän aktivoitumisen suonensisäisen infuusion 

jälkeen. Tämä johtaa solujen huonoon in vivo eloonjäämiseen. Haasteen välttämiseksi 

hyödynsimme kahta riippumatonta strategiaa. Suunnittelimme uudet pluronic-

pohjaiset nanomisellit, jotka oli yhdistetty pelkistävää disulfidilinkkeria sisältävään 

siRNA:han. Tämä yhdistelmä osoittautui tehokkaaksi geenin vaimentamisessa (~ 

70 %) MSC-soluissa. Kudostekijägeenin tehokas vaimentaminen MSC-soluissa 

paransi merkittävästi veriyhteensopivuutta ihmisen kokoveressä, koska ne eivät 

aktivoineet komplementti- ja hyytymisreittejä. Yllättäen kudostekijän vaimentaminen 

johti parakriinisen signaalin ja erilaistumispotentiaalin parantumiseen ennestään 

tuntemattoman molekyylireitin kautta. Toisessa strategiassa pinnoitimme MSC-solut 

käyttäen kahta polyelektrolyytiä layer-by-layer (LbL)-tekniikalla: hepariinia ja 

gelatiinia (H/G). Näiden päällystettyjen solujen havaittiin parantavan 

veriyhteensopivuutta, kun niitä tutkittiin ihmisen kokoveressä. Myös näiden 

päällystettyjen solujen lisääntyminen, parakriininen signalointi ja erilaistuminen 

tutkittiin. Tutkimuksista paljastui, että H/G-pinnoite ei estänyt solujen parakriinisia 

signalointi- ja erilaistumiskykyjä. 

Lopuksi kehitimme immuunivasteisen HA-hydrogeelin konjugoimalla 

gallushappoa. Gallolin lisääminen HA-hydrogeeliin paransi adhesiivisia sekä 

antioksidanttisia ominaisuuksia, samalla kun se tarjosi hydrogeelille 

pseudoplastiset/itseparantuvat ominaisuudet. Yllättäen gallushapon 

funktionalisointi tarjosi immunosuppressiivisia ominaisuuksia, mikä varmistettiin 

viljelemällä primäärisiä hiiren M1-makrofageja. Gallolifunktionalisoitujen HA-

geelien ihonalainen implantointi terveisiin hiiriin osoitti immunosuppressiivisten 

myeloidisolujen tunkeutumista näissä hydrogeeleissä. Kun taas kontrolli-HA-

geeleissä havaittiin suurempi määrä tulehdusta edistäviä myeloidisoluja. 

Yhteenvetona voidaan todeta, että tämä väitöskirja esittelee laajan valikoiman 

teknisiä strategioita immuunijärjestelmän säätelyyn. Strategiat tukivat kantasolujen 

parempaa eloonjäämistä transplantaation jälkeen, tarjosivat kemoterapeuttisten 

aineiden turvallisemman kuljettamisen käyttämällä biomimeettisiä HA-pohjaisia 

nanokantajia ja tunnistivat gallushapon immunomodulatoriseksi molekyyliksi, jota 

voidaan hyödyntään immunosuppressiivisten 3D tukirakenteiden suunnittelussa 

kudosteknologian sovelluksiin. 
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1 INTRODUCTION 

Over the last few decades, the role of biomaterials in healthcare has drastically 

increased. The application of biomaterials has greatly improved the fields of tissue 

engineering, immunotherapies, drug delivery and medical implants. 1–3 The capability 

of the current generation of biomaterials to be easily modified with respect to their 

chemical and physiochemical properties, to protect biologically active products 

(cells, peptides, nucleic acids) and to be used as biocompatible supports; in the form 

of scaffolds and medical devices; has made them more potent for use in a wide range 

of applications. 4–6 The term biomaterial has been broadened in recent years to 

include a range of substances that could differ structurally and functionally, 

originating naturally or being completely synthetic.  

While a great deal of progress has been made in the field of biomaterial research, 

there has been comparatively slower progress in translating this research into clinical 

application.7 This clinical translation of the biomaterials has been slowed down due 

to the effort required to complete the process by the participating research 

organizations, industries and regulatory bodies in different countries. However, apart 

from these bureaucratic problems, there have also been issues where the induction 

of the biomaterials creates adverse immune responses.8  Though there have been a 

few commercially available biomaterials products that have not been known to create 

an adverse immune response, there are still several biomaterials that could create 

excessive inflammation, hinder the healing processes, destroy the surrounding tissue, 

and even be rejected by the body. This has brought the spotlight on favorable 

biomaterial-immune cell interactions for successful clinical translation of new 

devices and implants for various biomedical needs. 

The immune system is key to our sustenance and survival as it provides the 

defense of the body against infections and harmful substances, and protect us against 

tumor formations by eliminating aberrant cells while also stimulating wound healing 

and tissue regeneration after injury. Here in this thesis, we focus on the macrophages 

as they are some of the first cells to be on the site of injury or inflammation and are 

present in all tissues in the form of resident macrophages.9,10 The ability to 

manipulate these cells of the immune system has brought about a new generation of 
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therapies wherein the design of the biomaterials are focused on reorienting and 

exploiting the potential of the immune cells.11–13  The design of these 

immunomodulatory biomaterials requires the combined knowledge in immunology, 

materials science and bioengineering for the biomaterials to harness the healing or 

destructive capabilities of the immune system are needed for different therapies (e.g., 

anti-cancer therapies and tissue regeneration).  
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2 REVIEW OF LITERATURE  

2.1  Immune system and its responses to foreign bodies  

Every biomaterial that is used for therapeutic purposes is targeted by the host 

immune system. Traditionally, when a biomaterial is injected or implanted into the 

body, there is an immediate aggressive response towards it from the immune system. 

This response when uncontrolled, results in the encapsulation of the biomaterial as 

a fibrous capsule or triggers chronic inflammation, leading to the failure of the 

implant. This process is called the foreign body response (FBR). The main strategy 

before the advent of immunomodulatory biomaterials was to design bioinert 

materials that evade the detection of the materials by the immune cells. However, 

with the advent of immunomodulatory biomaterials, the host immune response to 

the biomaterials could be exploited to our advantage to enhance the survival of 

therapeutic cells in living scaffolds after implantation and ameliorate biomaterial-

tissue integration to stimulate tissue regeneration.14 The nature of the 

immunomodulatory biomaterials can be used to fine-tune the response of the 

immune system and ensure the proper functionality of the implanted material. In the 

following sections, the immune system-biomaterials interactions and the different 

cells involved in regulating these processes are discussed in detail. 
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Figure 1.   (A) Schematic description of foreign body response when a biomaterial is implanted into 
the body. (B)&(C) Two different strategies that could be employed to overcome biomaterial 
failure. Figure Adapted and modified with permission from Whitaker et al. 2021.14  

2.1.1 Foreign Body Response 

The immune system in the human body can broadly be classified into two types 

based on how they respond and the types of cells involved in the responses. The 

innate immune system is responsible for the immediate and non-specific 

inflammatory response following the recognition of foreign material or pathogens in 

the body. The innate immune system being the first responders, consists of a wide 

range of immune cells from polymorphonuclear cells, mononuclear cells consisting 

of the dendritic cells, monocytes and macrophages and the lymphocytes which 

include the natural killer cells (NK cells), gamma delta T-cells, and the innate 

lymphoid cells.15 The adaptive immune system or the acquired immune system is the 

more specialized arm of the immune system where specific antigen responses are 

effectuated. This adaptive immune system is also responsible for the development 

of long-term memory, which enable long-term protection against specific pathogens 

or antigens.16  

As mentioned above, the introduction of the biomaterials to the human body 

triggers a reaction to the biomaterial that determines the outcome and the biological 

performance of the biomaterial. The immune system is also activated by the 
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degradation products released by the biomaterial.17 This release of the products 

caused by the degradation leads to an uncontrolled inflammatory reaction (a process 

called FBR) which ends with the fibrotic encapsulation of the implanted biomaterial 

and ultimately leading to the failure of the implant.18 The foreign body reaction 

(FBR) being the first response of the immune system towards the biomaterial 

comprises the cells of the innate immune system like the neutrophils, monocytes and 

macrophages. The macrophages involved in the FBR tend to fuse into foreign body 

giant cells (FBGCs) which then recruit fibroblasts and ultimately lead to the 

formation of the fibrous capsule around the implanted biomaterials. Generally, when 

the FBR happens, it is considered to be detrimental to the function and performance 

of the biomaterial. Over the years there have been many strategies to overcome the 

FBR or decrease the impact the FBR has on the outcome and functionality of the 

biomaterial. However, it is also believed that FBR will happen to every biomaterial 

and in cases like wound healing and tissue repair, the FBR can be manipulated for 

the proper functioning of the biomaterial.14 Therefore, the successful application of 

most biomaterials depends on how the biomaterial can modulate the FBR to 

enhance or perform its function.  
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Figure 2.  The figure depicts the different events that combine to form the process of FBR that forms 
the part of the innate immune response against the biomaterial. As soon as the biomaterials 
are implanted proteins are adsorbed on the surface which leads to the recruitment of 
immune cells that leads to the formation of fibrous capsules. Illustration adapted with 
permission from Mariani et al. 2019.8 
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2.1.2 Protein adsorption on the biomaterial surface 

Immediately after a biomaterial is implanted in the body, the blood from the 

surrounding damaged blood vessels comes in contact with the biomaterial and the 

first step of the FBR is initiated. Within minutes of the FBR initiation, a wide range 

of serum proteins are adsorbed onto the surface of the biomaterial. This adsorption 

of proteins onto the surface, a process called opsonization, creates a gradient that 

acts as a chemoattractant for the neutrophils, monocytes and macrophages. Many 

components in the plasma such as proteins, lipids, sugars and ions are rapidly 

adsorbed onto the surface of the biomaterial. 19 This adsorption process or the 

opsonization can be influenced by the different characteristics of the biomaterial 

surface. The energy, charge, chemistry, topography, and roughness of the surface 

can play a vital role in determining the amount, composition, and conformational 

changes of proteins adsorbed on the surface.8Furthermore these changes, over time, 

also influence the recruitment and adhesion of the different inflammatory and 

stromal cells that come in contact with the biomaterial.20,21  

All the proteins (albumin, globulins, fibronectin, vitronectin, and fibrinogen) that 

are adsorbed on the surface of the biomaterials are capable of signaling the immune 

cells towards the biomaterial. However, the complement class of proteins, 

particularly C3 and C5, are the most potent signaling agents. These proteins are 

known to fragment and coat the biomaterials which in turn makes the biomaterial 

an easier target for the circulating immune cells.22 After coating the biomaterial, the 

complement proteins activate the circulating platelets 23 and become conducive to 

platelet adhesion which leads to activation of other factors of the coagulation cascade 

and culminates in the formation of a clot.24 Among the other signaling proteins, 

fibronectin and vitronectin are requisite for modulating the inflammatory response 

and the fibrinogen is involved in activating the cellular components of the immune 

response along with the complement proteins.8    

In the paragraph above, a brief account of protein adsorption when biomaterials 

are implanted into the human body is given. It has also been mentioned how these 

adsorbed proteins can trigger the platelets leading to the activation of the 

complement and coagulation system triggering the instant blood mediated immune 

response. It has to be mentioned that a competitive protein exchange happens on 

the surfaces where these proteins are adsorbed. This phenomenon was first observed 

by Vroman and Adams when they studied the interaction of artificial surface with 

blood plasma proteins.25  The different proteins adsorbed on the surfaces of the 

biomaterials form layers called protein adsorption layers (PALs). The PALs are 



 

28 

formed through a dynamic process and can be made of different proteins at different 

times. The initial PALs are formed by the proteins in the blood with high 

concentrations and lower molecular weights. The proteins in the initial PALs are 

gradually replaced by the proteins with higher affinity to the surface of the 

biomaterials, thereby changing the composition of the PALs. This phenomenon of 

competitive protein exchange is known as the Vroman effect.26 The protein 

adsorption is affected by structural stability and isoelectric points of the proteins. 

The properties of the materials like the wettability, morphology, size and surface 

charge can influence the adsorption of the proteins on the surface of the 

biomaterials.26 

For the most part, the higher the levels of protein adsorption, the higher the cell 

adhesion and increased fibrotic encapsulation which increases the risk of biomaterial 

failure. As a result, there have been quite a number of studies where the authors have 

tried to reduce the levels of proteins adsorbed on the surface of the biomaterial. The 

most common strategy has been to coat the biomaterial with non-fouling polymers, 

thereby reducing the amount of proteins adsorbed. One prime example of this kind 

of polymer are the zwitterionic polymers that have shown promise of reducing the 

effect of FBR. These studies like Zhang et al. and Liu et al. have shown that the 

addition of zwitterionic moieties to hydrogel components showed lower adsorption 

of proteins as well as lower cell adhesion even when tested in animal models.27,28 

However, lowering the protein adsorption on biomaterials is not always good. 

Keselowski et al. observed that the discs made of polyethylene terephthalate (PET) 

when implanted in fibronectin deficient mice had increased fibrous encapsulation.29 

Another study observed that polyethylene glycol (PEG) hydrogels grafted with 

arginine-glycine-aspartic acid (RGD), a cell adhesion motif, displayed thinner fibrotic 

encapsulation when compared to the hydrogels without RGD in-vivo even though 

they had similar amounts of cells adhered and proteins adsorbed..30 They theorized 

that the early recruited cells, mostly macrophages, sense the underlying RGD peptide 

which is known to mitigate FBR These studies also showed that the ability to 

modulate the amount of proteins adsorbed lessens the severity of the FBR. Further 

studies are required to understand the intricacies of this process.  
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2.1.3 Neutrophils recruitment  

Neutrophils, the most abundant of the immune cells in the blood, are phagocytic 

cells and degrade any foreign objects to a certain extent.31 After the formation of a 

provisional matrix by the platelets, the neutrophils are activated and recruited by the 

chemoattractant released by the platelets and the other immune cells surrounding 

the biomaterial. There have also been reports that neutrophils are present for longer 

durations at the site of biomaterial implantation when compared to regular wound 

sites.32 The neutrophils adhere to the biomaterial site through the β2 integrins and 

start degradation of the biomaterial through phagocytosis and other enzymes 

released through the cell's cytoplasmic granules.33 The neutrophils also release a 

sticky network of elastase, chromatin DNA, histones, and granular proteins. This 

network also called the neutrophils extracellular traps (NETs) helps in trapping the 

pathogens and mitigates the spread of infection.34,35 The neutrophil released NETs 

also hinder the healing and tissue regeneration capability by sustaining an 

environment that is conducive to increased fibrotic encapsulation of the 

biomaterials.36 There have been studies where the process of the formation of NETs 

can be modified by modulating the biomaterial. Fetz et al. have observed that their 

electron spun polydioxanone (PDO) and polydioxanone-collagen I (PDO-COL) 

templates could attenuate the NET formations. The PDO templates with larger fiber 

diameters reduced the NET process and the blended PDO-COL templates 

attenuated the NET formation irrespective of the fiber diameters in both in-vitro 

and in-vivo studies.37 It is also reported that neutrophils are not key to the formation 

of fibrosis as Daniel. G Anderson and colleagues had observed that the lack of 

neutrophils did not cause a complete absence of fibrosis.38 They observed that their 

alginate particles clumped more, an indication of heightened immunity, in a rodent 

model where they depleted the neutrophil population (using Ly6g neutralizing 

antibody) comparable with what they had observed with smaller diameter implants.39  

The activated neutrophils also release a variety of immunoregulatory signals like 

CXCL8 (C-X-C Motif ligand 8), CCL2 (C-C motif chemokine ligand2), and CCL4 

(C-C motif chemokine ligand 4). The CXCL8 released by these neutrophils helps in 

recruiting more neutrophils while the CCL2 and the CCL4 act as a chemoattractant 

for recruiting the monocytes, macrophages, and dendritic cells (DCs) and the 

lymphocytes.40 The consistent release of these factors is of interest to the monocytes 

that infiltrate the implant site, thereby suppressing the neutrophils which diminish 

progressively due to the lack of activating signals.17 
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2.1.4       Macrophages and foreign body giant cells (FBGCs) 

As the activated neutrophils release the CCL2 and CCL4 cytokines, the monocytes 

circulating in the blood get attracted to the inflamed tissue. As the monocytes arrive 

at the implant site, they differentiate into macrophages and release inflammatory 

cytokines and accelerate the FBR progression. The monocytes and macrophages 

exhibit high plasticity and are known to exist in various distinct phenotypes. The 

plasticity and the distinct phenotypes of the macrophages depend on the cues given 

by the biomaterials and the proteins adhered on the surface of the biomaterials.41 

The macrophage phenotypes can broadly be referred to as either classically activated 

or pro-inflammatory ‘M1’ and alternatively activated or anti-inflammatory ‘M2’ 

macrophages. These macrophages being adherent, secrete more chemokines and 

help in the recruitment of additional immune cells.42 The macrophages, at the site of 

biomaterial implantation, also attempt to disintegrate the biomaterial through the 

degrading enzymes and reactive oxygen species (ROS). The macrophages being 

smaller than the implanted biomaterial, ultimately fail to complete phagocytosis, 

thereby undergoing a process called frustrated phagocytosis. During this process, 

these macrophages start to release anti-inflammatory cytokines like IL10 and shift 

towards the M2 phenotype. This shift in the macrophage phenotype triggers the 

tissue regenerative mode and attracts fibroblasts to the biomaterial site.43 The 

frustrated phagocytosis and the resulting switch of the macrophages from the M1 to 

the M2 phenotypes creates a process where the macrophages fuse to each other and 

form FBGC. These FBGCs, being a distinctive feature of the chronic inflammation 

in the biomaterial site, can adhere to the biomaterials and form a barrier between the 

tissue and the biomaterials thereby leading to the failure of the biomaterial.44 The 

formation of the FBGCs also signifies that the biomaterial-mediated FBR has 

commenced and the biomaterial is most likely to fail. 

The importance of the role played by the macrophages has been depicted in 

several studies where the macrophages or monocytes are depleted due to treatment 

with clodronate liposomes. In these mice models, the authors observed that the 

fibrous encapsulation of their biomaterials was largely inhibited.45,46  Other strategies 

involve disrupting the different macrophage signaling pathways such as the Nlpr3 ( 

NOD-like receptor pyrin domain 3) and Asc ( apoptosis-associated speck-like 

protein 1, monocyte chemoattractant protein- 1α; MCP1), which modulated the 

efficacy of FBR.47,48 Kyriakides and colleagues reported that mice implanted with 

where poly-vinyl alcohol (PVA) sponges that were deficient in CCL2 displayed lower 

FBGCs formation even though the number of monocytes and macrophages in these 
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mice were not affected. Despite this, the deposition of other materials (like collagen) 

on the PVA implants were comparable to the control groups.49 The rate of 

degradation of these implants was however much slower in the CCL2 deficient mice 

when compared to the control mice suggesting that macrophages do mediate the 

formation of fibrous capsules but there might also be additional processes that 

mediate the formation of capsules even without the help of the macrophages. Taking 

all this together, it is evident that macrophages are indispensable for the FBR but 

their exact role in this process is still being studied.  

2.1.5 Instant blood mediated immune response 

In sections above, we have seen in detail how the immune system reacts to the 

biomaterial when a biomaterial is implanted in the body. Nanomaterials used for 

different therapies and transplanted cells also encounter a similar treatment from the 

immune system. When the nanomaterials or cells are injected into the blood, they 

induce a thrombotic reaction called instant blood mediated immune response 

(IBMIR). The IBMIR is generally characterized by the activation of the complement 

and the coagulation systems, recruitment of leukocytes and activation of platelets.50 

The complement system is made up of at least 30 soluble and membrane-bound 

proteins. These proteins allow the complement system to act in different situations 

like host defense, inflammatory, homeostatic, and immune reactions. There are three 

main pathways of complement activation are the classical, the lectin, and the 

alternative pathways. Briefly, the classical pathway is activated by the antigen-

antibody complexes. The lectin pathway is triggered by the binding of mannose-

binding lectin (MBL) to pathogen surfaces and the involvement of MBL-associated 

serine proteases MASP-1 and MASP-2. The alternate pathway is triggered by the 

spontaneous hydrolysis of C3 to C3(H2O). In all three pathways, the generation of 

C3b by C3 cleavage helps in the cleavage of C5 to C5a anaphylatoxin and C5b. C5b 

is involved in the recruitment of components C6, C7, C8, and C9 to form the 

membrane attack complex (MAC). The main function of the MAC is to mediate the 

lysis of pathogens of targeted cells.51  

Apart from the complement system, the coagulation cascade is involved in the 

reaction toward the nanomaterials and cells that are injected into the body. Tissue 

factor is reported to be the central player of coagulation in the extrinsic cascade and 

is known to be involved in thrombotic pathologies and biomaterial-associated 

processes.51 Briefly, a stimulus from the cells or the nanomaterials results in the 
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activation of the extrinsic Xase complex which is comprised of the tissue factor and 

the factor VII.52 This complex then triggers the activation of the factor X which 

along with the activated factor V forms the prothrombinase complex that mediates 

the conversion of prothrombin to thrombin. This generation of thrombin then 

activates the platelets resulting in the formation of a clot. There have been reports 

suggesting the mutual regulation between the complement and coagulation 

systems.53 

There have been attempts to attenuate the IBMIR when cells are transplanted in 

to the body. In the case of nanoparticles, the surface of the nanoparticles can be 

treated/coated with hydrophilic polymers like polyvinylpyrrolidone (PVP)54 and 

poly(hydroxyethyl methacrylate) (PHEMA)55 and poly (2-methacryloyloxyethyl 

phosphorylcholine (MPC)-co-2-vinylnapthalene (vN)) (PMvN)56 to make their 

surface less adhesive to proteins and platelets, which would help in reducing the 

effect of IBMIR. Biomacromolecules or bioactive molecules like heparin, hirudin, 

prostaglandins have been added to surfaces of nanoparticles and have made them 

less prone to induce thrombosis.57 When the cells are transplanted into the body, 

they are known to trigger the IBMIR. It is well known that the expression of CD142 

or tissue factor on the cell surface has been a major cause for the cells induced 

thrombosis. This activation of the coagulation and the complement systems by the 

cells results in the low engraftment and cellular destruction. Johansson et al.  have 

reported a solution wherein they observed that low molecular weight dextran sulfate 

blocked the activation of IBMIR when islet cells were exposed to blood in an in-

vitro model 58 and in-vivo models.59 Based on these reports, there has been an 

ongoing clinical trial with a low molecular weight dextran sulfate based therapy in 

diabetic patients to study if it causes any adverse events.60 Surface modification cells 

with IBMIR inhibiting biomacromolecules have also been reported. Cabric et al. have 

reported that engraftment of heparin with biotin/avidin interactions on islet cells 

surface had reduced the IBMIR induced by these cells in-vitro models61 as well as in 

in-vivo models.62 Lipid coatings, more specifically maleimide modified PEG was 

used to coat the surface of the islet cells isolated from pancreas of Syrian hamsters. 

The addition of this PEG coating on the cells suppressed IBMIR, reduced cell 

damage and increased graft survival when these PEG modified cells were 

transplanted in diabetic mice.63 Some of the more recent strategies used to suppress 

IBMIR triggered by cells are mentioned in section 2.3. 
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2.2 Role of the immune system in cancer and tissue 
regeneration 

2.2.1 Tumor microenvironment and immune system 

One of the major ways through which our immune system is programmed to 

recognize harmful pathogens is through antigens. The human body is also capable 

of producing its own antigens, however, the immune system in most cases is 

programmed not to respond towards these particular antigens.64 As the tumor cells 

increase in number, they acquire a large number of mutations that allow them to 

produce antigens that can be recognized by the immune system. This recognition of 

the tumor cells by the immune system helps in destroying the tumor and preventing 

metastasis.65 Briefly, there is a cancer immunity cycle that Chen et al. have described 

in their review. They state that the cycle begins when the neoantigens from the tumor 

formation or oncogenesis are detected by the DCs for it to be processed to later 

steps. For these antigens to elicit a response from the T-cells, proinflammatory 

cytokines or factors released by dying cancer cells are necessary. (Step1) These DCs 

then present these antigens through the MHCI and MHCII to the T-cells (Step 2), 

which results in the priming and the activation of the effector T-cells against these 

specific cancer antigens (Step 3). Step 4 begins when these effector T-cells are taken 

to the tumor and culminates with step 5 which is when these T-cells start to infiltrate 

the tumor. The T-cells then bind to the tumor cells through the interaction between 

the T-cell receptors (Step 6) and proceed to kill the cancer cell (Step 7).65 The tumor-

specific antigens released by the death of these tumor cells begin the cycle again (Step 

1). The development of cancer in cancer patients begins when this cycle does not 

ensue accurately. In many instances, in these patients, the tumor microenvironment 

(TME) is chiefly responsible for the suppression of the anti-tumor effector cells. 
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Figure 3.  The cancer table of the cancer immunity cycle. The description in the cycle also shows the 
stimulatory and inhibitory factors for each step in the cycle that could be used in cancer 
therapy. The illustration is adapted with permission from Chen et al. 2013.65  

 

The TME is one of the most complex tissues in the body that continues to evolve. 

The TME mainly consists of the fibroblasts, the immune cells, and the stromal cells. 

With time, knowledge of the TME has drastically expanded, and it is now 

indisputable that the innate immune cells sculpt the TME while also indirectly 

controlling the TME by influencing the T-cell fate. The cytokines released by the 

tumor cells manipulate the immune cells such that the immune responses are muted 

and are influenced towards tumor progression. This cross-talk between the tumor 

cells and the immune cells fosters tumor growth and ultimately promotes tumor 

metastasis.66 Among the immune cells, the monocyte-derived macrophages are the 

ones that have been studied the most in this context. This is due to the fact that 

these cells can be polarized into the M1 phenotype, which are the proinflammatory 

or the tumor killer type, and the M2 phenotype which are the ones involved in 
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wound healing and tissue regeneration. In the cancer context, the TME polarizes the 

macrophages into the M2 phenotype and these cells grow to make up almost 50% 

of the tumor mass.67  The M2 macrophages are also known to regulate the epithelial 

cell movement during tissue remodeling. This function of the M2 macrophages and 

the release of M2 factors like (epidermal growth factor, EGF)68 is used by the tumor 

cells within the TME to promote the movement and invasion of cancer cells.69,70 In 

most cancers, the tumor growth, proliferation, angiogenesis, and the epithelial-

mesenchymal transition are enabled by the wound healing properties of the M2 

macrophages.71 There have been reports suggesting that the polarization of the 

macrophages to the M2 phenotype is influenced by the hypoxic conditions and the 

cytokines released by the tumor cells.72 The IL4 present in the TME also influence 

the macrophages to polarize to the M2 phenotypes by activating the STAT6 

pathway, which triggers the alternate polarization of the macrophages M2 or in the 

context of cancer, tumor-associated macrophages (TAMs).66 Hanna and colleagues 

have also reported that the tumor cells are known to influence the polarization of 

the macrophages through hedgehog signaling ligands that help in sustaining the M2 

polarization of the macrophages in the TME.73 The inhibition of this cross-talk was 

observed to be beneficial as it reduced the metastasis and also was observed to re-

educate the TME.  

Among the other immune cells involved in the cancers, DCs, when taken in the 

context of cancer can be broadly referred to as the tumor-infiltrating dendritic cells 

(TIDC). As with the macrophages, the DCs can also help in the formation of the 

tumor as evidenced by the CD5hi DCs that help in the suppression of the immune 

response.74 The TME manipulates the DCs into a tolerogenic phenotype by secreting 

cytokines that promote the immune suppression in DCs by activating the IDO, 

Arg1, and STAT3 metabolic pathways.75 The activation of these pathways ensures 

that the DCs ability to secrete inflammatory cytokines and then activate the effector 

T-cells is hindered. The immunosuppressive cytokines like the TGFβ, IL10, VEGF, 

and prostaglandin E2 (PGE2) in the TME are also known to inhibit the maturation 

of DCs into immunogenic cells and promote their development into tolerogenic cells 

that promote the growth and formation of the tumor.76 The response of the DCs in 

different cancers is not known to be uniform. For example, the DCs are not known 

to support the tumor formation in breast cancer, whereas the presence of TIDCs is 

a positive prognosis in endometrial cancer.77,78 The plasticity of the DCs in the TME 

is attributed to the tumor, its subtype, and the unique TME of each of the tumors.    

As with the macrophages and the DCs, the circulating neutrophils also react to 

different tumor types in different ways. Even though the neutrophils do not stay 
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long at the tumor site, they are known to exhibit a tumor-associated neutrophil 

(TAN) phenotype. The neutrophils can be broadly classified into N1 (tumor-

suppressive) and N2 (tumor-promoting) phenotypes. It is also reported that the N2 

neutrophil phenotypes are present at the later stage of tumor development.79 The 

neutrophils are known to modulate the immune responses via the reactive oxygen 

species (ROS) or the reactive nitrogen species (RNS) and reconfigure the 

extracellular matrix in the TME through matrix metalloproteinases (MMP8/9). This 

is known to promote angiogenesis, tumor progression, and metastasis through the 

release of Oncostatin-M, PGE2, neutrophil esterase (NE), and MMP-9.80,81 In 

patients with cancers, the neutrophils are categorized as high-density neutrophils, 

which corresponds to N1 phenotype and low-density neutrophils, that corresponds 

to N2 phenotypes of the neutrophils. The low-density neutrophils are known to 

exhibit an immature phenotype and are involved in the tumor progression and 

metastasis.82  

The NK cells, which are recognized for their cytotoxic effector cells role, are also 

influenced by the TME. The NK cells can broadly be classified as the CD56hi CD16lo 

which secrete inflammatory cytokines and the CD56lo CD16hi which function as the 

cytotoxic cells that eliminate the tumor.83 In normal circumstances, these NK cells 

are very efficient in eliminating the malignant cells and limiting the metastasis of the 

cancer cells. However, low NK cell activity has been associated in most patients with 

cancer.84 Though the NK cells are efficient in capturing and eliminating the 

circulating tumor cells through the perforin/granzyme mediated pathway, they are 

much less efficient in eliminating the tumor cells in the TME.85 In the TME, both 

the subtypes of the NK cells are known to have reduced inflammatory cytokines and 

reduced cytotoxic ability. This is due to the factors present in the TME and the TME 

cells communicating with the NK cells. As with the macrophages and the DCs, the 

NK cells also get influenced by the cytokines released by the tumor cells in the TME. 

These cytokines hinder the cytotoxic nature of the NK cells and ensure that these 

cells enhance the immunosuppressive nature of the TME by arresting the growth 

and expansion of the T-cells. The ability of the TME to manipulate these immune 

cells, and make them assist in the growth and proliferation of the tumor, shows the 

importance of direct cell to cell communication that impacts the tumor fate. 

However, there are also reports that other components such as the extracellular 

matrix (ECM) can indirectly impact the tumor fate. The ECM can impact the tumor 

in two ways, it can provide pathways to allow T-cell infiltrations and also inhibit the 

T-cell proliferation.86 The TME also consists of the stromal cells, which become 

influenced by the tumor cells and become cancer-associated fibroblasts (CAF). The 
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CAF are reported to contribute to the growth, proliferation and invasiveness of the 

tumor. The CAFs are also known to influence the polarization of the macrophages 

to the M2 phenotype in the TME and also help in the reduction of the T-cell 

population in the TME.87  

Immunotherapies are treatments that help the immune system or cells fight 

cancer. Traditionally, immunotherapies involve the use of either immune checkpoint 

inhibitors, T-cell transfer therapy. The most common treatment targets for the 

immune checkpoint inhibitors are the PD-1 or PD-L1 and the CTLA-4/B7-1/B7-2 

proteins.88 The checkpoint inhibitors block these proteins and allow the T-cells to 

kill the tumor cells. Some of the recent advancements in this area are discussed in 

the forthcoming sections. In the T-cell transfer therapy, tumor infiltrating 

lymphocytes or CAR T-cell cells are injected into the patients to fight against the 

tumor cells. The other major immunotherapy option is the monoclonal antibody 

treatment where antibodies targeting specific proteins on the T-cells to make them 

more responsive towards the cancer cells. There are also treatments where 

interferons or interleukins are used to activate the NK-cells and the T-cells and aid 

the immune system in fighting the cancer cells. More recently, reprogramming the 

myeloid cells in TME by engineering strategies like targeting prostaglandin E2 

receptor 4,89 increasing the ROS generation using copper based nanoparticles,90 

delivering mRNAs of proinflammatory markers,91 using microRNA 155 92, using 

exosomes to deliver antisense oligonucleotides targeting STAT693 have been 

included in the umbrella of immunotherapy. The reprogramming of the myeloid cells 

from the pro-tumor phenotype makes these myeloid cells more aggressive towards 

cancers. The observations of how the immune cells behave in the TME indicate an 

intricate set of interactions that takes place in the TME that leads to tumor 

proliferation, invasion, and metastasis. These observations also indicate that the 

TME should be a target in any future cancer therapies. 

 

2.2.2 Immune system and tissue regeneration 

As seen in the sections above, the immune system plays a huge role in the 

development and progression of a tumor. Similarly, there are a lot of studies that 

indicate that the immune system is crucial for tissue repair and the restoration of the 

functionality of the original tissue. The role of the immune system in tissue repair 

and regeneration can at best be described as complex, as their role depends on 
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various other factors like tissue type, organ, and the stage of life ( neonatal or adult).94 

As with anything that enters the human body, an injury or tissue damage is followed 

by an immune response. The innate immune system is triggered by the hazardous 

signals that are emitted by the damaged tissues. This triggering of the immune system 

in the absence of pathogens or foreign objects creates a situation that is termed as 

sterile inflammation.95 The adaptive immune system then follows the innate immune 

system and responds to these signals from the activated innate immune system. It 

has always been thought that the response of the innate was the critical factor in 

tissue repair, however, it is now thought that the adaptive immune system also plays 

a crucial role in the tissue repair and regeneration.96 

During pathogen attacks or during cancer, the immune system is activated or 

triggered by certain signals released by the pathogens or the cancer cells. In the case 

of wound healing or tissue repair, there are certain signals released from the tissue 

damage area by necrotic and stressed cells.97 In the wound healing and tissue repair 

context, these signals are known as danger signals or damage-associated molecular 

patterns (DAMPs). Heat shock proteins, high mobility group box protein, nucleic 

acids, inflammatory cytokines like IL1, IL33, and certain ECM proteins like collagen, 

elastin, and hyaluronic acid (HA) can all stimulate inflammation by acting as 

DAMPs.98 The inflammation is triggered when the toll-like receptors (TLRs) 

recognize the DAMPs and activate the NF-κB pathway. The activation of the TLRs 

also triggers the tissue-resident macrophages. These cells then release factors that act 

as chemoattractants for the neutrophils, monocytes, and the macrophages, which in 

turn release the inflammatory factors like tumor necrosis factor-α (TNF-α), IL-1β, 

and IL-6.99 The activation of the TLRs and the sustained release of pro-inflammatory 

signals seem to cause a detrimental effect in most cases of tissue repairs 100,101 but 

there are some studies that report that the TLRs are beneficial to wound healing in 

skin.96 It has also been reported that the role of the TLRs can either be beneficial or 

detrimental depending on when, where, and how the TLRs and the inflammatory 

signals are activated.102 In summary, the danger signals given out after the infliction 

of the wound can significantly influence the healing process at the early stages. 

Neutrophils, being the first among the immune cells to arrive at the site of tissue 

damage, are known to enhance the host defense while also removing foreign 

objects.96 As mentioned above, the tissue-resident macrophages, activated by the 

DAMPs and TLRs, release CXCL8 which triggers the cascade that attracts the 

neutrophils to the tissue damage site. The infiltration of the injury site by the 

neutrophils and the release of cytokines like IL17 and vascular endothelial growth 

factor (VEGF) leads to the recruitment of more neutrophils and promotion of 
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angiogenesis, and proliferation of other cells such as the fibroblasts and epithelial 

cells.103 In the context of tissue repair and wound healing, neutrophils are also known 

to exhibit anti-inflammatory phenotypes. These kinds of neutrophils help in the 

attraction of monocytes and macrophages that help in the elimination of dying cells 

and other debris in the injury site. The monocytes and macrophages also help in the 

removal of dying neutrophils which assists in the resolution of inflammation.104 

Therefore, controlling the mobilization of the neutrophils could be a good strategy 

to promote tissue healing and regeneration.105  

 Among the immune cells involved in the tissue repair/regeneration process, 

macrophages are known to have a critical role. The macrophages also play an active 

role in the tissue healing/repair process by eliminating the neutrophils, the cellular 

debris, and other dying cells by phagocytosis. The tissue-resident macrophages that 

are activated by the neutrophils, actively recruit a large number of circulating 

monocytes and macrophages. The tissue microenvironment plays an important role 

in determining the role, phenotype, and functions of these macrophages.96 In normal 

circumstances, in 1-3 days the circulating monocytes differentiate into macrophages 

and their presence in the tissue damage site can last up to 21 days.106 The monocytes 

are usually recruited from the blood, bone marrow, and the spleen. CCL2/CCR2 

and CX3CL1/CX3CR1 are the main receptors involved in the recruitment of these 

cells. The fibroblasts, epithelial and endothelial cells in the tissue damage area, and 

the surrounding areas produce CCL2 in response to the DAMPs and other 

inflammatory cytokines produced by the damaged cells or the necrotic cells. In the 

context of wound healing and tissue repair, the M2 or the anti-inflammatory 

macrophages are the cells that are considered to be more beneficial. These M2 

macrophages express factors like arginase, VEGF, platelet-derived growth factor 

(PDGF), and insulin-like growth factor (IGF) which help in the successful tissue 

repair process.107 As seen above, the cytokines play a major part in the polarization 

of the macrophages. However, there have also been reports suggesting that 

microRNAs (miRNAs) like miR-9, miR-127, miR-125b, miR-21, miR-223, and miR-

146a are crucial in helping the polarization of macrophages.108 The M2 macrophages, 

though beneficial in wound healing, due to their sustained activation, can contribute 

to the formation of pathological fibrosis. The M2 cells are known to promote fibrosis 

due to the significant amount of matrix metalloproteinases (MMPs) they produce 

during the tissue repair process.96  

Among the different cytokines produced by the M2 macrophages, IL-10 is known 

to be a critical cytokine for the tissue repair process. The production of the IL-10 by 

these macrophages modulates the  TRegs, which contribute towards the resolution 
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of inflammation and help in tissue repair and regeneration. Even though there has 

been enough evidence of the role of the macrophages in the tissue 

repair/regeneration process, there remains doubt about the plasticity of these cells. 

It is still unclear whether individual macrophages residing in the tissues can change 

their phenotypes at any given time or if there are particle subsets of macrophages 

that can only perform certain roles.107 In all, the successful tissue repair or 

regeneration requires the active contribution of immunosuppressive M2  

macrophages.  

The other main immune cells, the DCs, and the T-cells also play an important 

role in the tissue repair and wound healing processes. The DCs, similar in function 

to the macrophages, are known to be beneficial in wound healing as animal models 

that are deficient in DCs display poor wound healing after burn injuries.109 The DCs 

also promote wound healing through their interactions with the TLRs and type 1 

interferons.110 It has also been reported that the role of DCs during wound healing 

is of an immunoregulator that control the macrophage homeostasis. The T-cells, on 

the other hand, are also shown to help in the tissue repair and wound healing, 

however, the exact mechanism of action is largely unknown due to the large variety 

of T-cells found in the injury sites. In the different subsets of T-cell, the alpha-beta 

T-cells (αβT-cells) are known to have both pro and anti-inflammatory populations, 

while the gamma-delta T-cells (γδT-cells) have been reported to have beneficial 

effects on regeneration. CD4+ T-cells (TRegs) are also known to play a crucial role 

in the repair and regeneration of several tissues like skin, bone, lungs, and kidneys.111–

114 There have been significant studies done to prove that the T-reg cells and γδT-

cells are crucial in tissue healing especially in muscular and skin injuries.  
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Figure 4.  The figure depicts the different strategies through which the immune cells can be modulated 
using biomaterials and other factors like anti-inflammatory and pro-inflammatory factors. 
Differentiation factors are depicted by black arrows, induction is indicated by red arrows and 
blue arrows show inhibition. Figure adapted with permission from Julier et al. 2017. 96 

2.3 Engineering strategies for modulating the immune system  

In the above sections, the role of the immune cells in tissue regeneration and cancer 

progression has been discussed at great length. Therefore, modulating the immune 

system using biomaterials has become an attractive course of action in the fields of 

cancer therapy and regenerative medicine. It is also generally accepted that in the 

context of cancer therapy where the TME is immunosuppressive in nature, there is 

a need for cancer immunotherapies which actively boost the immunity whereas in 

the case of tissue engineering the need is to suppress overactive inflammation and 

create an immunosuppressive environment. Through the previous sections, it has 

been established that manipulating the immune system can have enormous potential 

in regenerative medicine as well as cancer therapy. In the coming segments, some of 

the recent biomaterials that manipulate the immune system, developed for 

regenerative medicine and anti-cancer therapies will be discussed.  
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2.3.1 Evading the complement and coagulation system 
It has been long reported, that the coagulation and complement systems get 

activated by based liposomal nanoparticles.115 However, Moghimi et al. reported that 

the methylation of the phosphate oxygen moiety of phospholipid 

methoxy(polyethylene glycol) (mPEG) conjugates prevented the complement 

activation. They observed that liposomes with mPEG held their anionic charge and 

therefore activated the complement system and the liposomes made with the 

methylated mPEG removed the anionic charge and did not activate the complement 

system. The authors thus say that this method could be used to make safer 

liposomes.116 In a similar manner, Adler and colleagues reported an alternate solution 

to PEGylation to avoid the activation of the complement system. When they 

synthesized the liposomes and coated them with different mol% of poly(2-

methacyloyloxyethyl phosphorylcholine (PMPC) lipids, they observed lower 

complement activation. They observed that when the mol% of the PMPC lipids on 

the coating was between 1-10%, there was comparatively lower adsorption of 

proteins post-incubation in human plasma. The authors also observed a correlation 

between the PMPC molecular weight and the C3 binding. The higher polymerization 

degree on the PMPC were able to better suppress the total protein adsorption as well 

as the C3 binding. With their results, these authors show that the modification of 

liposomes with PMPC lipids can be a viable strategy to complement activation.117 In 

another study, chondroitin sulphate (CS) polymer-coated nanoparticles were used to 

suppress the thromboinflammation caused by doxorubicin. To make the CS-coated 

gold nanoparticles, the authors first functionalized the CS with a disulfide group and 

free hydrazide units. This modified CS was then used as a surface capping agent for 

the preparation of the gold nanoparticle. Doxorubicin was then conjugated through 

an acid liable hydrazone linkage to make the complete nanoparticle (CS-Au-Dox). 

The authors exposed the doxorubicin conjugated to whole human blood and 

observed that the CS-Au-Dox nanoparticles did not cause clotting. The CS-Au-Dox 

nanoparticles also did not activate the thrombin anti-thrombin complex (TAT) 

suggesting that these nanoparticles could evade the systemic immune system.118 

Like the strategies used in making the nanoparticles stealthier, the cells used for 

transplantation are also modified to avoid triggering the immune system. It has been 

reported that most of the cells are lost due to IBMIR.119 To make the cells used for 

transplantation stealthier, Asawa and colleagues functionalized the cell surface with 

heparin conjugated lipids. The authors used fragmented heparin (fHep) and 

modified this to carry an aldehyde group at one end. The modified fHeps were then 

conjugated to oligo lysine bound polyoxyethylene (POE) chain lipids via Schiff base 



 

43 

reaction to produce the fHep-lipid. Briefly, they coated these fHep-lipids MSCs and 

evaluated the functionality of these fHep coating in whole blood. The cells coated 

with these lipids displayed significantly lower platelet generation and lower 

generation to TAT when compared to the uncoated cells. The authors thus show 

that engineering the surface of the cells with modified lipids can be used as a strategy 

to protect the cells from the attack of the immune cells.120 Similarly, Nilsson et al. 

combined different strategies to create one method to coat the cells and prevent 

them from activating the complement system. Briefly, the authors conjugated a 

factor H binding peptide (5C6), an ADP degrading enzyme (Apyrase) with PEG 

linkers to cellular surfaces. Both the 5C6 peptide as well as the apyrase are known to 

regulate the platelet and complementation activation by recruiting factor H and ADP 

depletion. When the cells coated with these materials were exposed to whole human 

blood, it was observed that the coated cells did not cause coagulation and generated 

less TAT, and did not activate the complement system. These results clearly showed 

that the factor H clearly inhibited the complement system, while the activation of 

platelets and coagulation was attenuated by the ADP. These authors show that 

inhibiting thromboinflammation using a combined approach can potentially reduce 

IBMIR that are triggered when the cells are transplanted.121 

     

Figure 5.  Surface modification of substrate and cell surfaces with 5C6 and apyrase. (a) Immobilization 
of biotinylated peptide onto polystyrene surfaces via avidin. (b) Immobilization of thiolated 
peptide and apyrase onto glass surfaces via maleimide-conjugated PEG. Thiolated factor 
H-binding peptide 5C6 and apyrase are conjugated to the end of PEG chains via a thiol-
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maleimide reaction. (c) Chemical structure of 5C6-conjugated PEG-lipid for surface 
modification of cells (erythrocytes, endothelial cells). (d) Schematic representation of a cell 
surface modified with 5C6 and apyrase, which are co-immobilized on cell surfaces by 
incorporation into the lipid bilayer membrane. Factor H is recruited to the surface by 5C6 
from human blood to impair complement activation, and apyrase degrades ADP to suppress 
platelet and coagulation activation. Adapted with permission from Nilsson et al .121 

2.3.2 Immunomodulatory biomaterials in anti-cancer therapy 

The practice of targeting the immune system as a means of anti-cancer treatment has 

been called cancer immunotherapy. Immunotherapeutic agents are designed to 

evoke an anti-tumor response from the immune cells that have been influenced by 

the tumor cells, thereby inhibiting the tumor growth and metastasis.122 Since the 

approval of cytokine interferon-α (IFN-α) by the food and drug administration 

(FDA) in 1986,122 there have been many other immunotherapeutic agents that have 

been developed and approved for clinical use. However, these agents have also 

known to have safety and efficacy problems that have yet to be solved. Most of the 

immunotherapeutic agents or drugs are usually systemically administered and thus a 

majority of dosage is rapidly excreted and lost due to poor targeting abilities. Due to 

these limitations, the drugs or immunotherapeutic agents are administered in large 

doses repeatedly leading to significant toxic side effects. The need to alleviate the 

toxic side effects and reduce the activation of systemic immune reactions has led to 

the advent of delivery systems using biomaterials. These biomaterial-based delivery 

systems are known to be target-specific with the added advantage of being highly 

efficient, non-toxic, and even having an anti-tumor stimulating effect on the immune 

cells.123,124 Different biomaterials like liposomes, natural and synthetic polymers, and 

a few metals can be used as delivery vehicles. For the anti-tumor effect to reach its 

maximum, the material for the delivery vehicle can possess anti-tumor properties of 

its own as well as deliver the immunopharmaceuticals. In the paragraphs below, 

some of the most recent biomaterial-based cancer immunotherapeutics will be 

discussed.   

Liposomes are nanoparticles that are made of lipids, mainly phospholipid 

bilayers. These liposomes have been extensively studied for their potential to carry 

and deliver drugs to specific targets. There have also been liposomes developed as 

vaccines for diseases like influenza (Inflexal), malaria (Mosquirix), and Hepatitis A 

(Epaxal). Liposomal delivery systems were also used as vaccines carrying mRNA for 

the currently ongoing coronavirus disease (COVID-19; Spikevax and Comirnaty) 
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and are also being developed as vaccines for human immunodeficiency virus 

(HIV).125  

In the context of cancer immunotherapy, recently a liposome has been developed 

to target the DCs to stimulate them to create an anti-tumor response. Lai et al. 

incorporated DCs targeting mannose, vaccine adjuvant CpG oligodeoxynucleotides 

(CPG-ODNs) onto the surface of their liposome and loaded the liposomes with 

TRP2180-188 peptide as a therapy for melanoma. The mannose on the surface of the 

liposome helps in the site-specific delivery while the CPG-ODNs help in stimulating 

the targeted DCs to produce proinflammatory cytokines. The TRP2180-188 was used 

as an agent to make the DCs recognize the melanoma. When these liposomes 

(M/CPG-ODN-TRP2-Lipo) were tested in a B16 melanoma mice model, it was 

found that after 17 days the tumor size in the liposome treated group was much 

smaller when compared to the untreated groups (Figure 6). This was also correlated 

with the survival times of the mice where the liposome-treated mice survived the 

longest when compared to other groups. The dissection of the mice at the end of 

the experiments also revealed that the activated DCs were not infiltrating any of the 

other tissues and were present only at the tumor site. Further analysis revealed that 

this treatment reduced the number of myeloid-derived suppressor cells and TRegs 

and increased the number of anti-tumor cytotoxic T-cells and interferon-gamma-

producing cells.126   
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Figure 6.  The figure depicts the effects of the M/CPG-ODN-TRP2-Lipo particle treatment on B16 
tumor-bearing mice. (A) depicts the tumors from each tumor group (B) Depicts the tumor 
volume from each treatment group (C) Survival analysis on treatments with the particles and 
control (D) Safety evaluation of the nanoparticles evaluated in the different tissue samples. 
Figure adapted with permission from Lai et al.126  

As mentioned earlier, one of the main requirements for a delivery vehicle is to 

evade the immune system while circulating in the blood and to reach and accumulate 

in good numbers at the tumor site to trigger an anti-tumor immune response. Zhang 

and colleagues did develop a nanoparticle that delivered anti-tumor payloads without 

systemic toxicity. The authors first chose to deliver the combination of the anti-

CD137 antibody and the IL-2-Fc to B16F10 melanoma-bearing mice. When the 

combination of these drugs was administered intravenously, it was found to be highly 

toxic. The treatment activated a dose-dependent cytokine storm. They observed a 

significant increase in the levels of proinflammatory cytokines and vascular leak 

syndrome in these mice. Further analysis confirmed the role of NK cells and 

circulating T-cells in the activation of the cytokine storm as a direct effect of the IL-

2 that stimulates the NK cells and anti-CD137 which co-stimulated the T-cells. 

Significant toxicity was also observed in the liver and the kidney with elevated levels 

of alanine transaminase and serum creatinine kinase. When the IL-2-Fc/anti-CD137 

were conjugated to the surface of a PEGylated liposome, enhanced accumulation in 

the tumor was observed along with significantly delayed tumor outgrowth and no 

evidence of systemic toxicity or the activation of a cytokine storm. The liposome-

treated mice were also found to exhibit intratumoral immune responses which they 

suggested could be due to the effect of the drug delivered by the liposomal 

constructs. The work by Zhang and colleagues elicits the importance of targeted 

delivery of the drugs to avoid systemic toxicity.127  

Similar levels of target specificity and anti-tumor responses have been observed 

when delivery vehicles have been made only of specific polymers. As mentioned in 

the sections above, the TAMs compose of almost 50% of the tumor mass. The large 

presence of the TAMs in the tumors and the plastic ability of the macrophages 

motivated Lanlan Liu et al. to repolarize the TAMs to anti-tumor macrophages. They 

used the indirect ability of zinc protoporphyrin to generate ROS which is a known 

activator of proinflammatory macrophages. The zinc protoporphyrin (ZnPP) was 

grafted onto galactose functionalized poly (ethylene glycol)-b-poly(L-lysine) (PLL) 

block polymer. On grafting, a micelle is formed (ZnPP PM) with the block polymer 

being the outer surface of the micelles and ZnPP forming the core of the micelles. 

To further aid with the repolarization of the TAMs to M1 macrophages, a TLR 

antagonist poly I:C (PIC) was added to the ZnPP. The negatively charged PIC was 
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encapsulated by the ZnPP PM through electrostatic adsorption to form ZnPP 

PM/PIC. Further analysis in mice B16F10 tumor models revealed that the ZnPP 

PM/PIC particles successfully targeted the TAMs (through the galactose moiety) 

and encouraged the repolarization of the TAMs to M1 macrophages. The authors 

also observed the increased activity of the NK cells and T-cells and prompt tumor 

regression in the animal models that were treated with the ZnPP PM/PIC particles. 

The biosafety evaluation of the ZnPP PM/PIC revealed that these particles were not 

toxic as evidenced by no toxicity in the liver, kidneys, and other major organs. 

Altogether, these authors developed a non-toxic nanoparticle to target the TAMs 

and repolarized them towards M1 macrophages to activate enhanced anti-tumor 

responses in mice models.128 

 Another class of polymers called glycosaminoglycans (GAGs), which are 

commonly found in the ECM, are known to have great potential for delivering drugs 

and small molecules. Hyaluronic acid (HA) is a natural GAG, that is widely used as 

a component for drug delivery vehicles due to its ability to target the CD44 receptors, 

which are often overexpressed in cancers. In one of the studies, the authors used 

this ability of HA to co-deliver an anti-tumor immune stimulator resiquimod (R848) 

and the chemotherapeutic drug doxorubicin (Dox) in a 4T1 breast cancer models.129 

The R848 was combined with poly(L-histidine) (PHIS) to make PHIS/R848 

nanocores. The Dox on the other hand was conjugated to the HA through the acid 

cleavable hydrazone chemistry to form HA-Dox. This HA-Dox was then used as a 

coating agent to coating the PHIS/R848 nanocores to assemble the HA-

Dox/PHIS/R848 nanoparticle. The interaction between the PHIS and R848 and the 

bond between HA-Dox could be broken by the acid environment of the TME to 

release the R848 and the Dox. When the HA-Dox/PHIS/R848 nanoparticle was 

analyzed in the mice models with 4T1 breast cancer, it was observed that the 

nanoparticles were accumulating more at the tumor site when compared to controls. 

Further analysis revealed that the nanoparticle treatment was found to be non-toxic 

to other organs and was able to significantly reduce the tumor size when compared 

to the groups administered with free R848 and free Dox. The analysis of the tumors 

also revealed that there was a greater number of CD3+ and CD8+ T-cells present 

in the tumors when compared to the non-treated group. This work successfully 

exploited the properties of a natural polymer to develop a safe and non-toxic 

treatment for breast cancer.  
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Figure 7.  i) Schematic representation of HA-DOX/PHIS/R848 ii)The effect of HA-DOX/PHIS/R848 
nanoparticles in 4T1 tumor model mice. (A) The volume of the tumor after treatment with 
the different groups and HA-DOX/PHIS/R848 (B) The tumor size after removal and 
treatments with different groups (C) H&E stained images of the main organs in the control 
and HA-DOX/PHIS/R848 treated groups. The necrotic areas are marked by red lines. (D) 
The bioluminescence images of lungs removed from the 4T1-LUC tumor-bearing mice after 
treatment and injected with D-luciferin. (E) Images depicting histochemical staining of CD3+ 
cells and CD8+ cells. Brown color represents the positive staining. Image adapted with 
permission from Liu et al. 2018.129 

Similarly, HA was used in combination with extracellular vesicles (EVs), 3-

(diethylamino) propylamine (DEAP), monophosphoryl lipid A (MPLA), and mucin 

1 peptide (MUC1) to create a nanoparticle that could be potentially used as vaccines 

for cancer. Lee et al. synthesized these nanoparticles and designated them as 

HDEA@EVAT. These particles were evaluated on the different cell lines to test 

their functionality. It was observed that the particle was targeted to the DCs with the 

help of the MPLA and the HA which interacted with the TLRs and the CD44 

receptors on the DCs. The DEAP helps the particle in escaping the endosome due 

to the protonation of the DEAP. The MUC1 peptide is then processed and 

presented to the DCs which further triggers the activation of the CD8+ T-cells. 

Further analysis of the DCs and T-cells revealed that these cells showed enhanced 

secretion of proinflammatory cytokines like IFN-γ and TNF-α when treated with 

the HDEA@EVAT. With this particle, the authors were able to expedite the 

interplay between the DCs and the T-cells by inducing the DCs maturation by 

presenting the cancer-associated peptide MUC1.130 

 A new class of polymers, the modern 21st-century polymers are the PAMAM 

dendrimers 131 which consists of highly branched, mono-disperse man-made 

macromolecules with defined structures and compositions. The core of PAMAM is 

generally ethylenediamine while the branches are usually composed of a different 

number of generations of methyl acrylate and ethylenediamine. Since the structure 

and the composition of the PAMAMs allow efficient loading of different small 

molecules, there has been a lot of research done on exploiting this property. One 

such study was conducted using a modified PAMAM derivative dendrimer, 

specifically, the fourth generation-N-N-diethylaminoethyl (G4-DEEA). Wu et al. 

used the G4-DEEA and loaded it with the TLR agonist R848. The resulting 

formulation denoted as G4-DEEA@R848 was studied in mice 4T1 breast cancer 

models. The G4-DEEA@R848 particles showed the ability to polarize the TAMs to 

M1 macrophages in vitro, thereby displaying their functionality.  In the animal 

models, the mice treated with the G4-DEEA@R848 showed significantly slower 

growth and smaller size of the tumors when compared to the controls. Further 
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analysis of the cells in the tumor revealed the mice group treated with G4-

DEEA@R848 showed the most presence of the CD3+, and CD8+ infiltrating anti-

tumor T-cells while showing the least amount of myeloid-derived suppressor cells 

with respect to the controls. The group treated with this formulation also showed a 

greater number of M1 macrophages in the tumor when compared to the control 

groups. Thus, the authors showed the potential of the new class of polymers to 

deliver immunotherapeutic drugs in a safe and non-toxic manner to treat cancer.132  

Apart from the biomaterials that are delivered by intravenous injections, which 

are used to reach the cancer sites that are harder to reach otherwise, there are also 

other classes of biomaterials to combat cancer growth and progression. Implantable 

biomaterial scaffolds or hydrogels are the biomaterials that can be loaded with 

anticancer drugs for site-specific delivery and implanted as post-surgical treatments 

in cancer patients. With a similar idea, Ren et al. developed a degradable and 

implantable microporous scaffold (Dr-AIMS) that could convert the protumor TME 

into an anti-tumor TME. Dr-AIMS is made of two differently modified HA 

components. The major component or the bulk of the scaffold is made of 

methacrylate modified HA and the rest of the scaffold is made up of methacrylate 

modified oxidized HA. The ability of this soft hydrogel scaffold to degrade and 

release the drugs loaded in them depended on the blending ratios of the two 

components. The Dr-AIMS was loaded with a chemotherapeutic drug (Paclitaxel; 

PTX) to deplete any of the TAMs and tumor cells. Additionally, to activate the DCs 

and cytotoxic T-cells, R837 or imiquimod was loaded onto the scaffold. The authors 

also added a combination of immune checkpoint blockers in anti-CTLA-4 and anti-

OX40 monoclonal antibodies (mAbs) which also helped in breaking the anergy of 

the T-cells. These scaffolds were then implanted in mice post removal (10% of the 

original tumor mass of 200 mm3 was left behind) of the 4T1 tumors. Two weeks 

after the implantation of the scaffold, it was observed that there were a smaller 

number of TAMs and myeloid-derived suppressor cells in the drug-loaded scaffold 

group when compared to the untreated group. Further analysis also revealed that 

there were also a significantly greater number of activated DCs present in the 

intratumoral area in the Dr-AIMS treated mice when compared to the untreated 

mice. The authors here successfully demonstrated the use of hydrogel-based scaffold 

to deliver immunotherapeutic and chemotherapy drugs in post-surgery to prevent 

the recurrence of tumors.133 

In the sections above, some of the recent advancements in the application of 

biomaterials for immunomodulation in anti-cancer treatments have been discussed. 

Most of the discussed materials are organic in nature. There are also several inorganic 



 

51 

materials like gold134, iron oxide nanoparticles135, mesoporous silica nanoparticles136, 

and microneedles137 that are being developed to deliver chemotherapy and 

immunotherapeutic drugs. These will not be focused on in detail as they are out of 

the scope of this thesis. There are also cells that are engineered to combat cancer. 

Chimeric antigen receptor (CAR)-T cells are cells that are engineered to express 

synthetic receptors that will help the T-cells to recognize and destroy cells that 

express a specific tumor antigen.138 Even though there are a few limitations of using 

CAR T-cells for anti-cancer treatments, it has been recently shown to have 

successfully eliminated acute lymphoblastic leukemia in phase I clinical trials held in 

late 2020.139 There are also several biomaterials that have been approved by the FDA 

or are undergoing approvals or clinical trials for use as anti-cancer treatments.140,141 

The number of biomaterials in the trials or waiting for approval shows the potential 

and the urgent need for an efficient and safe drug delivery method to treat and 

eliminate cancer.  

2.3.3 Immunomodulation for tissue engineering and regenerative medicine  

In the first part of this thesis, we have seen the role of the immune system in tissue 

regeneration and wound healing. We have also observed that to attain proper 

regeneration of tissues there has to be a fine balance that has to be reached in the 

way the immune system operates. If the balance is not reached the most likely 

scenario is the formation of scar tissue or the wound not healing due to chronic 

inflammation. Broadly there are many different biomaterials that have been studied 

to help in wound healing and tissue regeneration. There are even cell-based therapies 

that are being developed for the purpose of using them in regenerative medicine 

applications.142 In this section, some of the current biomaterial-based and cell-based 

immunomodulatory methods will be discussed.  

There have been many reports of using decellularized tissues as scaffolds. These 

decellularized matrices are considered to be key regulators for tissue regeneration.143 

In a study that Sadtler et al. performed, they observed that scaffolds that are derived 

from cardiac muscles and bone ECM components help in manipulating the immune 

response to a pro-regenerative response during wound healing. When they tested the 

efficiency of these scaffolds in a traumatic wound model in C57BL/6 mice, they 

observed that both the cardiac and bone ECM (C-ECM and B-ECF) attracted more 

myeloid cells and lymphocytes after implantation when compared to untreated 

controls. They also observed that in the biomaterial scaffold groups the ratio of the 
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CD4:CD8 cells was skewed towards the CD4+ help T-cells when compared to the 

untreated group. This was also correlated with the observance of the increase in the 

IL-4 cytokines in the injury site and a decrease in the IFN-γ cytokines. Further 

analysis revealed that the CD4+ helper T-cells and the IL-4 presence in these tissues 

derived biomaterial scaffolds group was instrumental in the complete wound healing 

of the injury and the animals completely regaining movements due to regenerated 

tissues. They successfully demonstrated the potential of tissue-derived biomaterial 

scaffolds in tissue regeneration.144 It has to be remembered that one of the main 

disadvantages of using tissue-based decellularized scaffolds is that the 

immunogenicity of the scaffolds varies depending on where the scaffolds are sourced 

from.145,146 To circumvent this issue, there have also been studies done on more 

defined and purified naturally available materials. High molecular weight HA has 

been used to treat failed back syndrome in rat models. The rats chosen were 

surgically corrected with a modified laminectomy after disc injury. When high 

molecular weight HA gel was applied in the epidural space post laminectomy, it was 

observed that there was a significant decrease in the infiltration of macrophages in 

the groups treated with HA gels when compared to the non-treated groups. It was 

also observed that there was a significantly lower amount of IL-1β and IL-6 

cytokines present in the epidural space.147 The authors speculate that the HA gel 

when applied can inhibit proliferative fibrosis post-laminectomy in preclinical 

models. 

As mentioned in the sections above, creating an immunosuppressive 

environment in place of an inflamed environment is important for successful wound 

healing and tissue regeneration. To achieve this, Francesca Taraballi et al. exploited 

the properties of chondroitin sulphate (CS) to tune the immune system. Collagen 

scaffold (CL) was functionalized with CS to obtain a glycosaminoglycan-based 

functional scaffold (CSCL) that could manipulate the immune system. They tested 

the CSCL scaffolds in vitro by exposing them to unactivated bone marrow-derived 

macrophages (BMDM). It was observed there was a significant reduction in the 

expression of pro-inflammatory genes like TNF-α, IL-1β, IL-12β, and MMP-1 and 

an increase in the expression of anti-inflammatory genes like TGF-β, Arginase, 

MRC1, and IL-10  when compared to the CL group. To test if the scaffolds were 

indeed immunosuppressive, they exposed the CSCL to the BMDMs that were 

activated into an inflamed state by lipopolysaccharide (LPS). It was observed that 

there was a significant decrease in the expression of proinflammatory genes like 

TNF-α, IL-1β, IL-12β, and MMP-1.  When these scaffolds were injected 

subcutaneously in rats, it was observed that the CSCL scaffolds had more cell 
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infiltration when compared to the CL scaffold. However, the cells that infiltrated the 

CSCL had lower levels of pro-inflammatory markers when compared to the CL 

scaffold. The authors explain that the higher infiltration of cells with low 

proinflammatory markers could suggest the earlier termination of inflammatory 

processes around the CSCL scaffold.148  

In a similar manner, Wood et al. used HA-based scaffolds and added a synergistic 

mix of collagen-IV  (Col-IV) and fibronectin (FN) to functionalize these scaffolds. 

The functionalization of this HA scaffold allowed them to grow astrocytes and also 

showed axonal outgrowth when neuronal cells were grown on them. The 

functionalization of these HA gels allowed the astrocytes to get activated and release 

immunomodulatory cytokines like IL-10 and IL-6. The release of IL-10 was 

significantly higher than the IL-6 in the functionalized HA gels. This increased 

release of an anti-inflammatory IL-10 by the astrocytes can aid to terminate the acute 

inflammatory activity and promote repair and regeneration and prevent cell death. 

The authors observed that their functionalized HA gels could help in the reduction 

of inflammation and promote motor functions after spinal cord injury. They theorize 

that the functionalized HA gels could reduce the inflammation in the astrocytes 

while also polarizing them towards a neuroprotective state. When the authors 

cultured SH-SY5Y neuronal cell lines on these scaffolds, they observed increased 

metabolic activity in the cells which they deduced as being the effect of increased 

neuronal outgrowth. They also theorized that these neuronal outgrowths could 

increase the therapeutic efficiency while also serving as a stimulus for the generation 

of relay neurons. With these observations in hand, they examined the potency of 

their scaffolds to promote adult axonal regrowth in an ex-vivo model of neuronal 

injury. Rat dorsal ganglia were isolated and used as the ex-vivo model. The studies 

in this model revealed results that were similar to the studies observed in vitro. There 

was a significant increase in the metabolic activities of the neurites and significant 

outgrowth was observed at much deeper locations in the functionalized HA gels 

when compared to the non-functionalized gels. Despite these significant results 

where they showed proficient neurite outgrowth and neuroprotective behaviors by 

the astrocytes, the authors also mention the complexity of the spinal cord in-vivo 

and suggest additional studies that need to be performed for their scaffold to be used 

as spinal cord implants.149  
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Figure 8.  A–I) Soft hyaluronic acid scaffolds with collagen-IV and fibronectin mediate astrocyte 
polarization to a pro-regenerative phenotype. Spinal cord astrocytes cultured in scaffolds of 
ranging stiffness with and without Coll-IV/Fn functionalization were imaged to characterize 
individual cytoskeleton distribution. .J) Astrocyte cell area was the largest in soft scaffolds 
with Coll-IV/Fn and was significantly larger than cells grown in stiffer scaffolds. K) Nuclear: 
cytoplasm ratio analysis also revealed a lower reactive index for astrocytes in soft-
functionalized scaffolds compared to stiffer scaffolds. L) Metabolic analysis of samples 
revealed a Coll-IV/Fn dependent effect supporting higher levels of astrocyte metabolic 
activity. M) Analysis of cytokine secretion showed no significant difference in IL-6 secretion 
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across scaffold groupings. N) However, significant differences in the secretion of IL-10 were 
observed in a Coll-IV/Fn-dependent manner. Additionally, this secretion was altered in a 
stiffness-dependent manner in cells cultured in scaffolds without Coll-IV/Fn. Image adapted 
with permission from Woods et al. 2022.149 

Another interesting strategy that was used by Lohmann et al. was to absorb or 

attract the inflammatory chemokines and rescue the wound healing process. They 

designed a hydrogel that contains heparin, a GAG, that could bind to most of the 

chemokines, and star-shaped PEG (starPEG). The authors expected their hydrogels 

to work as an efficient molecular sink which would bind to all the chemokine and 

thereby inhibit the recruitment of more inflammatory cells and resolve the 

inflammation. It was also observed that the hydrogels were successful in vitro to 

scavenge chemokines like IL-8 and MCP-1 from conditioned medium and wound 

exudates of human patients. They then compared their GAG containing starPEG 

hydrogel with a commercially available wound healing matrix PROMOGRAN in a 

wound healing impaired mice model. They observed that their hydrogel was superior 

in terms of rescuing the wound healing when compared to PROMOGRAN in these 

impaired wound healing mice models. It was observed that the heparin containing 

starPEG hydrogels were able to sequestrate the heparin-binding chemoattractants 

like MCP-1 and IL-8, which caused reduced infiltration of inflammatory cells which 

thereby reduced the amounts of non-heparin binding chemokines like TNF-α, IL-

1β. The reduction of these pro-inflammatory factors were observed to be beneficial 

to wound healing and was also observed to promote vascularization and re-

epithelialization in the wound site, at significantly higher levels than when compared 

to the commercially available product.150 The authors also mention that their 

successful hydrogel system can be loaded with other anti-inflammatory drugs that 

could aid in wound healing. These were some of the examples (out of many) in recent 

times where different materials were used to manipulate the immune system and 

promote wound healing by suppressing inflammation.   

Apart from materials, there are also cells that can be transplanted and naturally 

be therapeutic and help in wound healing applications. The transplanted cells used 

for these purposes can sense and integrate different signals from the surrounding 

environment and can respond adequately by releasing factors to manipulate the 

surrounding environment. However, transplantation of cells results in poor survival 

of cells after transplantation. It has also been observed that only a fraction of the 

initial cells transplanted reach the target and reside at the target site after a period of 

time.143 Biomaterials and scaffolds based on biomaterials can help in the cells 

reaching their potential as therapeutic agents by helping the cells survive longer and 

by controlling their functions. Some of the most researched cells for their potential 
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use in tissue engineering and regenerative medicine are the mesenchymal stem cells 

(MSCs). MSCs are known to release different factors that can suppress inflammation 

and act as pivotal components for MSC-mediated tissue repair.151 To exploit the 

properties of the MSCs in the treatment of chondral effects of the knee, Akgun et al. 

grew the MSCs in a commercially available collagen membrane (Chondro-Gide; 

Geitschlich Biomaterials) (m-AMI) and tested it in patients with chondral defects. 

The authors also included a group where they used chondrocytes in the collagen 

membranes as the other test group (m-ACI).  The authors claim that at the end of 

the study, the m-AMI group was found to be clinically effective in terms of 

significantly improving the quality of the patient’s life. There were no graft failures 

reported in both the groups and both the group had achieved similar clinical and 

radiological outcomes. The authors state that considering the limitations of their 

study and the similar outcomes of both groups, the new m-AMI grafts could be 

potentially more beneficial in the long term due to the superior qualities of the 

MSCs.152  

Table 1: A table showing the different scaffolds used to deliver MSCs or MSC factors in various 
applications. Table adapted with permission from Tsou et al. 2016.153 

Material Study performed 

Silk Tissue engineering with silk hydrogels 

PCL A variation of pore size modulating MSC behavior 

PEG Injectable Biodegradable hydrogel deposits for cartilage 

tissue engineering 

HA Functionalized hydrogel with mimetic peptide to emulate 

osteogenic niche 

NapFF-NO Nitric oxide releasing hydrogels to study efficacy of MSCs 

for myocardial infraction 

Chitosan Affinity peptide bone matrix, with chitosan hydrogel for 

cartilage regeneration 

Agarose Biomimetic hydrogel delivers MSC factors in spinal cord 

injury 

PEG and 

Chitosan 

Controlling porosity of hydrogels for tissue engineering 

applications 

PEG Evaluation of macroporous hydrogel for bone 

regeneration applications 
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Similarly, Corradetti et al. used the MSCs to test if they could treat degenerative 

inflammatory conditions of articular cartilage. To enhance the efficacy of the MSCs 

therapy, the authors encapsulated the MSCs in a chondroitin sulfate-based 

biomimetic scaffold (CSCL). When the immunosuppressive properties of the CSCL 

with MSCs was evaluated in-vitro by a lymphocyte reaction assay, it was observed 

that the CSCL scaffolds showed greater inhibitory effects than when the MSCs were 

grown in a collagen scaffold (CL). When both the scaffolds loaded with MSCs were 

injected subcutaneously in rats, it was observed that there was lower infiltration of 

immune cells in the CSCL scaffold when compared to the CL scaffold. When the 

differentiation of the MSCs towards chondrocytes was checked, it was observed after 

21 days, that the MSCs in CSCL showed more chondrogenic differentiation in the 

basal and chondrogenic medium when compared to the cells in the CL scaffolds. 

The authors thus claim, that their strategy of using MSCs in CSCL could potentially 

be the solution to various problems in regenerative medicine application.154 Similarly, 

HA was used by the same group to coat the plates in which they cultured murine 

MSCs. They observed that the HA-treated MSCs had a transient increase in the 

expression of CD44 and showed a two-fold increase in the migration potential when 

compared to cells that were not treated with HA. When these cells were injected 

retro-orbitally in mice with LPS-induced inflamed ear, it was found that the HA-

treated MSCs showed better homing capacity when compared to the non-HA treated 

cells. Further analysis revealed that the accumulation of these MSCs led to the 

suppression of inflammation and early localization of CD206+ /M2 macrophages. 

The increase in the expression of IL-10 and TGF-β in the ear further confirmed the 

effects of the MSCs on a molecular level. With these results, the authors have 

developed a method to improve the efficacy of MSCs to home into the site of 

inflammation and also made it an easy and ready to be used method.155  There are 

many other studies that have reported the advantages of using biomaterials to deliver 

stem cells for regeneration purposes that have not been discussed here in detail.156,157   
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Figure 9.  The in-vivo migration of the MSC was evaluated by establishing a local inflamed site in the 
ears. Migration of both wild type (WT) and HA-coated, towards the inflamed site, is seen in 
(A) representative graphs. (B) Representative microscopic staining images of the migration
of MSCs. The vessels are seen in green and the MSCs in red. Image adapted with
permission from Corradetti et al. 2017.155

For this dissertation, I have exploited the properties of biomaterials to modulate 

the immune system. I used HA-based nanoparticles loaded with immunosuppressive 

drugs and a chemotherapeutic agent to evade the systemic immune system and 

increase the inflammation in the tumor microenvironment. I have also used modified 

HA functionalized with gallic acid to develop an immunosuppressive hydrogel 

system that could potentially be used in wound healing applications. I have also 

modified MSCs with two different strategies based on biomaterials to make them 

more compatible and safer for transplantation.  



3 AIMS OF THE STUDY

The aim of this thesis is to develop bio-engineering strategies to address the 

critical issues like instant blood mediated immune response and foreign body 

response that biomaterials and cells encounter upon implantation in-vivo. 

More specifically the aim can be categorized into the following, divided into 

publications: - 

i) Publication I- To design a biopolymer-based nanocarrier to deliver

chemotherapeutic drugs while attenuating the risk of drug induced

thrombosis

ii) Publications II & IV- To engineer MSCs and enhance the in-vivo

survival and function while attenuating the risk of stem cell induced

instant blood mediated immune response (IBMIR)

iii) Publication III- To engineer a 3D scaffold that could suppress

inflammation  and that could be used to deliver cells for cell-based

therapies and tissue engineering applications.
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4 MATERIALS AND METHODS 

4.1 General Materials 

 For the work in Publication I, hyaluronic acid (HA, MW130 kDa) was purchased 

from LifeCore Biomedical (Chaska, USA). 1-Ethyl-3-(3-dimethylaminopropyl)-

carbodiimide hydrochloride (EDC) (E7750), 1-hydroxybenzotriazole hydrate 

(HOBt) (54802), carbodihydrazide (CDH) (C11006) , and dexamethasone (D4902) 

(DEX) were purchased from Sigma-Aldrich. Doxorubicin (DOX.HCl) was 

purchased from Tocris Bioscience, UK. Dialysis membranes used for purification 

were purchased from Spectra Por-6 (MWCO 3500). All solvents were of analytical 

quality. The 1H NMR experiments ( scale) were carried out on JEOL ECZR 500 

instruments, at a magnetic field strength of 11.7 T, operating at 500MHz. Spectra 

for all HA conjugates were recorded in D2O at 293 K. All solvents used in this study 

were of analytical quality. 

For the work in Publication II, the chemicals, reagents, and dry solvents for 

Pluronic F108 (542342) and RNA synthesis were purchased from Sigma–Aldrich 

(Sweden) and used without any further purification. Unmodified phosphoramidites 

(N6-benzoyl-rA, N2-isobutyl-rG, N4-acetyl-rC, rU and dT) and solid supports were 

purchased from ChemGene Corporation (USA). 1H NMR was recorded on 400 

MHz instruments (Jeol JNM-ECP Series FT NMR). The chemical shifts in parts per 

million (δ) are reported downfield from TMS (0 ppm). 

For the work in Publication III, heparin sulphate (H3393-500KU) was obtained 

from Sigma-Aldrich. Gelatin Type A was obtained from Sigma Aldrich. In 

Publication IV, HA, EDC, HOBt, CDH and the dialysis membranes were 

purchased from the same source as mentioned earlier. Gallic acid ( 3,4,5-trihydroxy 

benzoic acid) (G7384) was purchased from Sigma Aldrich. All spectrophotometric 

analysis was carried out on Shimadzu UV-3600 plus UV–VIS-NIR 

spectrophotometer.  
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4.2 Cell culture  

In Publication I, the cell lines used were all obtained from ATCC-LGS standards. 

Osteosarcoma cell lines (MG63), breast adenocarcinoma (MCF7), and colorectal 

carcinoma (HCT116) were all obtained from ATCC-LGS standards. These cells were 

cultured in DMEM (Gibco, 31885023) containing 10% fetal bovine serum (FBS, 

26140079) and 1% penicillin-streptomycin (Gibco, 15070063) at 37°C and 5% CO2. 

Bone marrow-derived macrophages (BMDM) were isolated from C57BL/6 mice 

and were cultured following a standard protocol.158 The isolated monocyte cells were 

differentiated into M1 phenotype were stimulated with 100 ng/mL 

lipopolysaccharide (LPS; Sigma Aldrich, L2630) and 20 ng/mL interferon-gamma 

(IFN-γ; Sigma Aldrich, I4777) for 24 hr after which they were used for experiments. 

For M2 macrophages, the monocytes were stimulated with 20 ng/mL TGF-β (R&D 

Systems), 20 ng/mL IL4 (R&D Systems) and 20  ng/mL IL10 (R&D Systems) for 

24 hr after which they were used for experiments. The similar protocol was followed 

in Publication III were BMDMs were used for the experiments.  

For Publication II, the bone marrow-derived mesenchymal stem cells (MSCs) 

were obtained from professor Susanna Miettinen’s lab in Tampere University. The 

MSCs used for the Publication III were obtained from Professor Katerina Le 

Blanc’s lab in Karolinska Institute, Sweden. These cells were cultured in α-MEM 

(Gibco) containing 10% FBS (Gibco) and 1% penicillin-streptomycin (Gibco) at 

37°C and 5% CO2. hMSCs were characterized by flow cytometry as described 

previously.159,160 In Publication II and IV, the THP-1 (human monocytic cell line) 

were cultured in RPMI (Gibco, 21875034) with 10% FBS and 1% penicillin-

streptomycin at 37°C and 5% CO2. Phorbol 12-myristate 13 (PMA)(P8139) at 50 

ng/mL was used to differentiate these cells into M0 phenotypic state. To 

differentiate these M0 cells to M1 state in Publication II, 500 ng/mL of LPS was 

used. CRL-2429 human fibroblast cells used in Publication IV were also cultured 

in DMEM (Gibco) containing 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin (Gibco) at 37°C and 5% CO2.  

4.3 Synthesis of HA-DEX-DOX 

The first step in the synthesis of HA-DEX-DOX was the preparation of HA-CDH. 

Carbodiimide coupling chemistry was used to conjugate CDH on HA to obtain 

hydrazide functionalized HA-CDH. Briefly, 1 mmol CDH and 1 mmol HOBt were 
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added to 400  mg of HA that was dissolved in 120 mL of deionized water. The pH 

of this reaction mixture was adjusted to 4.7 after which EDC.HCl (40 mg) was added 

to the mixture and stirred overnight. This mixture was then dialyzed against dilute 

HCl containing 100 mM NaCl followed by dialysis in HCl and then dialyzed against 

deionized water. Each the dialysis was done for 24 h. After dialysis, this solution was 

lyophilized to obtain HA-CDH. The degree of CDH modification on the HA was 

determined by trinitrobenzene sulfonic acid (P2297)(TNBS) assay following the 

previously reported protocol.161 Following this, DEX was conjugated to the HA-

CDH by hydrazone formation. Briefly, 23.5 mg of DEX was dissolved in 30 mL of 

dimethyl sulfoxide (DMSO)(D5879) and was added to HA-CDH that was dissolved 

in 50 mL of deionized water. This solution was then stirred till it dissolved after 

which the pH was adjusted to 4.5 by using acetic acid. After constant stirring at 50°C 

overnight, the mixture was then dialyzed against deionized water for 48 h. The 

solution after dialysis was then lyophilized to obtain HA-DEX. The DEX 

conjugation was quantified using UV-Vis spectroscopy, by estimating the free 

hydrazide moiety through TNBS assay. DOX was then loaded onto the HA-DEX. 

Briefly, 100 mg of HA-DEX was dissolved in 90 mL of DMSO:H2O (2:1), and 10 

mg of DOX dissolved in 10 mL of deionized water were mixed and stirred for 6 h. 

To this mixture, 60 mL of deionized water was added and stirred overnight. After 

constant stirring, the solution was dialyzed against water containing 100 mM NaCl 

for 72 h after which it was dialyzed again against deionized water for 24 h. This 

solution was then lyophilized to obtain HA-DEX-DOX. The drug loading was 

determined using UV-Vis measurement at 485 nm and fluorescence measurements 

using the FLS1000 Photoluminescence spectrometer (Edinburg Instruments). 

4.4 Synthesis of Plu-SS-TF 

For the preparation of Plu-SS-TF in Publication II, disulfide functionalized siRNA 

was synthesized on an automated solid-phase synthesizer using a thiol-modified solid 

support to the sense strand of the siRNA using the standard synthesis cycle for RNA. 

The strands were then deprotected and purified by polyacrylamide gel 

electrophoresis (PAGE). After purification, an equal amount of the strands was 

mixed to form a duplex. To activate the thiol group in the siRNA, 2.5 nmol (50 µL) 

of siRNA was mixed with dithiothreitol (Sigma Aldrich, D0632) (DTT, 50 mM, 10 

µL) and water (40 µL) and incubated at 37°C for 2 h. After incubation, 3M NaCl ( 

150 µL) was added, followed by 150 µL water. This mixture was then vortexed and 
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spun down. To remove the excess DTT from the mixture, 100% ethanol (1000 µL) 

was added, after which the mixture was vortexed and stored at -20°C for 18 h. The 

RNA was then centrifuged at 13,000 rpm for 20 minutes at 4°C for 10 min after 

which the supernatant was removed and the pellet was washed with absolute ethanol 

(100 µL). The centrifugation step was repeated and the pellet was directly dissolved 

in a disulfide-activated pluronic solution (368 µL in PBS, pH 8, 250 nmol). This 

mixture was then incubated overnight and at room temperature after which they 

were used for experiments.  

For the transfection studies, cells were transfected with pyridyl disulfide Pluronic 

F108 conjugated TF 3 (Plu-SS-TF) siRNA with calcium chloride and RNAiMAX 

(Thermo Fisher Scientific, 13778150). Plu-SS-TF/Ca were prepared by adding 50 

nM of Pluronic-linked TF siRNA to 25 μL of 100 mM CaCl2. They were mixed by 

vertexing, followed by incubation at room temperature for 10 min. At the end of 

incubation, the Plu-SS-TF/Ca nanoparticles were added to cells in a single well of a 

24-well plate. Cells were also transfected with Pluronic-linked TF siRNA by 

RNAiMAX (Plu-SS-TF/RNAiMAX). Unconjugated TF siRNA was transfected 

with both RNAiMAX (TF/RNAiMAX) and Plu-SS and calcium chloride (Plu-

SS/TF/Ca) using similar amounts of siRNA and calcium chloride. RNA was then 

isolated and quantitative real-time polymerase chain reaction (qRT-PCR)  

4.5 Coating of MSCs with heparin and gelatin   

Heparin (H) 1% wt/vol was prepared by dissolving the desired amount of heparin 

in serum-free cell culture medium and 0.1% wt/vol gelatin type-A (G) solution were 

prepared separately by dissolving gelatin in the Dulbecco’s phosphate-buffered 

saline (DPBS) (Gibco, 14190169). Approximately, 2×106 MSCs were resuspended 

in 1 mL of gelatin solution and incubated for 10 minutes under mild shaking. Cells 

were centrifuged at 500 g for 5 minutes and re-suspended in the heparin solution 

and incubated for 10 minutes under mild shaking. The two previous steps were 

repeated alternatively until the cells were coated with four layers of polymers. After 

the final coating steps, the cells were counted and cultured as per need for the 

experiments. As control, the same number of cells were put through similar 

conditions substituting the H solution with serum-free medium and G solution with 

PBS. A visual observation of the coating was done by transmission electron 

microscopy (TEM). Briefly, the H/G MSCs and MSCs without coating were 

cultured for 3 days after which they were fixed with 2.5% glutaraldehyde and 1% 
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paraformaldehyde in 0.1 M buffer. The samples were then post-fixed with 1% 

Osmium tetra oxide and dehydrated in ethanol. The samples were then embedded 

in resin (Epon) and polymerized by heating, Thereafter, ultra-thin sections were cut 

with an ultramicrotome and collected on grids. The samples are then contrasted with 

uranyl acetate and lead citrate and then air-dried. The samples are then taken for 

imaging in the TEM (FEI Technai G2) at 80 kV.  

4.6 Preparation of HA-GA hydrogel  

For the preparation of HA-GA hydrogel, GA was first functionalized with a 

hydrazide group. Briefly, 4 mg of GA was dissolved in 100 mL of methanol. 

Thereafter, 12 drops of sulfuric acid were added to the flask and the reaction mixture 

was refluxed overnight. Methanol was then completely removed under the reduced 

pressure in the rotary evaporator. The remaining product was extracted using ethyl 

acetate after which the organic layer was collected and dried over anhydrous sodium 

sulphate. After drying again in with a rotary evaporator, 60 mL of methanol and two 

drops of triethylamine was added to dissolve the GA methyl ester intermediate. 

Hydrazine monohydrate ( 80%, 2 mL) was then added to the reaction mixture and 

stirred for 48 h. The hydrazide functionalized GA was obtained as an off-white 

powder. The resulting product was filtered and washed 3 times in methanol and once 

with water. The final product was dried in vacuum and was characterized using 

nuclear magnetic resonance (NMR) and the chemical shifts were measured in δ 

(ppm) with reference to the DMSO-d6 solvent (δ = 2.50 ppm and 39.4 ppm for 1H 

and 13C NMR, respectively). 1H (500 MHz, DMSO-d6), δ (ppm): 6.09 (s, 2H). 13C 

NMR (126 MHz, DMSO-d6), δ (ppm): 166.3, 145.4, 136.3, 123.3 and 106.3. 

The resultant product from the steps mentioned above was then utilized to 

prepare HA-GA-CDH. Briefly, 400 mg of HA was dissolved in 75 mL of deionized 

water. To this solution, 1 mmol of HOBt (153 mg) was added and 1 mmol of GA-

hydrazide (184 mg in 25 mL DMSO) was added to the HA solution dropwise and 

stirred.  The pH of this solution was then adjusted to 4.75 with the help of 1 M HCl 

and 1 M NaOH. After this, 0.2 mmol of EDC (39.5 mg) was added to the mixture 

and it was kept overnight under constant stirring. This mixture was then dialyzed 

against dilute HCl containing 100 mM NaCl for 48 h and then dialyzed again against 

deionized water for 24 h. This solution was then lyophilized to obtain HA-GA-

CDH. The degree of modification was ascertained by UV-vis spectroscopy 

dissolving HA-GA (1 mg/mL in PBS) and measuring the absorbance at 240-340 nm. 



 

66 

The conjugation of CDH to HA-GA was carried out using a similar method as 

mentioned in section 4.3. HA-CDH was prepared and characterized in the same 

protocol as mention in section 4.3. HA-Aldehyde  (HA-ALD) was synthesized 

following our already published protocol.162  

To make the HA-GA and the HA-HA hydrogels, crosslinking between the 

aldehyde and the carbodihydrazide moieties of the HA derivatives were used. Both 

the components, HA-GA-CDH and HA-ALD were dissolved at a concentration of 

16 mg/mL for all the experiments and equal volumes of these solutions were mixed 

together to form hydrogels. HA-CDH and HA-GA-CDH were dissolved in a 10% 

sucrose solution and the HA-ALD was dissolved in PBS. The materials were 

sterilized in UV for 20 min prior to the use in cell experiments.  

4.7 Dynamic light scattering and zeta potential 

In Publication I and II, the hydrodynamic size and the surface charges of the 

nanoparticles were measured by dynamic light scattering. In publication I, the size 

distribution of HA-derived nanoparticles, namely, HA-DEX and HA-DEX-DOX 

were performed using a laser granulometer (Zetasizer Nano ZS, Malvern, UK) using 

a disposable polystyrene cuvette. Briefly, the lyophilized samples were dissolved in 

deionized water at a 1 mg/mL concentration. The DLS measurements were 

performed and then subsequently the surface zeta potential was measured using 

disposable folded capillary DTS1070 cells.  

In publication II, for the pluronics-derived nanoparticles (Plu-SS-TF/Ca), 100 

nM equivalents of siRNA in Plu-SS-TF were added to 100mM CaCl2. This was then 

mixed well and incubated for 10 minutes at room temperature. This mixture was 

then added to 700 µL of deionized water and the hydrodynamic size was measured. 

For the Plu-SS-TF, 100 nM of siRNA equivalents was added directly to 750 µL and 

the measurements were taken. The surface zeta potential was measured using 

disposable folded capillary DTS1070 cells. 

In publication III, the surface zeta potentials of the cells were recorded after 

performing the polyelectrolyte coating steps. Briefly, a few microliters of cells were 

taken after each coating step and resuspended in deionized water and the surface 

zeta potentials were measured using the disposable folded capillary DTS1070 cells.  
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4.8 Measurement of rheological, degradation, and adhesive 
characteristics 

In Publication IV, the HA-GA and the HA-HA hydrogels were subjected to a 

rheological test to assess the stiffness and deformation characteristics of the 

hydrogels. For this purpose, hydrogels of 250 µL volume were prepared in the form 

of cylinders. They were cured overnight and their rheological property was then 

measured using a TA instrument TRIOS Discovery HR2 rheometer. The storage 

and loss modulus values obtained using frequency sweep were plotted against the 

frequency (Hz) as this demonstrates the viscoelastic shear behavior of the material 

as a function of the frequency. High frequency and rapid motion were used to 

determine the short-term properties of the gels and the long-term properties were 

stimulated by the slow-motion using low frequency. This provides the time-

dependent storage elastic modulus (G’), viscous loss modulus (G’’), and complex 

viscosity (η*). To evaluate the strain recovery, the fully recovered hydrogels were 

placed between 12 mm diameter stainless steel parallel plate geometry, and the G’ 

and G’’ were measured by alternating low and high oscillation strain conditions at 

25°C and 1 Hz oscillation frequency for 7 cycles with 60s of holding period in each 

step.  

The swelling and the degradation properties of the HA-HA and HA-GA 

hydrogels were also studied in the presence of hyaluronidase, the ubiquitous enzyme 

responsible for HA degradation. Hyaluronidase at a concentration of 50 U/mL in 

PBS at pH 7.4 was used for this purpose. Three samples of each 250 µL HA-HA 

and HA-GA hydrogels were prepared in glass vials and were allowed to crosslink for 

24 h at room temperature. After curing, the gels were weighed and submerged in 

PBS containing hyaluronidase. At different time points, the buffer solution was 

carefully removed and the weights of the gels were recorded.  After each 

measurement, fresh buffer solution was replenished and the steps were repeated for 

every measurement timepoint.  

The adhesive properties of HA-HA and HA-GA were measured by tack adhesion 

test performed using a rheometer. For this purpose, porcine muscle tissue was glued 

to the geometry (12 mm) to the movable top head of the rheometer and then the 

fully cured 250 µL HA-HA and HA-GA were placed on the bottom plate. The top 

plate with the porcine muscle was placed in contact with the gel with a holding period 

of 120 sec during which a constant force of 100 mN was applied to establish uniform 

contact between gels and the tissue. The top plate was then pulled apart at a constant 

velocity of 10 µm/sec to record the axial force (N) with respect to time. The axial 
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force was then plotted vs step time to observe the difference between the two 

hydrogels.  

4.9 Hematological studies and ELISA using Chandler’s loop model 

In publications I, II, and III, the hematological studies were performed using fresh 

human whole blood to study the interaction between the biomaterials and the blood 

following Chandler’s loop protocol. For this purpose, fresh human blood was drawn 

from healthy volunteers who had not received any medication in the last 10 days 

prior to donation. No anticoagulants were used in this study as it would skew the 

complement and coagulation cascade readouts. Loops of polyurethane tubing with 

2-methacryloyloxyethyl phosphorylcholine (MPC) polymer (poly(MPC-co-n-butyl 

methacrylate) with a 0.3 MPC unit mole fraction were used for the whole blood 

experiments. Stainless steel connectors were coated with Corline heparin surface 

according to the manufacturer's protocol. Loops were comprised of tubing that was 

closed with the surface-heparinized connectors (length:30 cm, blood volume: 2.5 

mL) and were loaded with the samples. The blood along with the samples were then 

rotated on a wheel at 50 rpm in a 37°C cabinet for 1 h. After that, the blood was 

collected and mixed with EDTA (Sigma Aldrich, E5134) (10 mM) and then 

centrifuged at 3400 rpm for 20 min at 4°C to collect the plasma. The collected plasma 

was then stored at -80°C before ELISA analyses as described below. The 

experiments were repeated three times using blood from different donors. Ethical 

approval was obtained from the regional ethical committee. For Publication I, 

DOX, HA-DEX, and HA-DEX-DOX (dissolved in PBS) were incubated with the 

blood. For Publication II, the untreated MSCs (1.5x 104 cells in each group), as well 

as the TF silenced MSCs (using Plu-SS-TF/Ca) were separately incubated with 

human whole blood. In Publication III, the untreated MSCs (1. 5x 104 cells in each 

group) and polyelectrolyte-coated MSCs (by layer-by-layer coating with H/G) were 

incubated with the human whole blood. As a negative control, the same volume of 

cell culture medium was used.  

For the measurement of the TAT complex, complements C3a and C5b9 an 

ELISA analysis was performed on the blood samples after the treatment with 

samples. Briefly, PBS containing 1% bovine serum albumin and 0.05% Tween 20 

was used as the dilution buffer. PBS containing 0.05% Tween 20 was used as the 

washing buffer and TMB+ substrate chromogen was used as the color substrate. 

Plasma levels of the TAT and complement 3a and sC5b9 were analyzed using 
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specific kits available from Enzyme research laboratories (South Bend, IN, USA). 

TAT was captured in wells coated with anti-human thrombin antibody diluted 1/20. 

Horseradish peroxidase (HRP)-conjugated anti-human antithrombin (AT) antibody 

diluted 1/20 was used for detection. Pooled human serum diluted in normal citrate-

phosphate-dextrose plasma was used as a standard. C3a levels were determined and 

captured using mAb 4SD17.3, biotinylated polyclonal anti-C3a, and HRP-

conjugated streptavidin (GE Healthcare) for detection. sC5b-9 was determined using 

the anti-neoC9 mAb aE11 (Diatec Monoclonal AS, Oslo, Norway) for capture, and 

polyclonal anti-C5 antibody (Acris, Herford, Germany) and HRP-conjugated anti-

rabbit IgG (Dako) for detection. The assay was calibrated against a commercially 

available kit (MicroVue, Quidel Corp, Santa Clara, CA, USA). 

4.10 Cell viability and toxicity studies 

In Publication I, the cytotoxicity of DOX, HA-DEX, and HA-DEX-DOX were 

estimated by the MTT assay (Thermofisher, M6494). The DOX and the 

nanoparticles were tested on three different cell lines, namely, osteosarcoma cells 

(MG63), human colon cancer cells (HCT116), and human breast cancer cells 

(MCF7). Briefly, these cells (5000 in number) were seeded onto 96 well plates and 

cultured for 18-24 h. Thereafter, the cells were exposed to free DOX at 

concentrations of 100 nM, 500 nM, 1000 nM, 2000 nM, and 4000 nM. For the HA-

DEX-DOX, concentrations equivalent to the DOX amount was used. Therefore, 

HA-DEX-DOX at the concentrations of 1.5 µg/mL (100 nM DOX), 7.55 µg/mL ( 

500 nM DOX), 14.7 µg/mL (1000 nM DOX), 29.86 µg/mL ( 2000 nM DOX) and 

61.5 µg/mL (4000 nM DOX) were incubated with the cells. In the case of HA-DEX, 

the concentrations of HA-DEX was chosen with reference to the amount of HA-

DEX-DOX (with respect to the weight). The cells were then incubated at 37°C and 

5% CO2 for 48 h. After 48 h, MTT (5mg/mL) was added to the cells and incubated 

for 4 h. After 4 h, 150 µL of DMSO was added to each of the wells. The plates were 

shaken well and the absorbance was measured using a microplate reader. The results 

were expressed as percentage viability. The IC50 values for these nanoparticles were 

estimated by performing the logarithmic curve fitting of cell viability (%) using 

GraphPad Prism software against DOX equivalents. Similar protocols were also 

followed where free 200 nM DOX, 200 nM DEX, and a combination of both were 

used. The results were also expressed in percentage viability.  
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In Publication II, MSCs (5000 in number) were seeded in 96 well plates in 

conditions mentioned in section 4.2. The cells were then treated with Plu-SS-TF/Ca 

complexes or Plu-SS-TF without the calcium. The concentrations of the 

nanoparticles used were dependent on the siRNA concentration (50 nM). Equivalent 

amounts of Plu-SS were also taken from the stock of 3.2 mg/mL and added to the 

cells. MTT assay was then performed as mentioned above.  

In Publication III, polyelectrolyte-coated hMSCs (H/G) and uncoated cells (C) 

(as control group) were seeded at 5×103cell/mL density in 96 well plates and were 

incubated at 37°C and 5% CO2. Cellular proliferation was measured at each time 

point by reading the fluorescent intensity at 590 nm using a plate reader (Infinite 200 

pro Tecan).  For the AlamarBlue® assay, an equal amount of 10% of the volume of 

the medium and cells of AlamarBlue® dye (Fisher Scientific 10099022) was added 

to the cells after aspirating the medium and washing cells with pre-warmed DPBS 

for one time. The cells were incubated for 2 hours at 37℃ and 5% CO2. Then, 

samples were read at 590 nm using plate reader model Infinite 200 pro Tecan.  

In Publication IV, For the CRL2429, BMDMs were encapsulated in 200 µL 

hydrogels at a concentration of 2x106 cells/mL in a 48-well plate. The cells were 

cultured in the conditioned media as mentioned in section 4.2 for their respective 

time periods. The LIVE/DEAD staining was performed using the 

Viability/Cytotoxicity kit (Thermofisher, L3224) and a fluorescence microscope 

(Nikon TS2). The assay was carried out by aspirating the medium from the cells and 

then washing the hydrogels with PBS. After washing, 300 µL of live/dead staining 

solution containing 2 µM Calcein Am and 1 µM Ethidium homodimer in 1X PBS 

was added to the cells and incubated for 1.5 h at 37°C. Post incubation the hydrogels 

were washed and visualized under the microscope. For the CyQuant assay, the gels 

were frozen at the respective time points along with the cells at -80°C, and the DNA 

amount was determined by the use of the CyQuant Cell proliferation assay following 

the manufacturer's protocol. 

4.11 Nuclear localization of HA-DEX-DOX 

To visualize the nuclear localization of the HA-DEX-DOX in publication I, 

HCT116 and MCF7 cells were used. In short, 7000 cells were seeded in 96-well plate 

and cultured in conditions mentioned in section 4.2. After 24 h, the cell culture 

medium was replaced with medium containing HA-DEX-DOX with the loaded 

DOX concentration being 1 µM and the cells were incubated for 4 h. The medium 
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was then removed and the cells were washed 3x in PBS after which they were fixed 

with 4% paraformaldehyde (Sigma Aldrich, 100496) for ten minutes. The nuclei were 

stained using DAPI (Sigma Aldrich, D9542) and the cell were analyzed by 

fluorescence microscopy (Nikon Eclipse TS2).  

 4.12 Immunomodulation studies using BMDMs and THP-1  

In Publication I, and IV, BMDMs were isolated and cultured as mentioned in 

section 4.2. In Publication I, briefly, TGF-β, IL4, and IL10 activated M2-like- 

BMDMs (50,000 in number) were plated in 24 well plates and incubated overnight. 

After incubation, the cells were treated with 200 nM DOX or DOX equivalent in 

HA-DEX-DOX for 48 h. The equivalent weight ratio of HA and HA-DEX as 

control groups were adopted for comparison. RNA was extracted using Qiagen 

RNeasy Mini Kit and cDNA was synthesized following the iScript cDNA synthesis 

kit (Bio-Rad). iQ SYBR green supermix was used to prepare samples for the PCR, 

which was then performed on the CFX96 instrument. The expression levels of genes 

(TNFα, IL1β, iNOS, and IL6) were analyzed with and without exposure to the 

nanoparticles. Hypoxanthine guanine phosphoribosyl transferase (HPRT) was used 

as housekeeping gene for internal normalization. In Publication IV, BMDMs were 

cultured without activation in the HA-HA and the HA-GA hydrogels at a 

concentration of 2x106 cells/mL and incubated for two weeks. After incubation, the 

gene expression analysis of the different pro-inflammatory and anti-inflammatory 

genes were performed as mentioned earlier by extraction of RNA followed by qRT-

PCR. The qRT-PCR data were normalized and calculated using the ΔΔCT method.  

In Publication II, III, and IV,  THP-1 cells were cultured as mentioned in 

section 4.2. Briefly, THP-1 cells were differentiated with 50 ng/mL phorbol myristic 

acid (PMA; Sigma) for 24 h at 37°C and 5% CO2. The cells were then treated with 

500 ng/mL lipopolysaccharide for 24 h at 37°C and 5% CO2 to make them M1 

macrophage-like. In Publication II and III, the cells were then detached using 

2mM EDTA (Sigma) and plated in 24-well plates (60,000 cells in number). In 

publication II, these cells were incubated with a conditioned medium from the 

MSCs that were treated with and without Plu-SS-TF/Ca. The THP-1 cells were 

incubated in the conditioned medium for a period of 3 days after which the RNA 

was extracted and the expression level of pro-inflammatory genes was analyzed 

through qRT-PCR. Briefly,  RNA was extracted using RNeasy Plus Mini kit from 

Qiagen. The cDNA was prepared using Maxima First Strand cDNA kit according 
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to manufacturer’s protocol (Thermo Fisher Scientific, Vantaa, Finland) and qRT-

PCR was performed with cDNA and TaqMan® Fast Advanced Master Mix (2X) 

(Applied Biosystems). Reference gene, β-actin (ACTB) (Taqman primers, Thermo 

Fisher, Finland) were selected as a control for normalization of real-time PCR data. 

The amplification was carried out using the Bio-Rad CFX1000 (Bio-Rad) using a 40-

cycle program. The CFX manager software automatically calculates the raw Ct (cycle 

threshold) values. Data from samples with a Ct value equal to or below 33 were 

further analyzed. Samples were normalized relative to endogenous control and 

differences in cycle number thresholds were calculated using the comparative 

quantitation 2−ΔΔCT method (also called the ΔΔCT method), which is commonly 

used for analyzing siRNA induced gene knockdown efficiency. In Publication III, 

the conditioned medium from the coated MSCs and uncoated MSCs were exposed 

to the M1 polarized THP-1 cells. The cells were incubated in these conditions for a 

period of 3 days after which this medium was collected and analyzed my multiplex 

bead-based assay as mentioned below. In publication IV, 4x106  THP-1 cells were 

encapsulated in 200 µL HA-HA and HA-GA hydrogels. These cells were cultured 

in the hydrogels for a period of 10 days, after which RNA was extracted using the 

RNeasy Mini kit from Qiagen. cDNA was then prepared using the cDNA First-

strand synthesis kit from Thermofisher. The qPCR reactions were prepared and the 

gene expression analysis was performed as mentioned earlier.  

4.13 Differentiation studies with MSCs  

The differentiation studies with the MSCs were performed with commercially 

available kits from Gibco. For the osteogenic differentiation, the StemPro 

Osteogenic differentiation kit (Thermofisher, A1007201) was used and for the 

adipogenic differentiation (Thermofisher, A1007001), the StemPro Adipogenic 

differentiation kit was used. Briefly, the cells were cultured in these media for a 

period of 14 days after which they were taken for differentiation analysis. For the 

osteogenic differentiation, calcium deposits formed were stained using 2% alizarin 

red solution after the cells were fixed with 4% paraformaldehyde and washed with 

PBS. The cells were then visualized using microscopy. Adipogenic differentiation 

was observed by staining the fixed cells with 300 nM of Nile red solution in 

Publication II, whereas Oil red O staining was performed in publication III. In 

both conditions, the cells were then visualized through microscopy. To further 

confirm the differentiation, qRT-PCR analysis was done on the cells. Osteogenic 
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genes like ALPL, DLX5, and BGLAP were analyzed and adipogenic markers like 

PPARG and LPL were analyzed by qRT-PCR.  

4.14 Multiplex bead-based assay 

Protein level analyses were done with the detection of cytokines from the medium. 

In Publications III and IV, bead-based cytokine detection immunoassay from 

LEGENDplex (BioLegend, NordicBiosite, 740509) were used to identify the 

secreted cytokines following in-vitro cell culture. The cell culture supernatants were 

collected at the respective timepoints and stored at -80°C before use. The mouse 

macrophage/microglia cytokine panel was used in publication IV  and the human 

macrophage/microglia cytokine panel was used in publication III. The assays were 

performed following the manufacturer's protocol. The analysis was done using the 

LEGENDplex data analysis software (BioLegend) and the cytokines were quantified 

by comparing samples to a set of standards.  

4.15 Implantation of HA-HA and HA-GA hydrogels in C57BL/6 mice  

In publication IV, the HA-HA and the HA-GA hydrogels were injected 

subcutaneously in 8-9 weeks old C57BL/6 female mice. 200 µL of HA-HA and HA-

GA hydrogels were injected into each side of the lower back area in the same mice. 

The gels were then collected 5 days post-injection and the cells were infiltrating the 

gels were harvested by digesting the gels in 500 µL PBS containing 0.4 mg/mL 

hyaluronidase (Sigma) and trypsin ( 1 g/mL; Gibco) for 50 min at 37°C. The cell 

suspension was then filtered using a strainer and was then centrifuged at 350g for 5 

min at 4°C. The cocktail of anti-body solutions contained D45-PeCy7 1:100, 

CD11b-PercpCy5.5 1:100, CD36-Pe 1:100, CD86-APC 1:100, MHCII-A700 1:100, 

CD40-FITC 1:100, live dead marker – Near-infrared 1:500). The pellet was then 

resuspended in a cocktail of antibody solution for 30 min at 4°C. After a wash with 

PBS, the cells were centrifuged and pelleted, and transferred to FACS tubes. The 

cells were then analyzed using BD LSR Fortessa. Flowjo V 10.8.0 was used to analyze 

the data. Ethical permission was obtained from the regional ethical committee.  
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5 RESULTS AND DISCUSSION  

5.1  Engineering biomaterials and cells that can evade the 
systemic immune system 

The importance of evading the systemic immune system by the biomaterials has 

already been mentioned. We have also seen that there are several biomaterials that 

can cause adverse immune reactions which eventually lead to the failure of the 

implants and devices. In this thesis, I have developed a nanoparticle system that 

suppressed systemic inflammation mediated by the drug molecule while targeting the 

CD44 receptors overexpressed on cancer cells and delivering a chemotherapeutic 

drug. I also devised two different strategies for MSCs to evade the systemic immune 

system. Lastly, I have developed an immunosuppressive hydrogel that has partially 

exhibited its potential to evade the systemic immune response.   

In Publication I, an HA-based immunomodulatory nanoparticle was developed 

through a supramolecular self-assembly approach as an anti-cancer therapy. During 

chemotherapy, there is a high risk of the chemotherapeutic drug activating the 

platelets. These activated platelets amplify the pro-inflammatory response and can 

secrete over 300 different proteins and small molecules like cytokines, chemokines, 

growth factors, and coagulation factors that can trigger blood-mediated 

inflammatory responses and induce hypersensitivity reactions in several patients.163 

The chemotherapeutic drugs are also known to damage the lymphohematopoietic 

cells that can result in leukocytopenia and thrombocytopenia. To combat this, the 

chemotherapeutic patients are often infused with platelets from healthy donors and 

factors like granulocyte stimulating factor to aid in the recovery of these cells. These 

methods are expensive with a low success rate. It has been known that for patients 

undergoing chemotherapy, immunosuppressive drugs like dexamethasone (DEX), 

prednisone or prednisolone have been given as co-medications to suppress the side 

effects caused by the chemotherapy drugs like doxorubicin (DOX).164 Drugs like 

DEX have been known to possess immunosuppressive properties and can help in 

alleviating side effects like nausea, and weight loss that the chemotherapy patients 

experience. We designed a nanoparticle with HA due to its relative non-toxic and 

non-sensitizing characteristics and that there are already many commercially HA 
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based products available in the market.165 This HA-based nanoparticle (HA-DEX-

DOX) was designed to deliver the immunosuppressive drug dexamethasone (DEX) 

along with the chemotherapeutic drug doxorubicin (DOX) to the tumor site using 

the targeting ability of HA.  

To design the HA-DEX-DOX, HA was first functionalized with carbohydrazide 

(CDH) to make HA-CDH following our previously reported protocol.166 The 

percentage of CDH functionalization on the HA was quantified by TNBS assay, 

which was estimated to be ~12% with respect to the disaccharide repeat units. The 

hydrazide functionalization was exploited to graft DEX to form a pH-responsive 

drug delivery system that disassembles in the endosomal compartment after cellular 

uptake. The amount of DEX conjugated to HA that forms HA-DEX micelles was 

estimated to be ~5.2% with respect to the disaccharide repeats units. The percentage 

modification of DEX in HA-DEX was quantified by estimating the number of free 

hydrazide units after the conjugation of DEX to HA-CDH. As mentioned earlier, 

we expected the conjugation of DEX to promote the supramolecular self-assembly 

of these polymers in water, resulting in the formation of nanomicelles. The 

hydrodynamic size of the HA-DEX nanoparticle was analyzed by dynamic light 

scattering and was observed to be 511± 47 nm (Z-average). (Figure 10) When the 

chemotherapeutic drug DOX was loaded onto the HA-DEX, a ~50% reduction in 

the hydrodynamic size (252± 20 nm) of the particle (HA-DEX-DOX) was observed. 

This reduction in the size of HA-DEX-DOX after the loading of DOX could be 

due to the hydrophobic interactions between the DEX and the hydrophobic 

segments of DOX. The amount of DOX loaded onto the HA-DEX-DOX was 

estimated by UV-vis spectroscopy and was found to be around 4.6% by weight. The 

encapsulation of DOX was further confirmed by observing the characteristic 

absorbance of DOX at 485 nm and fluorescence at 580 nm. The drug release kinetics 

for the release of DOX from the HA-DEX-DOX was also performed using 

stimulated body fluids (SBF) at pH 7.4. A slow and sustained release of DOX from 

HA-DEX-DOX (only 10.6% of the 4.6% by weight that was loaded) was observed 

after 96 hr with near zero-order kinetics as compared to free DOX.  
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Figure 10.  : (A) Schematic representation of the strategy to synthesize HA-DEX-DOX as described in 
the materials and methods section. Hydrodynamic size (Z-average) of (B) HA-DEX-DOX 
and (C) HA-DEX obtained by dynamic light scattering. (D) UV-vis spectrum of HA-DEX-
DOX and (E) Fluorescence spectra of HA-DEX-DOX showing the characteristic peaks in 
water.  

In Publication II, a nanoparticle was developed that could efficiently silence the 

F3 gene that encodes tissue factor (TF) or CD142 or factor III, that was reported to 

be a key driving factor causing the procoagulant activities of MSCs.167 Even though 

the MSCs are believed to be immunoprevileged, there are several recent reports 

suggesting that MSCs can be prone to immune rejection by activating the 
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complement pathways with markers like CD46, CD55 and CD59 expressed on their 

surface. 168,169 Infusion of MSCs in patients has also been known to cause 

thromboembolism mediated by the activation of the coagulation cascade and has 

also led to fatalities in some cases.170,171 Silencing TF has been reported to improve 

the hemocompatibility of the MSCs and reduce the implications of blood-mediated 

inflammatory reaction (IBMIR).172 In publication II, to make the MSCs more 

hemocompatible and safe for transplantation, we developed a nanoparticle system 

that safely delivers a siRNA targeting TF to MSCs.  

Considering the success of the nucleic acid-based mRNA vaccines, we made use 

of RNAi or RNA interference, a well-known Nobel prize winning nucleic acid-based 

mechanism. In the last decade, RNAi has been one of the most promising and 

rapidly advancing areas in biology. Due to the siRNAs ability to target many mRNAs, 

RNAi has been proposed as a therapy in various diseases like cardiac diseases, 

neurodegenerative diseases, and a wide range of cancers.173 One of the major issues 

with RNAi has been the delivery of the siRNAs. The naked delivery of siRNA has 

been known to be problematic due to the siRNAs being vulnerable to rapid 

hydrolytic cleavage and degradation.174 Even though there have been attempts to 

make siRNAs resistant to degradation through GalNac modifications175 there seems 

to be a need for the rapid development of carrier molecules. Lipofectamine a 

commercially available carrier agents for siRNA has been successful in in-vitro 

conditions but has had limited clinical utility due to its cytotoxicity and limited 

capacity  of efficiently deliver siRNA in-vivo.174    

To address the above-mentioned issues and to develop a carrier molecule for 

siRNA, we made use of pluronic F108, a block copolymer possessing a poly(ethylene 

glycol)-block or PEG as a hydrophilic arm, and poly(propylene glycol) forming the 

hydrophobic core that self-assembles to form nanoparticles. Pluronic F108 also 

known as Poloxamer 338 has already been declared to be safe to be used in cosmetic 

ingredients and also has been proposed to be used as an anti-fouling agent in the 

management of catheter associated urinary tract infections.176,177 

Considering the ease with which the pluronics form micelles and its considerably 

non-toxic safety profile, pluronic-based nanoparticles complexed with calcium 

phosphate are known to deliver siRNA to mammalian cells.178 Such nanocomplexes 

are not known to be very efficient as the physical association does not provide good 

control over siRNA loading efficiency, resulting in inhomogeneous particle 

distribution. The release of the cargo molecules could also be affected by the 

temperature (as Pluronic is a thermoresponsive polymer) as well as by the presence 

of different biomolecules in the milieu. We, therefore, adopted a covalent grafting 
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strategy where siRNA was covalently conjugated on the hydrophilic arm of the block 

polymer that facilitated efficient micelle formation, and promoted intracellular 

transport of the cargo molecule. We achieved this by incorporating redox-responsive 

disulfide groups that provide the dual advantage of fast delivery to the cytosol and 

glutathione-mediated selective dissociation inside the cells. To manufacture these 

nanocarriers, we first conjugated disulfide pyridyl groups to the terminal hydroxyls 

present on PEG units by activating the hydroxyls with 4-nitrophenyl chloroformate, 

followed by a nucleophilic displacement reaction with 2-(pyridin-2-

yldisulfaneyl)ethan-1-amine, also termed as the amino disulfide pyridyl molecule. We 

succeeded in obtaining an unprecedented degree of PEG functionalization of over 

95% with respect to the available hydroxyls, as verified by UV–vis measurements. 

Next, the disulfide pyridyl-functionalized Pluronic F108 was conjugated with thiol-

modified siRNA targeting the TF gene where the thiol groups were incorporated at 

the 3′ end of the sense strand (Figure 11). We succeeded in obtaining good 

conjugation of the siRNA to the nanocarrier, as evidenced by gel electrophoresis 

(20% PAGE). The covalent conjugation resulted in retardation of mobility, 

indicating higher-molecular-weight species in lane 2 and lane 3, which represents the 

Pluronic F108-siRNA conjugate (Plu-SS-TF) and the Pluronic F108-siRNA 

conjugate complexed with 5 mmol Ca2+ (Plu-SS-TF/Ca). The siRNA conjugated 

polymer self-assembled to form micelles that showed a hydrodynamic size of ∼274 

nm with unimodal distribution (Figure 12A), which upon complexation with 

Ca2+ displayed a hydrodynamic size of ∼370 nm (Figure 12B), as determined by the 

DLS experiment. We also confirmed the presence of elemental carbon, phosphate, 

and calcium in the particles by EDS analysis (Figure 12E). The zeta potential of Plu-

SS-TF was estimated to be −12.1 mV, which changed to −0.515 mV upon 

complexation with Ca2+ (Plu-SS-TF/Ca). This indicates that the addition of 

Ca2+ ions neutralized the net negative charge of phosphates, maintaining an overall 

near-neutral charge. Interestingly, Plu-SS-TF/Ca also displayed thermoresponsive 

properties as the hydrodynamic size of the micelles reduced from 370 to 254 nm 

when the DLS experiment was performed at 37 °C instead of 25 °C. 

https://pubs.acs.org/doi/10.1021/acs.biomac.1c00070#fig1
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00070#fig1
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00070#fig1
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00070#fig1
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00070#fig1
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00070#fig1
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Figure 11.  Schematic representation of the steps involved in the synthesis of Plu-SS-TF/Ca. Pluronic 
F108 is reacted with para-nitrochlroformate to get an intermediate product, which is then 
reacted with amino S-S pyridyl to give pluronic S-S pyridyl which can self-assemble in 
water. 
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Figure 12.   (A) Hydrodynamic size of Plu-SS-TF without calcium complexation and (B, C) with 
calcium complexation at 25 and 37 °C, respectively. (D) Gel electrophoresis indicates 
nanoparticle formation. Lane 1 = free siRNA; lane 2 = Plu-SS-TF with calcium 
complexation; lane 3 = Plu-SS-TF without calcium complexation. (E) EDS elemental 
mapping indicating the presence of carbon, phosphate, and calcium in Plu-SS-TF/Ca. 

After the successful preparation and characterization of the Plu-SS-TF 

nanoparticles, the ability of these nanoparticles to silence TF in the MSCs were tested 

in vitro. When the Plu-SS-TF were used on MSCs of higher passages (4-6) we 

observed that the Plu-SS-TF/Ca formulation showed a 72% knockdown of the TF 

with 50 nM of siRNA. (Figure 13A) As controls, Plu-SS-TF was also transfected 

using commercially available lipofectamine RNAiMAX (Plu-SS-TF/RNAiMAX) 

that resulted in 84% knockdown of TF on the MSCs. To prove that the physical 

conjugation of the TF siRNA is required for the efficient knockdown of the gene in 

the cells, we coated the siRNA/Ca+2 complexes with pluronic functionalized with 

disulfide groups (Plu-SS/TF/Ca). The Plu-SS/TF/Ca showed a modest silencing 

effect of the TF, silencing around 20% of the gene in the MSCs. MSCs in general 

are known to be hard to transfect cells179 and we believe the enhanced transfection 

efficiency of the Plu-SS-TF/Ca is due to the dithiol groups which are reported to 

improve the rapid internalization of the conjugates.180 It has also been reported that 

the higher transfection efficiency has always come at the cost of higher toxicity due 

to the cationic nature of most of the transfecting agents. The Plu-SS-TF/Ca with a  

net neutral charge was observed to show minimal toxicity when cell viability studies 

were performed. The Plu-SS-TF/Ca showed ~90% cell viability when treated on 

MSCs and the individual components of the nanoparticle Plu-SS and Plu-SS-TF did 

not show any significant toxicity. (Figure 13B)  

 

Figure 13.  (A) In vitro KD efficiency of different formulations of the nanoparticles with calcium 
complexation and RNAiMAX. Statistics were done by ANOVA on GraphPad Prism (***P < 
0.001). (B) Cell viability percentages were obtained for the nanoparticles and their 
components through the MTT assay. 
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In Publication III, we have used a different strategy to make the MSCs 

compatible for transplantation. In Publication II, we used a nanoparticle to 

knockdown TF to make the MSCs evade the systemic immune system. Here in 

Publication III, we coated the MSCs with polyelectrolyte layers to protect the MSCs 

from activating the systemic immune system. Creating a polymeric thin film on the 

cells has shown promising effects on cell survival and functionality.181,182 Single-cell 

encapsulations are a promising technique which have shown beneficial outcomes in 

both adherent and non-adherent cells.183,184 These techniques are mainly used to 

increase cell survival and functionality after in-vivo transplantation. Although very 

promising, several limitations exist as the polymers used for cell encapsulation often 

cause undesired complications. Gelatin and alginate are currently the most used 

substances used in coating of stem cells. One of the major issues of these types of 

coatings are the procoagulant nature of the alginate in the coating that could induce 

thrombosis.185 In section 2.1, we have seen that dextran sulfate can be used to reduce 

the risk of thrombotic complications when islet cell are transplanted into the body. 

However, dextran sulfate is used to make mouse models of inflammatory bowel 

syndrome as they induce inflammation of the colon after oral administration and 

mimic Crohn’s disease in humans.186 Moreover, it is also used as a potent adjuvant 

for vaccines.187 Thus we anticipated heparin being a natural ECM polymer with a 

known degradation profile and pharmacokinetics, heparin would be ideal for stem 

cell coating applications.  To address this challenge, we developed a strategy where 

MSCs from bone marrow are coated with a gelatin-heparin layer, which are natural 

polymers with opposite charges. The opposite charge of the polyelectrolyte facilitates 

the coating of cells in a layer-by-layer fashion. As the cell surface are inherently 

anionic due to sialic acid and glycosaminoglycans expressed on the cell surface, the 

first layer that complex with the anionic cell surface is gelatin, which is followed by 

the heparin layer. This coating of gelatin and heparin was again repeated to achieve 

two layers each of gelatin (G) and heparin (H). To observe if our coating (H/G) was 

successful and stable under culture conditions, we performed a transmission electron 

microscopy (TEM) analysis on the cells, three days after coating. As a control, we 

used cells that were not coated. The TEM analysis showed a clear coating around 

the cells even after three days in culture, which were not observed in the control 

cells. To further confirm the cellular coating, we estimated the charge on the cell 

surface by zeta potential measurement of the cells. As anticipated, we observed 

charge neutralization as evidenced by an increase in the zeta potential from ~-27.2 

mV (native cell surface) to ~-5.17 mV after the first layer of gelatin coating. 

Subsequent coating with heparin layer resulted in a drop-in zeta potential to ~-31.72 
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mV. The addition of the second layer of gelatin and heparin resulted in a similar 

change in surface charge as evidenced by the change in zeta potential from ~-31.72 

mV to ~-6.08 mV and ~-29.1 respectively, after the second cycle of polyelectrolyte 

treatment. These alternations between the charges after each cycle of polyelectrolyte 

treatment clearly demonstrate the successful coating of the MSCs (c-MSCs) (Figure 

14). Next, we investigated if polyelectrolyte coating influences cell proliferation by 

performing Alamar blue. We found that both the c-MSCs and control MSCs showed 

proliferation with time, however, unlike c-MSCs, the control MSCs displayed lower 

proliferation after 5 days in culture. This clearly shows the H/G coating enhances 

the metabolic activity of cells which could be due to the presence of gelatin and 

heparin which are known to enhance the proliferation of these cells.188,189  

 

Figure 14.  (A) Schematic representation of the c-MSCs with the layers of heparin and gelatin. 
Transmission electron microscopy images of (B) c-MSCs and (C) MSCs after 3 days in 
culture. The red arrows depict the presence of coating in c-MSCs. (D) Alamar blue 
proliferation assay performed on the MSCs and c-MSCs in different timepoints depicting 
the proliferation rates. (E) Zeta potential reading was observed after each layer of coating 
of the cells with H/G coating. 
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In Publication IV, a glycosaminoglycan-based hydrogel scaffold with 

immunosuppressive properties were developed. Innovative scaffold designs that 

modulate inflammation through favorable macrophage polarization and by reducing 

oxidative stress are the most sought-after for the successful clinical translation of 

regenerative therapies. Subsequently, we designed a hydrazone crosslinked gallol 

functionalized HA-based hydrogel (HA-GA). The HA was functionalized with gallic 

acid (GA) so as to exploit the immunosuppressive and antioxidant properties of the 

gallic acid.190,191 To design this HA-based hydrogel scaffold, we first synthesized 

hydrazide functionalized GA by two-step method, namely, synthesizing methyl ester 

derivative of GA followed by nucleophilic displacement with aqueous hydrazine 

(80% solution) to get GA-hydrazide in quantitative yields. The HA was 

functionalized with this GA-hydrazide through EDC coupling. This GA 

functionalized HA was then grafted with carbodihydrazide (CDH) groups as a 

biorthogonal moiety that facilitates covalent crosslinking reaction with an aldehyde 

functionalized HA derivative (HA-ALD). The CDH modified HA-GA would then 

form hydrogels with the HA-ALD through the CDH derived hydrazone bonds that 

are known to exhibit exceptional stability under physiological conditions.192 The 

degree of GA functionalization on the HA was 6% with respect to the disaccharide 

repeat units as determined by UV spectrometry. The degree of hydrazone 

crosslinking on the hydrogels was fixed at ~10%. As controls, we used HA gels 

without GA by using the same hydrazone chemistry with a similar degree of cross-

linking density using 10% modified HA-ALD. To check if the addition of the GA 

in the GA functionalized HA gels (HA-GA) changed the anti-oxidant properties 

when compared to the hydrogels without GA functionalization (HA-HA), a DPPH 

radical scavenging assay was performed. The DPPH reagent underwent a visual 

change in color from deep purple to deep orange in the HA-GA, indicating the 

antioxidant property imparted by the HA-GA.  

The viscoelastic properties of the HA gels (HA-HA) and HA gels with 6% GA 

(HA-GA gels) were evaluated by rheological studies by amplitude and frequency 

sweeps. The rheological analyses revealed that both HA-HA and HA-GA gels 

remained stable during the rheological testing and consistently yielded higher storage 

modulus (G′) values as compared to loss modulus (G′′) indicating the viscoelastic 

nature of the matrix (Figure 16A). For HA-HA gels, a storage modulus, G′, of 

995 ± 4 Pa and a loss modulus G′′ of 7 ± 3 Pa was observed, while for HA-GA gels 

the G′ and G" values were 747 ± 57 and 4 ± 1 Pa, respectively. We then observed 

the changes in the stiffness of both the hydrogels in phosphate buffer saline (PBS) 

at pH 7.4. It was observed matrix stiffening in HA-GA hydrogels on day 2 compared 

https://www.sciencedirect.com/topics/materials-science/elastic-moduli
https://www.sciencedirect.com/topics/materials-science/elastic-moduli
https://www.sciencedirect.com/science/article/pii/S1742706122000587#fig0002
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to day 0 when immersed in PBS at pH 7.4 (Figure 16B). Thereafter, the HA-GA gels 

exhibited exceptional stability in storage modulus, when compared to HA-HA 

hydrogels until day 21 (Figure 16B). This suggests that the grafting of GA in HA gels 

promotes the formation of a secondary network that stabilizes the gel and prevents 

excessive swelling. We believe this is attributed to the unique capability of the gallol 

moiety to undergo oxidation (leading to the generation of radicals) and undergo 

intermolecular dimerization.190  

 

Figure 15.   Schematic representation of the formation of the HA-HA and the HA-GA hydrogels.  

We next evaluated the tissue adhesive property of the two gels by performing 

tissue adhesion tack tests using porcine muscle tissue as a model. The tack test 

revealed that HA-GA gels had significantly greater adhesion to the wet muscle tissue, 

as a greater negative force was required to induce cohesive failure between the top 

plate and the gel. To further prove the gallol-mediated secondary network formation 

in the HA-GA hydrogels we performed an enzymatic degradation study in the 

presence of hyaluronidase in PBS at pH 7.4. Enzymatically, the HA-GA gels 

illustrated slower degradation in the presence of hyaluronidase than did the HA-HA 

gels, especially after day 2 (Figure 16F). We believe that the additional GA-mediated 

secondary crosslinking network along with the primary hydrazone network in the 

HA-GA hydrogel restricts the hydrogel swelling and thus prevents enzymatic 

degradation. 

https://www.sciencedirect.com/science/article/pii/S1742706122000587#fig0002
https://www.sciencedirect.com/science/article/pii/S1742706122000587#fig0002
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dimerization
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-degradation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hyaluronidase
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Figure 16.   (A) Rheological measurements were obtained from frequency sweep for 250 µL HA-HA 
and HA-GA hydrogels (n = 3). (B) Rheological measurements of HA-HA and HA-GA 
hydrogels ( n = 3) immersed in PBS buffer (pH 7.40). Dynamic strain recovery of a (C) 
Measurement of tissue adhesion force of the two hydrogels by rheological tack adhesion 
test (250 µL gels). (D) Degradation profiles of HA-HA and HA-GA hydrogels (250 
µL, n = 3) in neutral PBS (pH 7.4) buffer containing 50 U/mL hyaluronidase.  (E) UV-Vis 
spectra of conjugated gallic modified hyaluronic acid (HA-GA) (F) DPPH radical 
scavenging assay were carried out to assess the antioxidant property of HA-GA-CDH 
(green) with the 6 mol% GA. The picture (in the inset) depicts qualitatively the reagent 
underwent a color change (I) deep purple (DPPH) to (II) deep orange (DPPH + HA-GA 
hydrogel), which is due to the higher antioxidant property imparted by gallic acid. 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hyaluronidase
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5.2  Biopolymer-based nanocarriers that modulate immune 
response towards anti-cancer immunity 

One of the aims of this thesis was to modulate the immune system with the help of 

biomaterials and increase the local inflammation. In diseases like cancer, the TME is 

highly immunosuppressive in nature due to the role of TAMs that are the most 

abundant cells in the TME.193 Targeting the TME and modulating the TME to anti-

tumor phenotype have been studied as cancer treatment options.194,195 In Paper I, 

we designed a nanoparticle HA-DEX-DOX that could effectively co-deliver the 

chemotherapeutic agent (DOX) and an anti-inflammatory drug (DEX). The co-

delivery of these two therapeutic modalities would synergistically facilitate DOX-

mediated apoptosis, suppress side effects, and inflammation, and promote HA-

mediated targeted delivery.   

As mentioned earlier, a major risk of chemotherapy is thromboembolism which 

causes hypersensitivity reactions in cancer patients. The chemotherapeutic drugs are 

known to activate the platelets and trigger procoagulant activity that leads to 

thrombus formations.196 It is now established that the platelets are the key initiators 

of inflammation and also assist in the activation of other immune cells like the 

neutrophils, macrophages and also activate the complement pathways.197 Therefore, 

evaluating the activation of platelets and complement-coagulation cascade is of 

paramount importance. To study the thrombotic activity of HA-DEX-DOX and 

DOX, we performed an ex vivo experiment using Chandler’s loop model with fresh 

human whole blood (non- coagulated blood without the addition of anticoagulants) 

from six healthy donors. (Figure 17) These experiments revealed that when 60 µM 

DOX was incubated with fresh blood, about 50% of the donors aggressively reacted 

to DOX where severe platelet aggregation was observed (3 donors from Group 1). 

The other 3 healthy donors (Group 2) were not responsive to DOX and no platelet 

aggregation was detected. When HA-DEX-DOX was incubated in the blood, 

suppression of the DOX-induced platelet aggregation was observed in Group 1. In 

group 2, the HA-DEX-DOX similar to the free DOX did not trigger any platelet 

aggregation. The reason and the mechanism for this discrepancy of DOX reacting 

to blood need to be further researched.  

When the thrombin-antithrombin (TAT) complex were measured in the blood 

samples by ELISA after incubation with HA-DEX-DOX and DOX, it was observed 

that similar to the platelet aggregation there was no reaction from the donors in 

group 2. However, in group 1, DOX showed significant activation of the TAT 

corresponding to the platelet aggregation. HA-DEX-DOX, on the other hand, 
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showed significantly lower activation of the TAT when compared to the DOX. 

Surprisingly in group 1, when HA-DEX was incubated with blood we observed a 

significant elevation of TAT. We believe that this elevation of TAT in the HA-DEX 

groups could be due to the large hydrodynamic size of the HA-DEX when compared 

to HA-DEX-DOX. It has been previously reported that nanoparticles with lower 

curvatures (larger size)  denatured the factor XII more when compared with 

nanoparticles having higher curvatures (lower size) triggering the activation of 

TAT.198 It has also been reported that TAT activation is influenced by the 

amphiphilic surfaces199 and we believe the larger size of the HA-DEX exposes more 

hydrophobic surfaces resulting in higher plasma protein adsorption resulting in 

higher TAT activation when compared to HA-DEX-DOX. When the levels of 

anaphylatoxin C3a was measured, to our surprise it was observed that there were no 

significant differences between DOX, HA-DEX, and HA-DEX-DOX which were 

all similar to the control PBS group in both the groups 1 and 2. All these observations 

taken together suggest that the encapsulation of DOX in HA-DEX-DOX 

nanoparticles prevents platelet aggregation and thrombo-inflammation in human 

whole blood. The discrepancy in how DOX reacts with blood also suggests that a 

personalized approach is required in patients before standard chemotherapeutics are 

administered as some patients might be more sensitive to the treatments.200 These 

observations also suggest that the HA-DEX-DOX nanoparticle is capable of 

evading the systemic immune system.  

In section 5.1, we have already discussed the design and the rationale behind the 

design of HA-DEX-DOX. The ability of HA-DEX-DOX to evade the systemic 

immune system by not triggering the platelets and the coagulation cascade has also 

been discussed. After witnessing these observations, we analyzed the ability of the 

HA-DEX-DOX to target the tumor cells. We believe that HA being the major 

component in HA-DEX-DOX, the nanoparticle would be able to target the HA-

specific CD44 receptor that is known to be overexpressed in cancer cells and is also 

a known cancer stem cell marker.201 For this purpose, we used three different human 

cancer cell lines with different levels of CD44 receptor expression. MG63 

osteosarcoma cell lines and HCT116 human colon carcinoma cell lines are known 

to have high expression of the CD44 receptors, whereas the third cell line MCF7 is 

reported to have very low levels of CD44 expression. When HA-DEX-DOX was 

used on these cells, the uptake of the HA-DEX-DOX was analyzed by flow 

cytometry, exploiting the inherent fluorescent property of DOX. These experiments 

revealed that the MG63 and the HCT116 cells demonstrated 83% and 87% 

nanoparticle uptake while only 60% nanoparticle uptake was observed in the MCF7 



cell lines. The lower uptake in the MCF7 cell line could be explained due to the 

lower levels of the CD44 receptors. To further confirm if HA-DEX-DOX is 

taken up by these cells through the CD44 receptor-mediated uptake, we observed 

the uptake of the HA-DEX-DOX in these cells after blocking the CD44 

receptors with 5kDa HA. Blocking the CD44 resulted in ~1.5 folds and ~1.7 

folds reduction in the uptake in the MG63 and HCT116 cells, while MCF7 cells 

displayed ~1.3 folds reduction in uptake of HA-DEX-DOX. These observations 

suggest that the cell surface HA receptors are involved in the uptake of the 

particles. We also performed fluorescence microscopy to ascertain the 

intracellular localization of DOX and DOX in HA-DEX-DOX. Interestingly, 

DOX in HA-DEX-DOX displayed nuclear localization similar to free DOX, 

validating the uptake and intracellular bio distribution of nanoparticles. 

Figure 17.  The left panel represents Group 1 donors and the right panel represents Group 2 
donors. (A, B) Normalized Platelet aggregation. (C, D) ELISA of Thrombin-
antithrombin complex, a marker for coagulation using EDTA plasma (N = 3 donors); 
(E, F) ELISA of C3a, a marker for complement activation using EDTA plasma (N = 3 
donors). Statistical analysis was done by one-way ANOVA *P < 0.05, **P < 0.01. 
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Figure 18.  Nuclear localization of the free DOX and HA-DEX-DOX along with nuclear staining (DAPI) 
in (A) HCT116 colon carcinoma cell line and (B) MCF7 breast cancer cell line after 4 hr 
incubation. Scale bar 50 μm (C) Competitive CD44 blocking assay. The dependence of 
the nanoparticle uptake on the HA-specific cell surface receptor CD44 when the CD44 
receptor was blocked and unblocked as estimated by flow cytometry analysis. Statistics 
were done for individual groups by Mann-Whitney U-test in GraphPad Prism. (**P<0.01).  

We then investigated the in vitro toxicity of the combination therapy. A dose-

dependent MTT assay of DOX, HA-DEX, and HA-DEX-DOX was performed on 

the three cell lines. (Figure 19 A-D & Table 2) As expected, we observed toxicity in 

a dose-dependent manner in DOX and HA-DEX-DOX, while the HA-DEX did 

not show any significant toxicity. When we calculated the IC50 values, we 

surprisingly found that the toxicity of the HA-DEX-DOX was ~3 folds lower that 

the DOX in all the cell lines irrespective of the CD44 expression. To understand this 
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paradoxical effect, we examined the cytotoxic effect of free DOX, free DEX, and 

the mixture of DEX and DOX (combination effect) on these cell lines. Surprisingly 

we found that free DEX (200 nM) displayed significant toxicity to the MCF7 and 

MG63 cell lines. Specifically, it was observed that only 56% and 59.17% of the cells 

were viable in the MCF and MG63 cells respectively after 48 h as determined by the 

MTT assay. The HCT116 cells, however, did not display any signs of toxicity with 

cell viability being around 93% after 48 h. Interestingly, when the HCT116 cells were 

treated with 200 nM DEX and 200 nM DOX, it was observed that the DEX had 

suppressed the effect of DOX on the HCT116 cells (56.75% in DOX compared to 

76.9% in DEX-DOX). On the contrary, DEX increased the cytotoxic effects of 

DOX from 41.38% to 30.3% when in combination. In the MG63 cells, even though 

the DEX was shown to have toxicity (59.17% cell viability), a combination of 

DEX+DOX did not show any significant effect when compared to DOX alone ( 

38.6% cell viability with DEX+DOX and 38.91% with DOX alone). This clearly 

suggests that nanoparticles combining DEX and DOX form a powerful synergistic 

system for breast cancer, while contrary to the reported literature,202 DEX plays an 

inhibitory role in HCT116 colon cancer cells (Figure 19A). Such effects were 

negligible in MG63 osteosarcoma cells.  

Since the TAMs are one of the most abundantly found cells in the TME, we 

wanted to see if the HA-DEX-DOX could manipulate the TAMs into producing 

anti-tumor factors. For this purpose, we evaluated the immunomodulatory 

properties of DOX and HA-DEX-DOX on mouse bone marrow-derived 

macrophages (BMDMs) that were differentiated to mimic the TAMs. To ascertain 

the immunomodulatory effects of the HA-DEX-DOX, we treated the TAMs like 

cells with 200 nM of HA-DEX-DOX and measured the expression of 

proinflammatory markers like TNF-α, IL1β, iNOS, and IL6, which are known to be 

hallmarks of proinflammatory M1 macrophages.203 We observed that all these 

proinflammatory markers were elevated when these cells were treated with HA-

DEX-DOX when compared to untreated controls. (Figure 22 A-D) The elevated 

levels of these markers indicate the modulation of macrophage activation state from 

the M2 (TAMs) like state towards the M1 like state that favors anti-cancer immunity. 

All these results taken together show that we have developed a nanoparticle HA-

DEX-DOX that could evade the systemic immune system and target the tumor to 

deliver a chemotherapeutic drug while also modulating the TME to an anti-tumor 

environment.  

https://www.sciencedirect.com/science/article/pii/S0144861720314648#fig0010
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Figure 19.   (A)    Cell viability percentages after treating with either 200 nM free DOX, 200 nM DEX, 
or a combination of 200 nM DOX and 200 nM DEX. The experiments were performed on 
MCF7, HCT116, and MG63 cell lines. Statistical analysis was done by Kruskal-Wallis test 
(**p < 0.01 *p < 0.05).    Cell viability percentages after the introduction of HA-DEX-DOX, 
DOX and HA-DEX at concentrations of 100nM, 500nM, 1000nM, 2000nM and 4000nM. 
The concentration HA-DEX chosen was equivalent to HA-DEX-DOX. The cytotoxicity 
studies were performed on different cell lines (B) MCF7, (C) HCT116, and (D) MG63. 

Table 2:  Cytotoxicity of DOX and HA-DEX-DOX on the different cell lines. IC50 values were estimated 
by the logarithmic curve fitting of the cell viability percentage using GraphPad Prism software. 

Cell lines DOX IC50 (nM) HA-DEX-DOX IC50 (nM) 

MCF-7 226.03 ± 42.2 702.03 ± 76.3 (3.1 fold) 

HCT-116 192.6 ± 59.9 585.7 ± 40 (3.04 fold) 

MG-63 195.4 ± 26.4 576.4 ± 65.2 (2.95 fold) 



 

93 

  

Figure 20.  mRNA expression of pro-inflammatory genes by TAMs as estimated by qRT-PCR and 
normalized by HPRT gene expression. A) iNOS B) IL-1β C) TNF-α and D) IL-6. Statistical 
analysis done by one-way Anova *P < 0.05, **P < 0.01, ***P < 0.001. 

5.3 Designing covert MSCs with enhanced hemocompatibility 
and functions   

Along with increasing the local inflammation with the help of biomaterials, another 

aim of this thesis is to suppress the local inflammation. Suppressing local 

inflammation can be useful in cases where wound healing and tissue repairs are 

necessary. Here in this dissertation, I have exploited the MSCs to impart 

immunosuppressive properties while enhancing the safety and functions of these 

cells. In the section below the results of the Publication II, III where multipotent 

MSCs have been studied have been discussed. 
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In Publication II, we used the Plu-SS-TF/Ca nanoparticle to silence the TF or 

CD142 gene on the MSCs. Therefore, we evaluated the functional activity of TF 

knockdown (TF-KD) MSCs as we anticipated that TF knockdown would suppress 

the activation of the coagulation cascade and complement system. Using a modified 

chandler’s loop, we incubated the MSCs and TF-KD MSCs (for 1 h) in non-

anticoagulated blood and estimated platelet activation. (Figure 21A) Interestingly, 

the TF silencing attenuated the platelet aggregation as we observed ~93% free 

platelets in the TF-KD MSCs group when compared to the normal MSCs which had 

only ~22% free platelets. These results were further corroborated with the TAT 

complex activation where the TF-KD MSCs showed significantly lower TAT 

formation when compared to the normal MSCs. (Figure 21B) Interestingly, when 

the early and late complement activation markers were measured, we did not see any 

significant difference between the normal untreated MSCs and the TF-KD MSCs. 

These results unequivocally show that TF silencing using Plu-SS-TF/Ca alleviate 

platelet activation and systemic inflammation which will significantly enhance stem 

cell survival after transplantation as the MSCs will evade the systemic immune 

system.  

 

Figure 21.   (A) Platelet counts normalized against the growth medium. (B) TAT complex, a marker for 
coagulation in whole blood (N = 3). (C, D) C3a and sC5b-9, markers for complement 
activation in whole blood (N = 3). Statistical analysis was done by the Kruskal–Wallis T-
test, *P < 0.05. 
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The results obtained earlier depict that the TF-KD MSCs could evade the 

systemic immune system by suppressing platelet aggregation and mitigating 

activation of the coagulation cascade (TAT complex). As knockdown of genes in 

MSCs could potentially cause unprecedented responses leading to altered phenotype 

and cellular function. To ascertain that TF silencing does not affect cellular 

phenotype, we first estimated the expression of key MSC markers like CD105, 

CD73, and CD90 in the TF-KD MSCs through staining and flow cytometry. MSCs 

are also classified by the absence of certain markers and for this reason, we also test 

the expression of CD34 in the TF-KD MSCs. We found that a similar percentage of 

cells in the control MSC and the TF-KD groups expressing the MSCs markers CD73 

(92.1± 1.62% in MSCs to 89.2± 2.2% in TF-KD MSCs), and CD105 (91.4±1.8% in 

MSCs to 90.8± 1.6% in TF-KD MSCs). The negative MSC marker CD34 was found 

to be lacking in the majority of the cells in both the MSCs and TF-KD MSCs(0.4± 

0.2% in MSCs to 1.2± 0.6% in TF-KD MSCs). Interestingly, the number of cells 

expressing the CD90 marker was found to be lower in the TF-KD MSCs (74.1± 

1.9%) when compared to the control MSCs (82.5± 2.2%). The CD90 in the MSCs 

signifies the undifferentiated state of the MSCs and it is also known to control the 

differentiation of the MSCs by acting as an impediment towards the pathway of 

differentiation commitment. Lower expression of CD90 is correlated with temporal 

lineage commitment in vitro.204 Thus, we believe the lower amount of CD90 

expressing cells in the TF-KD MSCs group could signify the increase in the 

differentiation ability of these cells.  In order to validate the effect of TF-KD on 

stemness, we measured the expression of OCT4 and the NANOG gene by qRT-

PCR as they are the key transcription factors that are crucial for maintaining 

multipotency and the self-renewal state.205 Interestingly, the qRT-PCR study 

revealed higher expression of the NANOG gene as a result of TF-KD (though non-

significant); however, no significant differences were observed in the OCT4 

expression. (Figure 22A) 

The differentiation potential of the MSCs and the TF-KD MSCs was then 

evaluated by culturing these cells in osteogenic conditions and adipogenic 

conditions. (Figure 22 B-E) Interestingly, when the TF-KD MSCs were cultured 

under osteogenic conditions, increase mineralization was observed when compared 

to the control MSCs, as evidenced by higher calcium deposits observed by alizarin 

red staining. This observation was further confirmed by qRT-PCR which also 

revealed the increased expression of osteogenic markers ALP, BGLAP, and DLX5 

in the TF-KD MSCs when compared to the control MSCs grown in osteogenic 
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conditions. Interestingly, the TF-KD MSCs also exhibited an increase in the 

expression of adipogenic markers (LPL and PPARG) compared to control MSCs in 

adipogenic conditions, albeit not as significant as under the osteogenic conditions.  

 

Figure 22.  : A) qRT-PCR analysis was done to determine the level of OCT4 and NANOG to analyze 
the stemness of the TF-KD cells and untreated MSCs. (B) qRT-PCR analysis of 
osteogenic markers. Statistics were done by the Mann–Whitney test on GraphPad Prism 
(*P < 0.05). (C, D) Differentiation studies of TF-KD MSCs and MSCs after 16 days of 
culture. (C) Alizarin red staining to detect the presence of calcium deposits of MSCs 
cultured under osteogenic conditions. (C1) Control MSCs and (C2) MSCs after treatment 
with Plu-SS-TF/Ca. (D) Nile red staining of MSCs to detect the presence of lipid vacuoles 
cultured under adipogenic conditions. (D1) Control MSCs and (D2) MSCs after treatment 
with Plu-SS-TF/Ca. (E) qRT-PCR analysis of adipogenic markers. 
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Figure 23.   (A–C) Effect of the MSC secretome (CM) on proinflammatory M1 macrophages derived 
from THP-1 cells. qRT-PCR analysis quantifying the cytokine mRNA levels of (A) TNF, (B) 
IL-1β, and (C) IL-10. (D–F) Paracrine signaling of MSCs and TF-KD MSCs by direct 
stimulation with endotoxin LPS (2 μg/mL) relative to the untreated MSC control. qRT-PCR 
analysis quantifying the cytokine mRNA levels of (D) TNF, (E) iNOS, and (F) IL-1β. Gene 
expression is relative to β-actin. Statistics were done by the Kruskal–Wallis method (*P ≤ 
0.05, **P ≤ 0.01). 

We then investigated if the immunomodulatory properties of TF-KD MSCs are 

different from the control MSCs. (Figure 23 A-C) It has been reported that MSCs 

impart their functional benefits by secreting soluble factors and by paracrine 

signaling.206 For this purpose, we studied the effect of the MSC and TF-KD MSC 

secretome on THP-1 human monocyte cell lines that were differentiated to the 

proinflammatory M1 phenotype. When the conditioned medium (CM) from the 

MSCs and TF-KD MSCs were exposed to the M1 macrophages, we observed a 

significant decrease in the expression of proinflammatory markers TNF-α and IL1β 

when compared to the M1 macrophages that were not exposed to the CM. We also 

analyzed the levels of IL10, an anti-inflammatory marker. It was observed that when 

the M1 macrophages were exposed to the CM from the TF-KD MSCs they showed 

a significant increase in the production of IL10. The CM from the control MSCs 

also increases the IL10 production but is not as significant as the TF-KD group. 

These results suggest that the TF-KD MSCs retained their immunosuppressive 
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properties similar to the control MSCs. The increase in the IL10 expression in the 

M1 macrophages after the exposure of CM of TF-KD MSCs, when compared to the 

CM from control MSCs, shows that the TF-KD MSCs might be partially superior 

that the control MSCs in the resolution of inflammation. We believe this because 

IL10, being a master anti-inflammatory response regulator, can suppress the activity 

of other proinflammatory immune cells and subsequently regulate the T-helper cell 

responses.207 We then examined if TF-KD MSCs respond differently to stimulants 

when compared to control MSCs. It has been reported that MSCs can exhibit a 

proinflammatory phenotype when stimulated with external agents.208 For this 

purpose, we stimulated the MSCs with endotoxin LPS (lipopolysaccharides) and 

surprisingly observed that the TF-KD MSCs displayed significantly higher 

expression of proinflammatory cytokines TNF-α, IL1β, and iNOS when compared 

to the stimulated MSCs and unstimulated MSCs. This clearly suggests that the TF-

KD MSCs were more sensitive to stimulation. Thus, TF silencing of MSCs by Plu-

SS-TF/Ca as reported in Publication II, clearly demonstrate that TF-KD MSCs 

possess enhanced hemocompatibility, differentiation potential, and paracrine 

functionalities, which would enhance the stem cell survival and function after 

transplantation.  

In Publication III, we used heparin and gelatin to coat the MSCs. This H/G 

coating on the MSCs made them more proliferative in-vitro. We then analyzed if this 

coating could help these cells evade immune surveillance after infusion in blood. 

Similar to the hematological experiments in Publication II, the MSCs and c-MSCs 

were incubated with non-anticoagulated human whole blood in a modified 

chandlers’ loop for one hour. These experiments revealed that the c-MSCs 

attenuated the platelet aggregation when compared to the MSCs, as demonstrated 

by ~94% free platelets in the c-MSCs group when compared to the control MSCs 

(~2% free platelets). (Figure 24) These observations were further corroborated with 

the TAT activation, which were significantly lower in the c-MSCs when compared 

to the control MSC group. The lower TAT activation by the c-MSCs group could be 

attributed to the outer heparin coating. Heparin is a known anti-coagulant which is 

known to reduce thrombin generation in a dose-dependent manner.209 When the 

early and late markers for complement activation were measured, we observed the 

c-MSCs to have lower levels of both the C3a and the C5b-9 markers. The C3a levels 

in the c-MSCs were significantly lower (~600 ng/mL) when compared to the MSCs 

( ~1300 ng/mL). The C5b-9 marker levels were lower in the c-MSCs (~30  IU/mL) 

when compared to the control MSCs (~81 IU/mL), however, they were not 

significant. Thus, heparin coating significantly improves the hematological response 
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as confirmed by lower platelet aggregation and lower expression of complement 

markers. The unfractionated heparin, the glycosaminoglycan used in this study for 

coating cells, is known to sequester complement proteins and thus neutralize the 

activation of the complement cascade.210,211 These results, taken together suggest 

that the c-MSCs could successfully evade the systemic immune system when 

compared to the control MSCs.  

 

Figure 24.  (A) Platelet counts observed after incubation of c-MSCs and MSCs in non-anticoagulated 
blood, normalized against the growth medium (GM). (B) TAT complex, a marker for 
coagulation in whole blood (N = 3). (C, D) C3a and sC5b-9, markers for complement 
activation in whole blood (N = 3). 

 

 After establishing that the c-MSCs did not trigger the coagulation cascade, we 

investigated the cytokines released by the MSCs. (Figure 25) Since it has already been 

established that the MSCs could be used as cell therapy to treat cartilage lesions and 

osteoarthritis,212 we looked for the release of IL8 and IL6 which are known to be 
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involved in the repair of these conditions.213 For this purpose, we analyzed the 

secretome of the c-MSCs and the uncoated MSCs after three days by ELISA. 

Interestingly, we observed that the levels of IL6 and IL8 secreted by the c-MSCs 

were much lower than the uncoated MSCs. Further analysis revealed that even after 

stimulation of the MSCs and c-MSCs with IFNγ and TNFα, the c-MSCs secretome 

contained a much lower amount of IL6 and IL8 after three days. We speculated that 

the factors released by the c-MSCs could adhere to the heparin in the H/G coating 

as heparin is known to bind to a lot of biological molecules.214 To further confirm if 

the c-MSCs indeed produce a lower amount of IL6 and IL8, we analyzed the mRNA 

levels of these cytokines in the c-MSCs and MSCs. Interestingly, we observed that 

on day 3, the c-MSCs had significantly more mRNA levels of IL6 and IL8 when 

compared to the uncoated MSCs. The c-MSCs showed higher levels of IL6 and IL8 

even when analyzed 7 days after culturing, though this increase was non-significant. 

We also looked for markers like VEGF, HIF1, and TGFβ that are important markers 

for immunomodulation, tissue repair, and regeneration. When the mRNA levels of 

the markers we analyzed on day 3, we found that there were no significant 

differences in the mRNA levels of these markers. Intriguingly, we observed a non-

significant increase of the VEGF, HIF1, and TGFβ mRNA levels on day 7 when 

compared to the uncoated MSCs. The increased levels of HIF1 could help in the 

survival, proliferation, and differentiation.215 HIF1 is also known to influence the 

production of  VEGF,216 which is known to be a potent angiogenic factor.217 The 

increase in TGFβ could suggest that the c-MSCs could be more efficient than the 

uncoated MSCs in inducing the production of regulatory T-cells that are known to 

partake in tissue repair and regeneration.218 These observations suggest that the H/G 

coating does not significantly reduce or inhibit the mRNA expression of these 

important markers that are involved in immunomodulation and tissue repair.   
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Figure 25.  A&B) Levels of the IL8 and IL6 cytokines (in pg/mL) as analyzed through ELISA of the c-
MSCs, uncoated MSCs, and c-MSCs, and uncoated MSCs stimulated by IFNγ and TNFα. 
(C – G) mRNA expression levels of the IL6, IL8, VEGF, TGFβ, and HIF1 in uncoated and 
c-MSCs.  

The discrepancy in the level of cytokines secreted by the c-MSCs in ELISA and 

the mRNA levels of the cytokines prompted us to investigate the paracrine signaling 

abilities of the c-MSCs. For this purpose, we stimulated the C28/i2 chondrocytes to 

a pro-inflammatory phenotype by treating them with lipopolysaccharides (LPS, 1 

µg/mL) for 24 h. (Figure 26) The conditioned medium from c-MSCs and uncoated 

MSCs were collected after 3 days in culture and exposed to the stimulated 

chondrocytes. We analyzed the levels of the major pro-inflammatory genes IL1β and 

TNFα. As expected, when the conditioned medium from the uncoated MSCs was 

exposed to the stimulated chondrocytes, there was a decrease in the levels of IL1β 

and TNFα. Similarly, a significant decrease in the mRNA levels of the IL1β and 

TNFα was observed when the conditioned medium of the c-MSCs was exposed to 

the stimulated chondrocytes. We also measured the levels of the anti-inflammatory 

marker TGFβ and observed that in there was a moderate increase in both the c-

MSCs and the uncoated MSCs. These results suggest that the c-MSCs are as effective 
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as the uncoated MSCs and that the H/G coating does not interfere in the paracrine 

signaling of the MSCs.  

To further confirm that the immunomodulatory properties of the MSCs are 

retained after the H/G coating, we exposed the conditioned medium of the c-MSCs 

and uncoated MSCs to THP1 cells differentiated into M1-like macrophages. (Figure 

26) The medium was then collected and the cytokines were analyzed through a 

multiplex bead-based assay. We specifically analyzed the proinflammatory cytokines 

TNFα and IL1β which are the hallmarks of pro-inflammatory macrophages. 

Expectedly, we saw a decrease in the production of TNFα and IL1β when the 

conditioned medium of c-MSCs and MSCs were exposed to the M1 polarized THP1 

cells. We also observed the cytokine levels of IP10 (CXCL10), a proinflammatory 

cytokine that is known to be produced by IFNγ or LPS stimulated cells.219 We 

observed a drastic decrease in the production of IP10 when the conditioned medium 

of c-MSCs and the MSCs were exposed to the proinflammatory THP1 cells. The 

decrease in the levels of pro-inflammatory markers released by the M1 polarized 

could be due to the predominantly immunosuppressive nature of the MSCs.220 We 

also analyzed the levels of IL6, a pleiotropic cytokine that is known to be involved 

in both pro-inflammatory as well as anti-inflammatory roles.221 Interestingly, we 

observed a drastic increase in the production of IL6, when the conditioned medium 

of the c-MSCs was exposed to the M1-like THP1 cells. The conditioned medium 

from the uncoated MSCs had similar levels of IL6 secretion when compared to the 

control THP1 cells. The increase in the IL6 secretion with the conditioned medium 

of the c-MSCs could be explained due to the fact that c-MSCs showed an increased 

expression of IL6. The reduction of the proinflammatory TNFα, as well as the IL1β, 

seen in the THP1 cells also strengthens our belief that this IL6 expression could be 

a direct effect of the increased amount of IL6 present in the conditioned media of 

the c-MSCs. We also hypothesize that this IL6 release could be of the anti-

inflammatory type as there have been reports where the IL6 is involved in the 

regulation of macrophages and has been known to increase CD206 expression (a 

major anti-inflammatory marker) in macrophages.222 Taking all the results together, 

it can clearly be inferred that the H/G coating of the MSCs does not hinder the 

paracrine signaling capabilities and immunomodulatory functions of the MSCs.  
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Figure 26.   Immunomodulatory properties of the c-MSCs. (A) The effect of the conditioned media 
(CM) from c-MSCs and MSCs on the LPS stimulated C28/I2 chondrocytes. The effect of 
the CM of c-MSCs and MSCs on the M1 polarized THP1 cells was measured by analyzing 
the levels of (B) TNFα (C) IL1β (D) IP10 and (E) IL6. 

Finally, after analyzing the paracrine signaling abilities of the c-MSCs, we 

investigated if the H/G coating had an effect on the differentiation abilities of the 

MSCs.  Most of the cell therapies where the MSCs have exploited their 

immunomodulatory properties rather than their differentiation potential.223 

However, there have been reports that when the MSCs have differentiated into 

cardiomyocytes when they were used in mice myocardial infraction models.224 

Therefore, to evaluate the differentiation potentials of the c-MSCs, we cultured the 

H/G in osteogenic and adipogenic conditions for a period of two weeks. As 

controls, uncoated MSCs were also cultured under osteogenic and adipogenic 

conditions for a period of two weeks. We also included a group where the c-MSCs 

and uncoated MSCs were cultured in basal medium for two weeks. To analyze the 
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osteogenic differentiation potential, the cells were stained with alizarin red stain. We 

observed that there were similar amounts of calcium deposits in the c-MSCs and 

uncoated MSCs in osteogenic conditions as seen in figure 27 B&C. The c-MSCs and 

uncoated MSCs in basal medium did not show any significant calcium deposits as 

seen in Figure 27 A&D. To further confirm that the c-MSCs did not lose their 

differentiation ability, we examined the mRNA levels of the two osteogenic markers, 

ALPL and BGLAP. We observed similar increase in the BGLAP and ALPL in the 

c-MSCs and uncoated MSCs in osteogenic conditions when compared to the c-

MSCs and uncoated MSCs in basal medium (BM). To analyze the adipogenic 

differentiation, the cells were stained with oil red S stain which would stain the lipid 

present in the cells. These experiments did not reveal any significant differences in 

the adipogenic differentiation between the c-MSCs and uncoated MSCs, as seen in 

Figure 27 F&G. The c-MSCs and uncoated MSCs did not show any adipogenic 

differentiation in the basal medium conditions. (Figure 27 E&H) To confirm this, 

we analyzed the mRNA levels of the adipogenic markers ( PPARG, LPL) in the c-

MSCs and uncoated MSCs. The mRNA levels correlated with the oil red stain S 

results and elevated levels of PPARG and LPL were observed in the c-MSCs and 

uncoated MSCs in adipogenic conditions when compared to the cells grown in basal 

medium conditions. These results taken together show that the H/G coating of the 

MSCs does not hinder the differentiation potential of the MSCs.  
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Figure 27.  Differentiation potential of the c-MSCs and uncoated MSCs. Alizarin red staining was used 
to stain the calcium deposits formed in (A) c-MSCs in basal medium, (B) c-MSCs in 
osteogenic medium, (C) Uncoated MSCs in osteogenic medium, and (D) uncoated MSCs 
in basal medium. Oil red S stain was used to stain the lipids present in  (E) c-MSCs in 
basal medium, (F) c-MSCs in adipogenic medium, (G) Uncoated MSCs in adipogenic 
medium, and (H) uncoated MSCs in basal medium. Scale bar- 500 µm. mRNA levels of (I)  
osteogenic markers and (J)  adipogenic markers. AM= adipogenic medium OM= 
osteogenic medium BM= basal medium 

5.4 Designing ECM mimetic hydrogel scaffold with 
immunosuppressive characteristics  

In Publication IV, we made a  hyaluronic acid-based extracellular matrix mimetic 

injectable scaffold that is grafted with immunomodulatory gallol moiety.  

First, we evaluated the biocompatibility of these hydrogels by encapsulating 

CRL2429 fibroblast cells in both HA-HA and HA-GA hydrogels. The 
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biocompatibility assays were performed by Live/dead staining and we observed that 

both the HA-GA and HA-HA gels were highly compatible for these cells for up to 

two weeks when encapsulated.  (Figure 28A) We then encapsulated the primary 

mouse BMDM in these hydrogels and observed no significant toxicity at the 

respective time points. Further, we also encapsulated MSCs in these hydrogels and 

measured the DNA content of these cells using CyQuant cell proliferation assays. 

These experiments revealed that the MSCs were viable and proliferating from day 1 

to day 21 in HA-HA gels. However, in the HA-GA gels, the MSCs showed slower 

proliferation between days 1 and 14 compared to the HA-HA gels and subsequently 

showed an increase in the proliferation up to day 21. This reduction in the 

proliferation ability of MSCs in the HA-GA gels could be attributed to the inhibitory 

effect of gallol on MSC proliferation.225 We then evaluated the antioxidant effects of 

the HA-GA on CRL2429 cells. (Figure 28B,C) For this purpose, we incubated the 

components of the hydrogels (HA-CDH and HA-GA-CDH) with these cells in the 

presence or absence of 200 µM hydrogen peroxide (H2O2). We observed a reduction 

in the cell viability (~50% reduction) when the cells were exposed to the H2O2 

without the hydrogel components. We observed a similar reduction ( ~55%) in the 

cell viability when the cells were treated with HA-CDH (1 mg/mL) and then exposed 

to H2O2. Interestingly, when the cells were treated with HA-GA (1 mg/mL) and 

then exposed to the H2O2, we observed that there was only ~36% reduction in cell 

viability when compared to ~50-55% in the non-treated controls and the HA-CDH 

group. This clearly suggests that the GA moiety in the HA-GA polymer contributed 

to the radical scavenging property when exposed to H2O2.  

To further validate the antioxidant property in the hydrogels, we performed 3D 

cellular oxidative stress measurement experiments. The CRL2429 cells were 

encapsulated in the HA-GA and HA-HA hydrogels and then exposed to 250 µM 

H2O2. In the HA-HA gels, the CRL2429 cells showed the effects of oxidative stress 

and the cell viability was observed to be around 50% when compared to the no H2O2 

treated HA-HA gel. As expected, in the HA-GA hydrogels there was higher cell 

viability when treated with H2O2 when compared to the HA-GA gels that were not 

treated with H2O2. These experiments clearly suggest that the GA moiety in the 

hydrogel network shielded the encapsulated cells from oxidative stress by scavenging 

free radicals induced by the addition of H2O2.  
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Figure 28.    (A) LIVE/DEAD staining of CRL2429 fibroblasts encapsulated inside hydrogels on 1, 7, 
and 14 days of culture. Cells stained in green (Calcein AM) represent live cells while cells 
stained in red (EtBr) represent dead cells. (Scale bar = 500 µm, Cell 
density = 2 × 106/mL). (B) 2D monolayer and (C) 3D encapsulated cells Presto Blue 
viability assays showing the antioxidant effect of GA moieties on CRL2429 cells during 
induced oxidative stress. HA-GA improves cell viability during oxidative stress in (B) 
monolayer and (C) 3D cultures. (Cell density = 5 × 104 cells/well for 2D (n = 6) and 
2 × 106/mL for 3D cultures, (n = 3)). Statistical analysis used the Mann-Whitney Test 
*P<0.05. (D) CyQuant Cell proliferation assay of MSCs encapsulated in HA-HA and HA-
GA gels over a time period. (E) Live dead assay of murine bone marrow-derived 
macrophages in HA-HA and HA-GA hydrogels at Day 3 and Day 7. (Scale bar = 500 µm, 
Cell density = 2 × 106/mL) 

To assess the immunomodulatory property of the HA-GA hydrogel, we 

encapsulated human monocyte cell line THP-1 in the gels. The THP-1 cells were 

encapsulated in the HA-GA and HA-HA hydrogels without the addition of any 

differentiation factors or immunomodulatory agents. After 8 days in culture, we 

analyzed the expression of selected pro-inflammatory and anti-inflammatory genes. 

In the HA-GA gels, we observed a 125-fold increase in the IL10 and a 2.5-fold 

increase in the IL1ra when compared to the cells in HA-HA gels. (Figure 29) The 

increase in the IL10 and IL1ra suggests that the macrophages had polarized towards 

an immunosuppressive M2 phenotype. Interestingly, we observed a 20-fold increase 

in the proinflammatory IL1β in the HA-GA gels when compared to the HA-HA 

gels. It is important to consider that it is the net sum of inflammatory genes that 

determine the final macrophage activation phenotype, so the co-expression of both 

pro-inflammatory and immunosuppressive markers is expected. We believe that the 

substantial amount of IL10 produced by these cells in the HA-GA gels would inhibit 

the differentiation of the neighboring cells into pro-inflammatory by the suppression 

of proinflammatory genes through the IL10/STAT3 pathway 226 and thereby 

allowing the macrophage population to be self-regulating.227 This property of the 

macrophages could be useful in reducing inflammation and could facilitate wound 

healing and tissue regeneration. The immunosuppressive macrophages are reported 

to mitigate tissue damage and promote recovery from conditions like spinal cord 

injury and myocardial ischemia.228,229   

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-encapsulation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-stress
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-viability
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/macrophage-activation
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Figure 29.  Gene expression analysis of pro-inflammatory markers TNF-α and IL-1β and anti-
inflammatory markers IL-10 and IL-1ra in THP-1 cells encapsulated in HA-GA hydrogels 
for 8 days in basal medium, as compared to HA-HA gels. Expression of anti-inflammatory 
markers was increased in HA-GA gels as compared to HA-HA gels, suggesting increased 
immunosuppressive polarization (200 µL gels. THP-1 density = 4 × 106/mL, n = 6). 
Statistics used Mann-Whitney Test *P<0.05 

To further confirm that the HA-GA hydrogels polarize macrophages towards the 

immunosuppressive phenotype, we encapsulated murine bone marrow-derived 

primary macrophages (BMDM) in their resting state (M0 macrophage) in the HA-

GA and HA-HA gels for 10 days. The medium in which these cells were cultured 

was collected on day 1 and day 10 and analyzed using a multiplex bead-based assay 

for the cytokines released by the cells. (Figure 30 A&B)  We observed that the cells 

in the HA-GA gels produced lower levels of pro-inflammatory cytokines like IL6 

1.6 ± 0.5 ng/mL in HA-GA vs 2.5 ± 0.5 ng/mL in HA-HA), IL-12p40 

(0.6 ± 0.4 ng/mL in HA-GA vs 3 ± 1 ng/mL in HA-HA) and MDC 

(1 ± 0.3 ng/mL in HA-GA vs 3 ± 1 ng/mL in HA-HA) when compared to the HA-

HA gels. Interestingly, in the same samples, there was no significant difference in 

the levels of the anti-inflammatory genes TGF-β in both the HA-HA and HA-GA 

gels. When the day 10 mediums were analyzed, a similar trend was observed whereby 

the HA-GA gels had released significantly lower amounts of pro-inflammatory 

cytokines when compared to HA-HA gels. Specifically, IL-6 (187 ± 28 ng/mL in 

HA-HA vs 104 ± 5 ng/mL in HA-GA), IL-12p40 (174 ± 78 ng/mL in HA-HA vs 

5 ± 2 ng/mL in HA-GA), MDC (284 ± 140 ng/mL in HA-HA vs 7 ± 3 ng/mL in 

HA-GA) and TNF-α (1086 ± 257 ng/mL in HA-HA vs 695 ± 45 ng/mL in HA-

GA) expression were significantly lower in the HA-GA gels, while IL-18 released by 

both the gels was at similar levels. Unexpectedly, TGF-β was less abundant in the 

HA-GA gels (6 ± 2 ng/mL) compared to the HA-HA gels (36 ± 22 ng/mL). These 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gene-expression-profiling
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-encapsulation


 

110 

results indicate that HA-GA gels have the potential to drive BMDM towards a less 

inflammatory phenotype than do the HA-HA gels. We also did an mRNA level 

analysis of the genes by doing a qRT-PCR of the cells from the HA-HA and HA-

GA gels. (Figure 30C) First, we observed that these cells matured into macrophages 

from their resting M0 phenotype in both the HA-GA and the HA-HA gels as 

evidenced by the equally present F4/80 murine macrophage marker. Interestingly, 

we observed an increase in the expression levels of anti-inflammatory genes; il10 

(~2-fold), tgfb-1 (~3-fold), il4 (~1.5-fold), il4ra (~3-fold), and tgfb-r1 (~2.5-fold) in 

the HA-GA gels when compared to the cells in the HA-HA gels. As observed in the 

study with the THP-1 cells, we observed an increase in the expression levels of pro-

inflammatory markers such as socs3 (~2-fold), il6 (~1.5-fold), and tnfa (~2.5-fold) 

in the HA-GA gels when compared to the cells in the HA-HA gels. The results 

obtained in the multiplex bead assay and the qRT-PCR concord with our hypothesis 

that the GA functionalization of HA could act as a cue to polarize the macrophages 

towards an immunosuppressive phenotype. The increase in the expression of 

proinflammatory markers could be attributed to the flexible phenotypic paradigms 

of the macrophages.230 There have also been reports suggesting that the temporality 

and responsiveness of macrophage functions necessitate this flexibility, with M2- 

activated macrophages being able to display M1-like features or to repolarize 

completely.231  
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Figure 30.  Cytokine release in the medium by the primary murine BMDM cells was analyzed by 
capture bead assay on (A) day 1 and (B) day 10. Statistical analysis was done by Mann-
Whitney Test using GraphPad Prism. **P<0.01 (C) Cytokine mRNA levels produced by the 
BMDM cells as determined by qRT-PCR when encapsulated within HA-HA and HA-GA 
gels (n = 5) for 14 days. Statistical analysis using student T-test *P<0.05. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cytokine-release
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Although the results with the M0 macrophages showed promising signs of the 

cells polarizing towards the immunosuppressive phenotype, the extent of the 

polarization was not very clear. For this purpose, we tested the immunosuppressive 

property of the gels by encapsulating BMDM that were differentiated towards a pro-

inflammatory M1 phenotype. (Figure 31) As expected, we did observe a significant 

decrease in the pro-inflammatory genes like socs3, iNOS, and il6 and a non-

significant decrease in tnfa and il1β in the HA-GA when compared to the HA-HA 

gels. Unexpectedly, we observed a decrease in the expression of il4 in the HA-GA 

gels when compared to the HA-HA gels. A significant decrease in the expression of 

chemokine-derived cx3cr1 was also observed. There have been studies that state the 

lower expression of cx3cr1 in the macrophages allows these cells to express both 

pro-inflammatory and anti-inflammatory markers.232 These kinds of cells could be 

vital in the early and late stages of wound healing and repair in spinal cord injuries.233 

To further confirm these observations, we analyzed the medium in which these cells 

were cultured. The mediums were analyzed for different pro-inflammatory and anti-

inflammatory cytokines using the multiplex bead-based assay. The observations 

from these experiments corroborated with the qRT-PCR results where we observed 

a significant decrease in the levels of the pro-inflammatory cytokines. Specifically, 

we observed a reduction in the levels of IL-23 (10 ± 3 ng/mL in HA-HA vs 

4.5 ± 2 ng/mL in HA-GA), IL-6 (3.6 ± 1 ng/mL in HA-HA vs 1.7 ± 1 ng/mL in 

HA-GA), macrophage-derived chemokine (MDC; 39 ± 12 ng/mL in HA-HA vs 

20 ± 8 ng/mL in HA-GA) and IL-12p40 (30 ± 4 ng/mL in HA-HA vs 

15 ± 4 ng/mL in HA-GA) in the HA-GA gels when compared to the HA-HA gels. 

Unexpectedly, we observed an increase in the some of the pro-inflammatory markers 

such as TNF-α (16 ± 0.3 ng/mL in HA-HA vs 16 ± 0.4 ng/mL in HA-GA) and IL-

18 (19 ± 7 ng/mL in HA-HA vs 42 ± 7 ng/mL in HA-GA) in the HA-GA gels 

when compared to the HA-HA gels. Interestingly, we also observed the there was 

an increase in the production of anti-inflammatory cytokines from the cells in the 

HA-GA gels when compared to the HA-HA gels. The levels of granulocyte colony 

stimulating factors (20 ± 7 ng/mL in HA-HA vs 40 ± 11 ng/mL in HA-GA), IL-10 

(9 ± 4 ng/mL in HA-HA vs 14 ± 9 ng/mL in HA-GA) and TGF-β (5 ± 2 ng/mL 

in HA-HA vs 16 ± 7 ng/mL in HA-GA) were found to be higher in the HA-GA 

gels. The qRT-PCR results together with the multiplex bead-based assay results 

clearly suggest that the HA-GA gels predominantly possess an immunosuppressive 

characteristic compared to the HA-HA gels.  

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/chemokine
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/granulocyte-colony-stimulating-factor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/granulocyte-colony-stimulating-factor
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Figure 31.  (A) Primary murine BMDM cells were stimulated with LPS/IFNγ for 16 h and then 
encapsulated in HA-HA and HA-GA gels (n = 4) for 3 days. The expression of different 
inflammatory markers was determined by qRT-PCR. Statistics were done by T-test using 
GraphPad Prism. *P<0.05, **P<0.005, ***P<0.001 (B) Cytokine present in the medium 
detected by multiplex bead-based assay after 3 days. Statistical analysis used Mann-
Whitney Test. *P<0.05, **P<0.01. 
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Unlike Publications I, II, and III, in Publication IV, the HA-GA hydrogel 

was not designed to evade the systemic immune. These hydrogel scaffolds were 

designed to modulate the immune system. As seen in the literature review section, 

any biomaterial when implanted into the body triggers the innate immune system 

and activates the pro-inflammatory immune cells that accumulate at the site of the 

implantation ultimately leading to the failure of the biomaterial. In our case, we 

injected the HA-HA and HA-GA gels into two different subcutaneous pockets in 

healthy C57BL/6 mice and analyzed the immune cells recruited by these gels. Five 

days after implantation when these gels were recovered and the cells that infiltrated 

the gels were harvested, stained, and analyzed by flow cytometry, we were surprised 

to find that the HA-GA gels had attracted more myeloid cells (CD45+CD11+) cells 

relative to the HA-HA gels. When these cells were analyzed further for the 

proinflammatory markers CD86 and MHCII (major histocompatibility factor), it was 

observed that the  HA-GA gels had lower amounts of cells expressing 

CD86+MHCII+ when compared to the HA-HA gels. A similar trend was observed 

when analyzed for CD86+MHCII+CD40+ expressing cells, where HA-GA gels has 

a significantly lower number of cells expressing when compared to the HA-HA gels. 

(Figure 32) It is our belief that the intrinsic property of the HA-GA gel to stimulate 

the immune cells to produce IL-10 could be responsible for the lower amount of 

CD86+MHCII+ cells.234 Interestingly, when we left the hydrogels for a longer period 

of 10 days in the subcutaneous pockets of the mice, we found that the HA-GA gels 

were completely resorbed and the HA-HA gels were intact. We speculate that this 

unique degradation could be attributed to the higher number of M2-like 

macrophages in the cells recruited by the HA-GA gels. It has also been reported that 

such fast degradations have been observed in collagen-containing scaffolds in mice 

which was attributed to the M2-like macrophages that are known to dramatically 

enhance the turnover of extracellular matrix through intracellular pathways.235 Thus 

these, results show that we have designed a hydrogel scaffold that could modulate 

the systemic immune system reaction and succeed in bringing an 

immunosuppressive environment in its surroundings.  
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Figure 32.  Flow cytometric analysis of the cells recruited into the HA-HA and the HA-GA hydrogels 
when implanted subcutaneously in C57L/B6 mice. The hydrogels were excised and the 
cells recovered after the dissolution of the hydrogels using hyaluronidase enzyme. The 
cells were then stained with CD86, MHCII, CD40, and CD45 antibodies and analyzed 
using flow cytometry. Statistics used student T-test. *P<0.05, **P<0.005, ***P<0.0005.  

 

Furthermore, as seen above the HA-GA recruited a lower number of pro-

inflammatory macrophages compared to HA-HA gels when implanted in 

subcutaneous pockets in mice. These results clearly suggest that GA functionalized 

gels display radical scavenging activity and promote polarization of macrophages 

into an immunosuppressive phenotype have great potential to be used as scaffolds 

for regenerative therapies. The ability of the HA-GA gels to suppress the major pro-

inflammatory genes and an increase in the TGF-β and IL-10 suggests that these 

hydrogels may be a valuable tool for tissue engineering applications, especially for 

wound healing during which suppression of inflammation is crucial. 
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6 CONCLUSIONS 

In conclusion, the findings from the study presented in this thesis prove that 

glycosaminoglycan derived polymers such as hyaluronic acid and heparin are a 

valuable building block with diverse bioactivity and cellular function for engineering 

different materials. We have successfully exploited these polymers for engineering 

nanocarriers, bulk hydrogels and used them to encapsulate stem cells and have 

shown that they can modulate the immune system.  Specifically, the findings from 

the four studies in this dissertation show that  

1) nanocarriers designed using HA can be successfully used to provide stealth 

properties that evade the systemic immune system, that allow controlled drug release 

and modulate immune response. For example, the study in Publication I can be 

used in cancer treatment. The combined delivery of an immunosuppressive drug and 

chemotherapeutic drug using a tumor targeting nanoparticle could help in mitigating 

the side effects of chemotherapy. Moreover, apart from inducing DOX mediated 

cytotoxicity, our nanoparticle was also shown to manipulate the TAMs to release 

pro-inflammatory cytokines which could lead to the faster elimination of the tumor.  

2) synthetic block polymers such as pluronic F108 can also be used to design 

nanocarriers for siRNA delivery that successfully silenced tissue factor gene that 

enhancing the safety and function of these therapeutic cells. For example, in 

Publication II, the silencing of TF lead to the MSCs being more hemocompatible 

and to our surprise it enhanced the functions and the differentiation potential of the 

MSCs.   

3) in Publication III, we show that biopolymers such as gelatin and heparin can be 

exploited to engineer stem cells that overcome thrombotic risk associated with stem 

cell transplantation thus making them more compatible for clinical applications.  

4) the biomaterials can be used to create an immunosuppressive environment 

suitable for wound healing and tissue regeneration. For example, Publication IV, 

show that GA functionalized hydrogel display antioxidant properties and 

immunosuppressive properties by polarizing macrophages to an 

immunosuppressive phenotype, thus has great potential for regenerative medicine 

and for designing living scaffold with stem cells. The GA functionalized hydrogels 
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suppressed major pro-inflammatory genes in the endotoxin stimulated macrophages. 

They also showed increase in anti-inflammatory gene expression in the endotoxin 

stimulated macrophages, suggesting that these hydrogels could be a valuable tool for 

wound healing and other tissue engineering applications. 

The findings of this thesis also show that the manipulation of the immune system 

has a huge potential for treating various diseases. The manipulation of the immune 

system however needs spatiotemporal control of the immune activity, which is 

currently difficult to provide in the traditional treatment methods. The ability of the 

biomaterial scaffolds to provide spatiotemporal control of immune activity makes 

them perfectly suited for these applications. For example, in the case of cancer 

immunotherapy, the immunotherapeutic agents react differently in patients with 

cancer.236 The ability of biomaterials to be flexible and tailored in different ways, 

could help in increasing the efficacy of these immunotherapeutic agents. To make 

these biomaterial-based immunotherapies successful in the transition to the clinic, 

the biomaterials require new design approaches so they could be fabricated for each 

patient group or even individual patients. In the case of tissue regeneration or wound 

healing, a balance between the pro-inflammatory activities and anti-inflammatory 

activities. The design of the biomaterials in these cases also would depend on the 

severity and complexity of the wound. With the evolution of 3D printing and 

synthetic biology, these could be integrated into the design of future biomaterials in 

tissue engineering and wound healing. The lessons learned from designing 

biomaterials for cancer immunotherapy and tissue engineering could be translated 

to other complex diseases like autoimmune and neurodegenerative diseases. Thus, 

the future of medicine could be heavily reliant on the development and the 

advancement of biomaterials.  
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A B S T R A C T   

Anti-inflammatory drugs such as dexamethasone (DEX) are commonly administered to cancer patients along 
with anticancer drugs, however, the effect of DEX on human cancers is poorly understood. In this article, we have 
tailored self-assembled nanoparticles derived from hyaluronic acid (HA) wherein, anti-inflammatory DEX was 
used as a hydrophobic moiety for inducing amphiphilicity. The HA-DEX micelles were subsequently loaded with 
chemotherapeutic agent, doxorubicin (DOX) (HA-DEX-DOX) and was utilized to deliver drug cargo to human 
cancer cells expressing different levels of CD44 receptors. We found that DEX suppressed the cytotoxicity of DOX 
in HCT116, while it synergistically enhanced cytotoxicity in MCF-7 cells. When we tested DOX and HA-DEX-DOX 
in an ex-vivo human whole blood, we found activation of complement and the coagulation cascade in one group 
of donors. Encapsulation of DOX within the nanoparticle core eliminated such deleterious side-effects. The HA- 
DEX-DOX also polarized bone-marrow-derived anti-inflammatory M2 macrophages, to pro-inflammatory M1 
phenotype with the upregulation of the cytokines TNF-α, iNOS and IL-1β.   

1. Introduction 

Most of the current clinically used chemotherapeutic agents are DNA 
intercalating molecules targeting rapidly dividing cells. These drugs 
invariably damage the DNA of the lymphohematopoietic precursor cells, 
resulting in leukocytopenia and thrombocytopenia. Platelets are natural 
effector cells that amplify the inflammatory response (von Hundel-
shausen & Weber, 2007). Upon activation by chemotherapeutic agents 
platelets secrete over 300 proteins and small molecules including cyto-
kines, chemokines, growth factors and coagulation factors that trigger 
blood-mediated inflammatory responses that in turn induce hypersen-
sitivity reactions in several patients (Stokes & Granger, 2012). The 

depletion of the effector cells from the circulation following chemo-
therapy poses an additional risk of infection. Patients are therefore often 
infused with platelets from healthy donors after each chemotherapy 
cycle or are treated with hematopoietic growth factors such as gran-
ulocyte colony stimulating factor (G-CSF) and granulocyte macrophage 
colony stimulating factor (GM-CSF) as these are both known to accel-
erate the proliferation and promote the recovery of hematopoietic cells 
(Bennett, Djulbegovic, Norris, & Armitage, 2013). Unfortunately, these 
methods are expensive and fail to mitigate the damage to the hemato-
poietic progenitor cells. The supportive co-medication of corticosteroids 
such as dexamethasone (DEX), prednisone or prednisolone is also used 
to alleviate the inevitable side-effects in cancer patients undergoing 
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chemotherapy (Lin & Wang, 2016). These drugs possess 
anti-inflammatory and immunosuppressive properties and are used as 
an antiemetic or adjuvant as they help in reducing weight loss, over-
coming nausea, and help in alleviating pain and improving appetite 
(Grunberg, 2007). However, several studies demonstrate the deleterious 
effect of DEX on anticancer effect of chemotherapeutic agents by various 
mechanism. The pretreatment of DEX suppressed the uptake of 
chemotherapeutic agents in tumor (Wang, Li, Rinehart, & Zhang, 2004). 
Other studies reported that DEX promoted cell proliferation and 
inhibited apoptosis by activating glucocorticoid receptors in bladder 
cancer (Zheng, Izumi, Li, Ishiguro, & Miyamoto, 2012) or by activating 
Stat5/Bcl-xL pathway in C6 glioma models (Qian, Xiao, Chen, & Xu, 
2009). The glucocorticoid also depletes the key effector immune cells 
such as T and B lymphocytes and NK cells resulting in suppression of the 
efficacy of immunochemotherapy treatment (Aston et al., 2019). On the 
contrary, DEX display anticancer and anti-estrogenic activity in human 
non-small cell lung cancer (NSCLC) (Wang et al., 2016). These con-
flicting studies motivated us to analysis the effect of DEX when 
co-delivered with a chemotherapeutic agent using a biomimetic delivery 
system that provide stealth properties and specifically targets the tumor 
specific cell surface receptor. 

Nanomedicine provides the ideal opportunities to design combina-
tion therapies (Aminu, Chan, Yam, & Toh, 2019), as nanoparticles could 
be grafted with ligands that target cell-surface receptors overexpressed 
in cancer cells and tailored to deliver multiple drug payloads with 
controlled drug release profile. One such ligand is hyaluronic acid (HA) 
which targets CD44 receptors that are known to be overexpressed 6–7 
fold in solid tumors (Plattt & Szoka, 2008). Recent efforts to develop 
nanomedicine for immuno-oncology aim to boost our immune system to 
recognize the malignant cells. Nanoparticles can be armed with target-
ing ligands, antigens or adjuvants to promote prophylactic therapeutics 
triggering immunotherapy. However, a key challenge in 
nanoparticle-mediated immuno-oncology is the immunosuppressive 
nature of the tumor microenvironment that neutralizes the infiltration 
and antitumoral activity of effector immune cells. The tumor microen-
vironment is immunosuppressive due to the presence of 
anti-inflammatory tumor-associated macrophages (TAMs) and regula-
tory lymphocytes. Strategies that can deliver drug payload to the target 
site and activate immune effector cells, disrupting this immunosup-
pressive activity, would therefore offer multimodal and enhanced effi-
ciency of antitumor therapies. 

In this study we aimed to design an immunomodulatory nanoparticle 
derived from hyaluronic acid (HA), a natural extracellular matrix-based 
biopolymer, using a supramolecular self-assembly approach. HA is a 
non-sulfated glycosaminoglycan composed of disaccharides repeat 
units, D-glucuronic acid and N-acetyl-D-glucosamine which are linked 
through alternating β-(1→4) and β-(1→3) glycosidic bonds. HA is an 
attractive choice for engineering such nanoparticles as it plays multiple 
roles in immunomodulation, cell proliferation, cell signaling, and dif-
ferentiation (Plattt & Szoka, 2008). In addition to its capability to target 
CD44 receptors overexpressed on several solid tumors, it can effectively 
target macrophages, a key regulator of inflammation as macrophages 
express several HA-specific receptors such as CD44, ICAM-1, RHAMM, 
and LYVE-1 (Foley et al., 2012). HA could provide stealth properties by 
shielding encapsulated cytotoxic drugs from interacting with blood 
components, thereby preventing hypersensitivity reactions in patients. 
We hypothesized that nanoparticles derived from low molecular weight 
HA can target and polarize TAMs, thereby assisting in anti-tumor im-
munity as HA display molecular weight-dependent macrophage polari-
zation (Rayahin, Buhrman, Zhang, Koh, & Gemeinhart, 2015). We have 
previously reported that HA nanoparticles can be used for delivering 
cytotoxic drugs (Oommen, Garousi, Sloff, & Varghese, 2014) and short 
interfering RNA or siRNA (Paidikondala et al., 2019). The most common 
strategy to tailor HA derived nanoparticles involves conjugating small 
hydrophobic molecules such as cholesterol (Nakai et al., 2012), fatty 
acids (Cho et al., 2012), fluorescein (Oommen, Duehrkop, Nilsson, 

Hilborn, & Varghese, 2016) etc. that impart sufficient amphiphilicity 
promoting self-assembly, however these hydrophobic molecules do not 
impart any functional bioactivity. In this study, we aimed to tailor 
HA-derived nanocarriers by conjugating DEX by pH responsive hydra-
zone linkages. To the best of our knowledge, the HA-DEX micelles 
developed in this study is the first example of a bioactive nanocarrier 
design that does not use any inert excipients and could be effectively 
used to co-deliver the chemotherapeutic agent (Doxorubicin or DOX) 
and an anti-inflammatory drug (DEX). The co-delivery of two thera-
peutic modalities would synergistically facilitate DOX-mediated 
apoptosis, suppress inflammation and promote HA-mediated targeted 
delivery. 

2. Experimental section 

2.1. Synthesis of HA-CDH conjugate 

The conjugation of carbodihydrazide (CDH) on hyaluronic acid (HA) 
was carried out by carbodiimide coupling chemistry, as previously 
optimized by our group (Oommen et al., 2013). Briefly, 1 mmol of HA 
(400 mg, 1 equivalent) was dissolved in 120 mL of deionized water. 
Thereafter, 1 mmol CDH (90 mg, 1 equivalent) and 1 mmol HOBt (153 
mg, 1 equivalent) was added to the aqueous HA solution. The pH of the 
reaction mixture was adjusted to 4.7. Finally, 0.2 mmol EDC⋅HCl (40 
mg, 0.2 equivalent) was added and allowed to stir overnight. The so-
lution was loaded into dialysis bag (Spectra Por-3, MWCO 3500) and 
dialyzed against dilute HCl (pH = 3.5) containing 100 mM NaCl (2 × 2 L, 
24 h) followed by dialysis in dilute HCl (pH 3.5) (2 × 2 L, 24 h) and then 
dialyzed against deionized water (2 × 2 L, 24 h). The solution was 
lyophilized to obtain HA-CDH. The degree of hydrazide modifications 
was determined by trinitrobenzene sulfonic acid (TNBS) assay, 
following reported procedure (Varghese, Kisiel, Martinez-Sanz, Ossipov, 
& Hilborn, 2010). 

2.2. Synthesis of HA-DEX-DOX conjugate 

The conjugation of DEX on HA-CDH was achieved by hydrazone 
formation. Briefly, HA-CDH (200 mg; 0.5 mmol of disaccharide 
repeating units) was dissolved in 50 mL of deionized water. DEX (23.5 
mg, 0.06 mmol) was dissolved in 30 mL of dimethyl sulfoxide was added 
to above solution and stirred until it was completely dissolved. There-
after, the pH of the resultant solution was adjusted to 4.5 by using acetic 
acid and kept overnight at 50 ◦C with constant stirring. The reaction 
mixture was then dialyzed against deionized water (2 × 2 L, 48 h). The 
solution was lyophilized to obtain HA-DEX. The conjugation efficiency 
of DEX was determined using UV–vis spectroscopy, by estimating the 
free hydrazide moiety through TNBS assay, after DEX conjugation. 
Additionally, the DEX conjugation was also confirmed by performing 1H 
NMR spectroscopy further described in supporting information. 

100 mg of HA-DEX was then dissolved in 90 mL of DMSO:H2O (2:1) 
and DOX (10 mg) pre-dissolved in 10 mL of deionized water was added 
and stirred for 6 h ; then 60 mL of deionized water was added and stirred 
overnight. The solution was loaded into a dialysis bag (Spectra Por-3, 
MWCO 3500) and dialyzed against deionized water containing 100 
mM NaCl (3 × 2 L, 72 h) and then dialyzed against deionized water (2 ×
2 L, 24 h). The solution was lyophilized to obtain HA-DEX-DOX. 

2.3. Cytotoxicity studies 

Both HA-DEX and HA-DEX-DOX were assessed for their cytotoxic 
properties by MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylte-
trazolium bromide) assay. Three different human cell lines, MG63 (os-
teosarcoma), HCT116 (colorectal carcinoma) and MCF7 (breast 
adenocarcinoma) were used. Briefly, 5000 cells were seeded in 96-well 
plates with 100 μL DMEM (Gibco) containing 10 % fetal bovine serum 
(Gibco, South American) and 1% penicillin-streptomycin (Gibco). After 
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18−24 h the cells were exposed to free DOX at concentrations of 100 
nM, 500 nM, 1000 nM, 2000 nM and 4000 nM, respectively. The amount 
of the HA-DEX-DOX was based on the amount of DOX loaded. HA-DEX- 
DOX at the concentrations of 1.5 μg/mL (100 nM DOX), 7.55 μg/mL 
(500 nM DOX), 14.7 μg/mL (1000 nM DOX), 29.86 μg/mL (2000 nM 
Dox) and 61.5 μg/mL (4000 nM DOX) were exposed to the cells. The 
amount of HA-DEX was made similar to that of HA-DEX-DOX. The cells 
were then incubated for 48 h at 37 ◦C and 5% CO2, after which MTT (5 
mg/mL) was added to the cells. After 4 h of incubation 150 μl of DMSO 
was added to each of the wells and the plates were shaken well. The 
absorbance was measured using a microplate reader. Results were 

expressed as percent viability =
{

A540(treated cells)−Background
A540(untreated cells)−Background

}

× 100. 

The IC50 estimation (50 % inhibitory concentration) for HA-DEX- 
DOX NPs and free DOX was performed by logarithmic curve fitting of 
cell viability (%) using Graphpad Prism software against DOX equiva-
lents. We also did the cytotoxicity studies where the viability of the cells 
was tested with free DOX and free DEX and a combination of both. 
Briefly, 200 nM of DOX and 200 nM of DEX and a mixture of 200 nM 
DOX and 200 nM DEX were exposed to HCT116, MCF7 and MG63 cell 
lines for 48 h. The percentage viability was obtained following the 
protocol mentioned above. 

2.4. Fluorescence microscopy 

Two different human cell lines, HCT116 (colorectal carcinoma) and 

Fig. 1. (A) Schematic representation of the synthetic strategy for designing self-assembled HA-DEX-DOX nanoparticles. Representation of particle size distribution 
(B) HA-DEX-DOX (C) HA-DEX defined by dynamic light scattering (D) UV–vis spectrum of HA-DEX-DOX and (E) Fluorescence spectra of HA-DEX-DOX in water 
showing the characteristic peaks of DOX. 
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MCF7 (breast adenocarcinoma) were used. Briefly, 7000 cells were 
seeded in 96-well plates with 100 μL DMEM (Gibco) containing 10 % 
fetal bovine serum (Gibco, South American) and 1% penicillin- 
streptomycin (Gibco) and incubated overnight at 37 ◦C, 5% CO2. After 
24 h the cell culture medium was replaced with fresh medium con-
taining HA-DEX-DOX and DOX. The amount of HA-DEX-DOX applied 
contained 1 μM of the loaded DOX. Four hours after incubation the 
medium was removed, and the cells were washed thrice with PBS. 
Thereafter, the cells were fixed with 4% paraformaldehyde (Sigma- 
Aldrich) for ten minutes and permeabilized using 0.1 % Triton X-100 
(Sigma-Aldrich) for 5 min. The nuclei were stained with DAPI (Sigma) 
and the cells were analyzed by fluorescence microscopy (Nikon Eclipse 
Ts2). 

2.5. Hematological studies/ ex vivo chandler loop studies 

Fresh human whole blood was obtained from healthy volunteers who 
had not received any medication for at least 10 days prior to donation, 
and no heparin was added into the blood. Loops of polyurethane tubing 
(inner diameter of 6.3 mm) with 2-methacryloyloxyethyl phosphor-
ylcholine (MPC) polymer (poly(MPC-co-n-butyl methacrylate) with a 
0.30 MPC unit mole fraction were used for the whole blood experiments 
(Asif et al., 2019). Stainless-steel connectors were coated with Corline 
heparin surface (Corline Systems AB, Uppsala, Sweden) according to the 
manufacturer’s protocol. Loops were comprised of tubing that was 
closed with surface-heparinized connectors (length: 30 cm, blood vol-
ume: 2.5 mL) were loaded with samples (DOX, HA-DEX, and 
HA-DEX-DOX in PBS). They were then rotated on a wheel at 50 rpm in a 
37 ◦C cabinet for 1 h. As a negative control the same volume of PBS was 
used. 60 μM the amount of DOX taken and the concentration of DOX, 
HA-DEX and HA-DEX-DOX was according in the whole blood. The blood 
was collected and mixed with EDTA (10 mM), and then centrifuged 
(3400 rpm, 20 min, 4 ◦C) to collect plasma. The collected plasma was 
stored at −80 ◦C before ELISA analyses which are described further in 
the supporting information. These experiments were repeated three 
times using blood from different donors for each group. Ethical approval 
was obtained from the regional ethics committee. 

2.6. Evaluation of the particles on bone marrow derived macrophages 

Bone marrow-derived macrophages from mice (C57BL/6) were iso-
lated and cultured using a standard protocol (Weischenfeldt & Porse, 
2008). The isolated monocyte cells were differentiated to an immuno-
suppressive phenotype through stimulation with 20 ng/mL TGF-β (R&D 
Systems), 20 ng/mL IL-4 (R&D Systems) and 20 ng/mL IL-10 (R&D 
Systems) for 24 h. For the M1 phenotype the cells were stimulated with 
100 ng/mL lipopolysaccharide (LPS) and 20 ng/mL interferon gamma 
(IFN-γ). The activated cells were then plated (50,000 in number) in 
24-well plates overnight and subsequently treated with 200 nM DOX or 
DOX equivalent in HA-DEX-DOX for 48 h. The equivalent weight ratio of 
native HA and HA-DEX was used for comparison. RNA was then 
extracted using a commercially available kit (RNeasy Mini kit, Qiagen). 
cDNA first strand was synthesized following the protocol from iScript 
cDNA synthesis kit (BioRad). iQ SYBR Green Supermix was used to 
prepare the samples for qPCR on a CFX96 instrument from BioRad. The 
proinflammatory genes (TNF-α, IL-1β, iNOS, IL-6) were selected and 
their expression levels analyzed with and without exposure to the 
HA-DEX and HA-DEX-DOX particles. Hypoxanthine guanine phosphor-
ibosyltransferase (HPRT) was used as housekeeping gene for normali-
zation. The primers for the qPCR were obtained from Sigma Aldrich, 
Sweden. 

3. Results and discussions 

3.1. Synthesis and characterization of HA-DEX-DOX 

To design the HA nanoparticle we first synthesized carbodihydrazide 
(CDH)-functionalized HA in accordance with our reported protocol 
(Kisiel et al., 2012), followed by conjugation of DEX with a hydrazone 
linkage (Fig. 1A). We have previously shown that CDH assists in the 
formation of hydrazone bonds that are stable under physiological con-
ditions due to an urea-type linkage (Oommen et al., 2013). The per-
centage of CDH functionalization on the HA backbone was determined 
to be 12 % (with respect to the disaccharide repeat units) as estimated by 
the TNBS assay. The amount of DEX loaded in HA-DEX was quantified as 
5.2 % (with respect to the disaccharide repeat units) by estimating the 
free hydrazide moiety after DEX conjugation. Additionally, we 
confirmed the conjugation of DEX by 1H NMR spectroscopy (Figure S1 in 
SI). The DEX conjugation of HA (HA-DEX) promotes supramolecular 
self-assembly of the amphiphilic polymers in water, resulting in the 
forming of nanoparticles with hydrodynamic size 511 ± 47 nm 
(Z-average) as estimated by dynamic light scattering (DLS) analysis. 
Consistent with the literature, the 1H NMR spectrograph of HA-DEX 
underestimate the amount of DEX due to the core-shell structure as a 
result of self-assembly in D2O (Bütün et al., 2001). Subsequent loading of 
DOX into these particles led to a reduction in size to 252 ± 20 nm 
(Z-average)with a zeta potential of -26.1 ± 5.4 mV (Fig. 1B,C and S2 in 
SI). This reduction in size is due to strong hydrophobic interactions 
between DEX and hydrophobic segments of DOX. Further, the size of the 
DOX loaded nanoparticles (HA-DEX-DOX) were analyzed using AFM 
surface topology assessment, which confirms that HA-DEX-DOX nano-
particles were spherical in nature, and 250−350 nm in size. (Figure S2 in 
SI). These particles displayed long shelf-life when stored as a lyophilized 
powder at −20 ◦C, as the size remained stable upon dispersion even after 
1 year of storage (Figure S2D & S2E in SI). The amount of DOX loading 
was ascertained by UV–vis spectroscopy to be 4.6 % by weight. The 
encapsulation of DOX in HA-DEX-DOX was also confirmed by observing 
the characteristic absorbance of DOX at 485 nm, and fluorescence 
emission at 580 nm (Fig. 1D, E). We further performed drug release 
experiments using the dialysis method to assess the relative drug release 
kinetic from HA-DEX-DOX using simulated body fluids (SBF) at pH 7.4, 
mimicking physiological conditions. These experiments indicated a slow 
and sustained release of DOX in HA-DEX-DOX nanoparticles with only 
10.6 % of DOX released (of the 4.6 % by weight) after 96 h with near 
zero-order kinetics as compared to free DOX (Figure S3 in SI). 

3.2. Cellular Uptake and cytotoxic effects of HA-DEX-DOX in cancer cell 
lines 

Because HA is known to target the CD44 receptor, a known cancer 
stem cell marker (Beça et al., 2013), we also evaluated the receptor 
targeting capability of HA-DEX-DOX nanoparticles. In this study we used 
three different human cancer cell lines with different levels of CD44 
receptors. We quantified the relative CD44 expression in osteosarcoma 
cells (MG63), human colon carcinoma cells (HCT116) and human breast 
cancer cells (MCF-7) by flow cytometry (Figure S4 in SI) following a 
previously reported protocol (Oommen, Duehrkop, Nilsson, Hilborn, & 
Varghese, 2016). We found that MCF-7 expressed lowest levels of CD44 
receptors while MG-63 expressed highest levels with a relative CD44 
expression of 1:6.4:11.25 for MCF-7, HCT116 and MG-63 respectively. 
In order to evaluate the role of CD44-receptors we performed a 
competitive assay using low molecular weight HA (5 kDa) to block the 
CD44 receptors and determined the intracellular uptake of 
HA-DEX-DOX NPs following our reported protocol (Oommen et al., 
2016b). The cellular uptake was quantified by fluorescence-activated 
cell sorting (FACS) analysis (described in detail in Supporting Informa-
tion) and fluorescence microscopy, exploiting the inherent fluorescent 
property of DOX. This analysis revealed that after 4 h of incubation with 
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HA-DEX-DOX the HCT116 and MG63 cells demonstrated 87 % and 83 % 
nanoparticle uptake respectively while only 60 % uptake was observed 
in MCF-7 cells that express lower levels of CD44 receptors (Figure S5 in 
SI). Interestingly, when we blocked the cell surface CD44 receptors using 
5 kDa HA, we observed ~1.7 folds and ~1.5 folds reduction in uptake in 
HCT116 and MG63 cells, while MCF-7 cells displayed ~1.3-folds 

decrease in uptake. This suggests that cell surface HA receptors are 
involved in the uptake of these particles. Finally, we performed fluo-
rescence microscopy to ascertain the intracellular localization of DOX 
and DOX in HA-DEX-DOX (Fig. 2A, B). Interestingly, DOX in 
HA-DEX-DOX displayed nuclear localization similar to free DOX, vali-
dating the uptake and intracellular bio distribution of nanoparticles. 

Fig. 2. Nuclear localization of the free DOX and HA-DEX-DOX along with nuclear staining (DAPI) in (A) HCT116 colon carcinoma cell line and (B) MCF7 breast 
cancer cell line. Scale bar 50 μm (C) Cell viability percentages after treating with either 200 nM free DOX, 200 nM DEX or a combination of 200 nM DOX and 200 nM 
DEX. The experiments were performed on MCF7, HCT116 and MG63 cell lines. Statistical analysis was done by Kruskal-Wallis test (**p < 0.01 *p < 0.05). 
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In order to investigate the in vitro toxicity of combination therapy, we 
next performed a dose-dependent MTT assay of DOX, HA-DEX, and HA- 
DEX-DOX, respectively, in HCT-116, MCF-7 and a human osteosarcoma 
cell line (MG-63) that possess varying levels of CD44 receptors. The 
amount of HA-DEX used was equivalent to the weight of HA-DEX-DOX. 
As anticipated, we observed a dose-dependent cytotoxicity of DOX and 
HA-DEX-DOX, while HA-DEX did not exhibit any toxicity (Figure S8 in 
SI). Surprisingly, the cytotoxicity of HA-DEX-DOX was ~3-fold lower 
than free DOX (presumably due to differences in uptake mechanisms) in 
all three cell lines irrespective of their CD44 expression levels (Table 1). 
In order to understand this paradox, we examined the cytotoxic effects 
of free DEX, free DOX and the combination effect (i.e., mixture of DEX 
and DOX) in these cell lines (Fig. 2C). Surprisingly, we found that free 

DEX (200 nM) displayed significant toxicity to MCF-7 and MG63 cells 
while it showed no toxicity to HCT116 cells. Specifically, we observed a 
cell viability of 56 % and 59.17 % in MCF-7 and MG63 cells respectively 
after 48 h as determined by MTT assay. On the other hand, 200 nM DEX 
did not show any significant cytotoxicity to HCT116 cells (93 % viable 
cells after 48 h). Intriguingly, DEX suppressed the cytotoxicity of DOX in 
HCT116 cells as the cell viability of HCT116 cells increased from 56.75 
% to 76.9 % when the cells were incubated with a mixture of 200 nM 
DEX and 200 nM DOX relative to when treated with 200 nM DOX alone. 
On the contrary, incubation of MCF-7 cells with the mixture of 200 nM 
DEX and 200 nM DOX increased the cytotoxic effects of DOX, as seen by 
the reduction of cell viability from 41.38 % to 30.3 %. Although, incu-
bation of 200 nM DEX to MG63 cells also showed some toxicity (as cell 
viability reduced to 59.17 % in 48 h), this effect was not prominent in 
the combination treatment (viability of MG63 was 38.91 % and 38.6 % 
when treated with free DOX and DEX + DOX combination respectively). 
This clearly suggest that nanoparticles combining DEX and DOX forms a 
powerful synergistic system for breast cancer, while contrary to the re-
ported literature (He et al., 2017), DEX plays an inhibitory role in 
HCT116 colon cancer cells (Fig. 2C). Such effects were negligible in 
MG63 osteosarcoma cells. 

Table 1 
Cytotoxicity of DOX and HA-DEX-DOX on the different cell lines. IC50 values 
were estimated by the logarithmic curve fitting of the cell viability percentage 
using GraphPad Prism software.  

Cell lines DOX IC50 (nM) HA-DEX-DOX IC50 (nM) 

MCF-7 226.03 ± 42.2 702.03 ± 76.3 (3.1 fold) 
HCT-116 192.6 ± 59.9 585.7 ± 40 (3.04 fold) 
MG-63 195.4 ± 26.4 576.4 ± 65.2 (2.95 fold)  

Fig. 3. Left panel represents Group 1 donors and right panel represents Group 2 donors. (A, B) Normalized Platelet aggregation. (C, D) ELISA of Thrombin- 
antithrombin complex, a marker for coagulation using EDTA plasma (N = 3 donors); (E, F) ELISA of C3a, a marker for complement activation using EDTA 
plasma (N = 3 donors). Statistical analysis was done by one-way Anova *P < 0.05, **P < 0.01. 
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3.3. Hematological studies and the effect of HA-DEX-DOX on complement 
system 

One of the major drawbacks of chemotherapy is thromboembolism, 
which causes hypersensitivity reactions in cancer patients (Chanan--
Khan et al., 2003; Lyman, Eckert, Wang, Wang, & Cohen, 2013), and is 
suggested to be the second major cause of cancer-associated deaths 
among these patients (Caine, Stonelake, Lip, & Kehoe, 2002). In order to 
evaluate the impact of DOX on platelet aggregation and activation of the 
complement and coagulation cascades, we performed an ex vivo exper-
iment using fresh non-anticoagulated human whole blood (i.e., 
non-coagulated blood without using any anticoagulants) from six 
healthy donors. We utilized the modified Chandler loop model to 
ascertain the hematological responses of free DOX and HA-DEX-DOX 
nanoparticles (Gurav et al., 2016). Surprisingly, when DOX (60 μM) 
was incubated with fresh blood from healthy volunteers, blood from 50 
% of the healthy donors (i.e. 3 donors; Group 1) aggressively reacted to 
DOX, triggering aggregation of blood platelets, while the blood from 
other three donors (Group 2 donors) was non-responsive. The combined 
data of all the donors are provided in the supporting information 
(Figure S6 in SI). The reason or the mechanism of activation platelets by 

DOX in three healthy donors is not clearly understood and warrants 
further investigation. Conversely, encapsulation of DOX in the 
HA-DEX-DOX nanoparticles suppressed the DOX induced platelet ag-
gregation (Fig. 3). 

We next estimated the activation of coagulation and complement 
cascade reactions induced by DOX, HA-DEX and HA-DEX-DOX in human 
whole blood by measuring thrombin-antithrombin (TAT) and anaphy-
latoxin C3a, respectively, by ELISA. We observed significantly higher 
TAT generation by DOX in Group 1 donors and this was suppressed 
when DOX was encapsulated in HA-DEX-DOX. Surprisingly, Group-2 
donors did not evoke any TAT activation by DOX or HA-DEX-DOX. 
However, we were intrigued to find elevated levels of TAT by HA-DEX 
in both the donor groups. Several factors contribute to the contact 
activation of coagulation cascade such as the nanoscale curvature (or 
size of the nanoparticles), the exposed amphiphilic surfaces, the cationic 
nature of DOX and the chemical composition of the nanoparticles. 
However, as we do not observe any burst release of ionically bound DOX 
from the nanoparticle, the TAT activation by DOX in HA-DEX-DOX is 
improbable. The nanoparticles with higher curvature (smaller size) did 
not denature Factor XII to the extent as the nanoparticles with lower 
curvature (larger size) (Sanfins, Augustsson, Dahlbäck, Linse, & 

Fig. 4. mRNA expression of pro-inflammatory genes by TAMs as estimated by qRT-PCR and normalized by HPRT gene expression. A) iNOS B) IL-1β C) TNF-α and D) 
IL-6. Statistical analysis done by one-way Anova *P < 0.05, **P < 0.01, ***P < 0.001. 
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Cedervall, 2014). In addition, the contact activation of coagulation is 
also influenced by the amphiphilic surfaces (Hunt, Parratt, Cable, Finch, 
& Yacoub, 1997). We believe the higher TAT activation is attributed to 
the higher hydrodynamic size (~511 nm) of HA-DEX as compared to the 
HA-DEX-DOX (~252 nm). The larger HA-DEX particles, will presumably 
expose higher hydrophobic surfaces, resulting in higher plasma protein 
adsorption which further activate the coagulation system more than the 
compact HA-DEX-DOX particle, even though they have identical zeta 
potential (-23 to −26 mV) and identical chemistry (Kushida, Saha, 
Subramani, Nandwana, & Rotello, 2014). 

Interestingly, when we assessed complement marker (C3a) we did 
not observe significant differences between DOX, HA-DEX or HA-DEX- 
DOX, which was comparable with the PBS control. Taken together our 
data suggests that the encapsulation of DOX in HA-DEX-DOX nano-
particles prevents platelet aggregations and thrombo-inflammation in 
human whole blood (Fig. 3). This suggests the need for a personalized 
approach before treating patients with standard chemotherapeutics as 
DOX in known to trigger blood-mediated thromboinflammation in some 
patients (Kim et al., 2011). 

3.4. Effect of HA-DEX-DOX on bone marrow derived macrophages 

Next, we evaluated the immunomodulatory properties of DOX and 
HA-DEX-DOX nanoparticles on mouse bone-marrow derived macro-
phages that were pre-activated into an immunosuppressive M2 pheno-
type following our previously optimized protocol (Parsa et al., 2016). 
The M2 macrophages mimic the tumor-associated macrophages (TAMs) 
that comprise nearly 50 % of the tumor bulk (Kim & Bae, 2016). TAMs, 
enable the tumor to resist immunogenic attacks (Murdoch, Giannoudis, 
& Lewis, 2004). and diminish the cytotoxic effect of chemotherapeutic 
drugs (Larionova et al., 2019). To ascertain the immunomodulatory 
effects of NPs we measured the expression of pro-inflammatory cyto-
kines by immunosuppressive M2 macrophages. When treated with 200 
nM DOX or DOX equivalent in HA-DEX-DOX particles for 48 h, we 
observed elevated levels of iNOS (not statistically significant) (Xue, Yan, 
Zhang, & Xiong, 2018), IL-1β, TNF-α and IL-6 which are hallmarks of 
proinflammatory M1 macrophages (Martinez & Gordon, 2014) (Fig. 4). 
This indicates modulation of macrophage activation state from the 
M2-like state towards the M1-like state that favors anti-cancer immunity 
(Jiang et al., 2017). HA-DEX-DOX on the other hand did not show sig-
nificant effect on pro-inflammatory M1 like macrophages (Figure S7 in 
SI). Interestingly, encapsulation of DOX in HA-DEX-DOX suppressed the 
pro-inflammatory response of DOX on the pro-inflammatory M1 like 
macrophages. 

4. Conclusions 

In conclusion, we developed a novel HA-derived nanoparticle having 
an anti-inflammatory drug and loaded with a chemotherapeutic agent 
(HA-DEX-DOX) designed for combination therapy. Immunological 
evaluation of the drug-loaded nanoparticles in human whole blood 
indicated that free DOX induces platelet aggregation in some individuals 
(but not in others) and that this effect was mitigated upon nano 
formulation. Our study suggests the need for ex vivo immunogenicity 
models for screening thrombogenic activation induced by chemothera-
peutic drugs as a personalized approach in treating patients. The HA- 
DEX-DOX was effective in inducing modulation of the immunosup-
pressive M2 macrophages towards the pro-inflammatory M1 phenotype. 
The therapeutic validation of the two drugs suggested that DEX 
augmented the toxic effect to DOX in breast cancer and osteosarcoma 
cell lines while it suppressed the cytotoxicity in colon cancer cells. This 
implies the need for a careful evaluation of the combination therapy 
while treating patients. Our approach to develop HA-DEX-DOX nano-
particles has an advantage that it could be stored as a lyophilized 
powder facilitating long shelf-life and stability allowing easy handling 
and administration and would be an ideal platform for developing 

effective anticancer therapeutics. 
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ABSTRACT: Mesenchymal stem/stromal cells (MSCs) evoke
great excitement for treating different human diseases due to their
ability to home inflamed tissues, suppress inflammation, and
promote tissue regeneration. Despite great promises, clinical trial
results are disappointing as allotransplantation of MSCs trigger
thrombotic activity and are damaged by the complement system,
compromising their survival and function. To overcome this, a new
strategy is presented by the silencing of tissue factor (TF), a
transmembrane protein that mediates procoagulant activity. Novel
Pluronic-based micelles are designed with the pendant pyridyl
disulfide group, which are used to conjugate TF-targeting siRNA by the thiol-exchange reaction. This nanocarrier design effectively
delivered the payload to MSCs resulting in ∼72% TF knockdown (KD) without significant cytotoxicity. Hematological evaluation of
MSCs and TF-KD MSCs in an ex vivo human whole blood model revealed a significant reduction in an instant-blood-mediated-
inflammatory reaction as evidenced by reduced platelet aggregation (93% of free platelets in the TF-KD group, compared to 22% in
untreated bone marrow-derived MSCs) and thrombin−antithrombin complex formation. Effective TF silencing induced higher
MSC differentiation in osteogenic and adipogenic media and showed stronger paracrine suppression of proinflammatory cytokines in
macrophages and higher stimulation in the presence of endotoxins. Thus, TF silencing can produce functional cells with higher
fidelity, efficacy, and functions.

■ INTRODUCTION

Mesenchymal stem/stromal cells (MSCs) are adult stem cells
that orchestrate immunoregulatory functions and have been
extensively evaluated in clinical trials for treating various
diseases such as graft-versus-host disease, liver cirrhosis, Crohn
disease, stroke, myocardial infarction, allograft rejection, and
multiple sclerosis.1 MSCs are believed to be immunoprivileged
and are transplanted to patients across the major histocompat-
ibility complex barriers. However, recent studies suggest that
upon transplantation, patients generate antibodies against
these cells, leading to immune rejection.2,3 MSCs express
C3a and C5a receptors that help in the recruitment of these
cells to the injury site.4 MSCs also express key regulators such
as CD46, CD55, and CD59 that provide defense against the
autologous complement.5 However, despite these factors, stem
cells receive limited protection from complement-mediated cell
lysis. Several studies reveal that infusion of MSCs in patients
leads to pulmonary thromboembolism mediated by activation
of the coagulation cascade6−8 with some patients suffering fatal
consequences.9 Among different factors that drive thrombotic
response, the tissue factor (TF, also called CD142 or factor

III) encoded by the F3 gene and expressed on the MSC surface
is believed to be the most dominating factor and a key
determinant of hemocompatibility.10 TF expression activates
coagulation and leads to elevated levels of the thrombin−
antithrombin (TAT) complex.7,11

Careful selection of bone marrow-derived MSCs (BMSCs)
that are deficient in TF is therefore proposed as a novel
strategy to improve the hemocompatibility of the transplanted
cells.12 MSCs derived from the adipose tissue (ASCs) express
higher TF and show elevated procoagulant activity as
compared to the BMSCs.13 Therefore, systemic administration
of ASCs results in a lower in vivo survival rate than BMSCs.14

Hence, there is a pressing need to develop new tools to
engineer MSCs that could suppress the instant blood-mediated
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inflammatory reaction (IBMIR), which significantly suppress
the efficacy of MSCs after in vivo infusion. There is also a need
to enhance the stemness and differentiation potential of MSCs
for safer and effective translation of cell-based products. One of
the promising strategies to engineer stem cells with enhanced
in vivo survival and paracrine functions is by ex vivo
manipulation of these cells. Engineered cell-based therapies
have gained prominence over the past decade and even gained
approval from the Center for Biologics Evaluation and
Research in the United States15 and the European Medicines
Agency in Europe.16,17 There have already been studies using
engineered stem cells to treat pancreatic cancer using MSCs
armed with the TRAIL gene18 to deliver growth factors in an
ALS model19 and CRISPR edited stem cells to produce
erythroid protein to treat disorders that require protein
replacement therapy.20 As TF expressed on the stem cell
surface is one of the key drivers of the coagulation cascade, we
hypothesized that effective silencing of procoagulative path-
ways in MSCs before infusion would potentially suppress the
damage caused by IBMIR. Such engineered cells could not
only increase cell survival but also display higher fidelity,
efficacy, and functions upon transplantation.
We have recently reported the first anionic transfection

method to deliver siRNA molecules to MSCs using hyaluronic
acid-coated nanoparticles, which could efficiently transfect cells
under standard culture conditions21 as well as under
suspension conditions.22 However, such strategies require a
significantly higher concentration of RNA for effective
knockdown (KD) as complexation with two anionic polymers
is not very efficient and the use of excess biopolymer also
blocks the nanoparticle uptake. We, therefore, envisioned
developing a charge-neutral nanoparticle system where siRNA
is covalently conjugated to the nanocarrier. To engineer such a
system that safely delivers TF-targeting siRNA to MSCs, we
utilized Pluronic F108, a block copolymer possessing a
poly(ethylene glycol)-block or PEG as a hydrophilic arm and
poly(propylene glycol) forming the hydrophobic core that self-
assembles to form nanoparticles (NPs).

■ EXPERIMENTAL SECTION
Synthesis of Pluronic-siRNA Conjugates with Disulfide

Linkage. Disulfide functional siRNA was synthesized on an
automated solid-phase synthesizer using a thiol-modified solid
support to the sense strand of siRNA employing the standard
synthesis cycle for RNA. Further, both the strands were deprotected
and purified by polyacrylamide gel electrophoresis (PAGE), and the
equimolar amount was mixed to form a duplex. To the solution of
duplex RNA (50 μL, 2.5 nmol, 25 μM), dithiothreitol (DTT, 10 μL,
50 mM) and H2O (40 μL) were added. The reaction mixture was
incubated at 37 °C for 2 h. Thereafter, 3 M NaCl (150 μL) was
added, followed by H2O (150 μL), and the mixture was vortexed and
centrifuged down. Then, ethanol (100%, 1000 μL) was added,
vortexed, and stored at −20 °C for 18 h. The RNA was micro-
centrifuged at 13,000 rpm for 20 min at 4 °C. The supernatant was
removed. The pellet was washed with absolute ethanol (100 μL) and
micro-centrifuged at 13,000 rpm at 4 °C for 10 min, and the
supernatant was removed. The pellet was directly dissolved in
disulfide-activated Pluronic solution [368 μL, phosphate-buffered
saline (PBS), pH 8, 250 nmol] (detailed description in the Supporting
Information). The reaction mixture was incubated at room temper-
ature overnight. Then, the reaction mixture was directly used for
conjugation analysis and gene KD experiments.
Particle Size Distribution by Dynamic Light Scattering. The

particle size distribution of the nanoparticles was carried out using a
laser granulometer (Zetasizer Nano ZS, Malvern, UK) using a

disposable polystyrene cuvette. For the Plu-SS-TF/Ca particles, 100
nM equivalents of siRNA in Plu-SS-TF were added to 50 μL of 100
mM CaCl2. This mixture was then vortexed and incubated at room
temperature for 10 min. An aliquot of 700 μL of deionized water was
added to the solution, and the dynamic light scattering (DLS)
experiments were performed. The experiments at 25 °C were
performed immediately, whereas the solution was incubated at 37
°C for 30 min before the recordings were done at 37 °C. For the Plu-
SS-TF particles without the calcium complexation, 100 nM of siRNA
equivalent in Plu-SS-TF was added directly to 750 μL of deionized
water, and the DLS measurement was recorded. The surface zeta
potential for both the formulations was subsequently measured using
a Zetasizer Nano ZS at 25 °C using disposable folded capillary
DTS1070 cells.

Cell Culture. The BMSCs were isolated from a bone marrow
aspirate sample obtained from a surgical procedure at the Department
of Orthopedics and Traumatology, Tampere University Hospital, with
the patient’s consent. The study was conducted in accordance with
the Ethics Committee of the Pirkanmaa Hospital District, Tampere
(R15174). These BMSCs cells were cultured in α-MEM high glucose
(Thermo Fisher Scientific, Vantaa, Finland) with 10% fetal bovine
serum (FBS) and 1% penicillin−streptomycin (Penstrep). The cells
used in this study were between passages 4 and 6. StemPro
osteogenesis and adipogenesis differentiation kits from Gibco were
used in the differentiation experiments. THP-1 cells were cultured in
RPMI with 10% FBS and 1% Penstrep. Phorbol 12-myristate 13-
acetate (PMA) (50 ng/mL) was used to differentiate the THP-1 cells
to the M0 state. 500 ng/mL lipopolysaccharide (LPS) was used to
activate the M0 cells into the M1 phase.

Transfection of Cells. Cells were transfected with pyridyl
disulfide Pluronic F108 conjugated TF 3 (Plu-SS-TF) siRNA with
calcium chloride and RNAiMAX (Thermo Fisher Scientific, Vantaa,
Finland). Nanoparticles of Pluronic-linked siRNA and calcium
chloride (Plu-SS-TF/Ca) were prepared by adding 50 nM of
Pluronic-linked TF siRNA to 25 μL of 100 mM CaCl2. They were
mixed by vortexing, followed by incubation at room temperature for
10 min. At the end of incubation, the Plu-SS-TF/Ca nanoparticles
were added to cells in a single well of a 24-well plate. Cells were also
transfected with Pluronic-linked TF siRNA by RNAiMAX (Plu-SS-
TF/RNAiMAX). Unconjugated TF siRNA was transfected with both
RNAiMAX (TF/RNAiMAX) and Plu-SS and calcium chloride (Plu-
SS/TF/Ca) using similar amounts of siRNA and calcium chloride.
The cells were incubated for 24 h after transfection at 37 °C and 5%
CO2. RNA was then isolated and quantitative real-time polymerase
chain reaction (qRT-PCR) was performed, as described in the
Supporting Information.

Hematological Studies. Fresh human whole blood was obtained
from three healthy volunteers who had not received any medication
for at least 10 days before donation, and no heparin was added into
the blood. Loops of the polyurethane tubing (an inner diameter of 6.3
mm) with the 2-methacryloyloxyethyl phosphorylcholine (MPC)
polymer [poly(MPC-co-n-butyl methacrylate)] with a 0.30 MPC unit
mole fraction were used for the whole blood experiments.23 Stainless-
steel connectors were coated with the Corline heparin surface
(Corline Systems AB, Uppsala, Sweden) according to the
manufacturer’s protocol. Loops were composed of the tubing that
was closed with surface-heparinized connectors (length: 30 cm, blood
volume: 2.5 mL) and were loaded with samples. There were two
groups of 1.5 × 104 cells each, the cells after the KD of TF (Plu-SS-
TF/Ca) and cells without TF-KD (control MSCs). They were then
rotated on a wheel at 50 rpm in a 37 °C cabinet for 1 h. As a negative
control, the same volume of the cell culture medium was used. The
blood was collected and mixed with ethylenediaminetetraacetic acid
(EDTA) (10 mM) and then centrifuged (3400 rpm, 20 min, 4 °C) to
collect plasma. The collected plasma was stored at −80 °C before
enzyme-linked immunosorbent assay (ELISA) analysis (described in
detail in the Supporting Information). These experiments were
repeated three times using blood from different donors for each
group. Ethical approval was obtained from the regional ethics
committee in Uppsala (#2008-264).
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Differentiation Experiments. The cells were transfected with
Plu-SS-TF and incubated for 24 h under normal culture conditions.
The mediums were then replaced with the osteogenic medium
(StemPro Osteogenesis Differentiation Kit from Gibco) and
adipogenic mediums separately for 16 days. Osteogenic differentiation
of cells was analyzed by alizarin red (Sigma-Aldrich) staining.24

Briefly, the cells were fixed with 4% paraformaldehyde for 15 min.
They were washed with PBS twice and stained with 2% alizarin red
solution for 5 min. The samples were then washed twice with water
and observed under a microscope. The adipogenic differentiation of
the cells was observed by staining the cells with Nile red (Sigma-
Aldrich).25 Briefly, the cells were fixed with 4% paraformaldehyde for
15 min. They were washed with PBS twice and stained with 300 nM
of Nile red solution. The samples were incubated with the dye for 30
min, after which they were washed with PBS and observed under a
fluorescence microscope (Nikon Eclipse Ti2). The expression levels
of the osteogenic markers alkaline phosphatase (ALP), osteocalcin
(BGLAP), and distal-less homeobox 5 (DLX5) and the adipogenic
markers lipoprotein lipase (LPL) and peroxisome proliferator
activated receptor gamma (PPARG) were analyzed by qRT-PCR.
The expression levels of these Plu-SS-TF/Ca-treated MSCs were
compared with untreated controls.
Condition Medium on THP-1 Cells. The THP-1 cells were first

differentiated with 50 ng/mL of PMA (Sigma-Aldrich) for 24 h at 37
°C and 5% CO2. The cells were then differentiated 500 ng/mL LPS
(Sigma-Aldrich) for 24 h at 37 °C and 5% CO2. These cells were then
detached with 2 mM EDTA (Sigma-Aldrich) and plated in 24-well
plates (60,000 cells/well). These macrophage were incubated with a
conditioned medium (CM) collected from the MSCs that were either
treated with Plu-SS-TF/Ca or untreated control (CM collected after 2
days). The cells were then incubated for 3 days, after which RNA was
extracted, and the expression levels of proinflammatory genes were
analyzed by qRT-PCR. The TaqMan primers for IL-1β, TNF, and IL-
10 were obtained from Thermo Fisher Scientific, Finland.
BMSC Stimulation with LPS. Briefly, 50,000 cells were seeded in

24-well plates with 500 μL of α-MEM (Gibco) containing 10% FBS
(Gibco, South America) and 1% Penstrep (Gibco) and incubated
overnight at 37 °C and 5% CO2. The cells were then exposed to 50
nM of the Plu-SS-TF/Ca complex. The cells were then incubated for
48 h at 37 °C and 5% CO2, after which LPS (2 μg/mL) was added to
the cells. For the purpose of control, one group of cells not treated
with Plu-SS-TF/Ca and treated with 2 μg/mL LPS and one group of
untreated cells were used. After 24 h of incubation, RNA was
extracted, and the expression levels of proinflammatory genes were
analyzed by qRT-PCR as mentioned above. The TaqMan primers for
IL-1β, TNF, and iNOS were obtained from Thermo Fisher Scientific,
Finland.

■ RESULTS AND DISCUSSION

Pluronic-based nanocarriers are effectively used for delivering
chemotherapeutic drugs, plasmid DNA, and siRNA molecules
as they can coat amphiphilic molecules by hydrophobic
interactions.26−28 Pluronic F127-coated siRNA/calcium phos-
phate nanocomplexes are also developed for siRNA delivery to
mammalian cells.29 Such nanocomplexes are not very efficient
as a physical association does not provide good control over
siRNA loading efficiency, resulting in inhomogeneous particle
distribution. The release of the cargo molecules could also be
affected by the temperature (as Pluronic is a thermoresponsive
polymer) as well as by the presence of different biomolecules
in the milieu. We, therefore, envisaged adopting a covalent
grafting strategy where siRNA is covalently conjugated on the
hydrophilic arm of the block polymer that would facilitate
efficient micelle formation and promote intracellular transport
of the cargo molecule. To achieve this aim, we incorporated
redox-responsive disulfide groups that provide the dual
advantage of fast delivery to the cytosol and glutathione-
mediated selective dissociation inside the cells. The excess
disulfide groups present on the particle surface after siRNA
conjugation can also be exploited for conjugating targeting
peptides. To engineer redox-responsive nanocarriers, we first
conjugated disulfide pyridyl groups to the terminal hydroxyls
present on PEG units by activating the hydroxyls with 4-
nitrophenyl chloroformate, followed by nucleophilic displace-
ment reaction with 2-(pyridin-2-yldisulfaneyl)ethan-1-amine,
also termed as the amino disulfide pyridyl molecule. We
succeeded in obtaining an unprecedented degree of PEG
functionalization of over 95% with respect to the available
hydroxyls, as verified by UV−vis measurements. In the next
step, the disulfide pyridyl-functionalized Pluronic F108 was
conjugated with thiol-modified siRNA targeting the TF gene
where the thiol groups were incorporated at the 3′ end of the
sense strand (Scheme 1). The ratio of siRNA thiol groups and
disulfide pyridyl groups was fixed at 10 mol % to achieve
quantitative coupling. Indeed, we succeeded in obtaining over
95% conjugation, as evidenced by gel electrophoresis (20%
PAGE; Figure 1D). The covalent conjugation resulted in
retardation of mobility, indicating higher-molecular-weight
species in lane 2 and lane 3, which represents the Pluronic
F108-siRNA conjugate (Plu-SS-TF) and the Pluronic F108-
siRNA conjugate complexed with 5 mmol Ca2+ (Plu-SS-TF/

Scheme 1. Schematic Description of the Steps Involved in the Synthesis of Plu-SS-TF/Ca
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Ca). The native siRNA is presented in lane 1. The siRNA
conjugated polymer self-assembled to form micelles that
showed a hydrodynamic size of ∼274 nm with unimodal
distribution (Figure 1A), which upon complexation with Ca2+

displayed a hydrodynamic size of ∼370 nm (Figure 1B), as
determined by the DLS experiment. We also confirmed the
presence of elemental carbon, phosphate, and calcium in the
particles by EDS analysis (Figure 1E). The zeta potential of
Plu-SS-TF was estimated to be −12.1 mV, which changed to
−0.515 mV upon complexation with Ca2+ (Plu-SS-TF/Ca)
(Figure S2 in the Supporting Information). This indicates that
the addition of Ca2+ ions neutralized the net negative charge of
phosphates, maintaining an overall near neutral charge.
Interestingly, Plu-SS-TF/Ca also displayed thermoresponsive

properties as the hydrodynamic size of the micelles reduced
from 370 to 254 nm when the DLS experiment was performed
at 37 °C instead of 25 °C (Figure 1C). This was also
confirmed by scanning electron microscopy (SEM) analysis,
which confirmed spherical nanoparticle formation with a ∼200
nm in size (Figure S3 in the Supporting Information).
After successful conjugation of TF siRNA with a releasable

disulfide linker to Pluronic micelles (Plu-SS-TF), we
performed transfection studies of BMSCs. Since clinical
studies with MSCs limit the cell expansion to a maximum of
four passages to retain the differentiation potential,30 we
decided to use BMSCs of higher passages (passages 4−6) in
our study. Higher passages are expected to increase the
expression of TF,8 and we believe that efficient KD of TF in

Figure 1. (A) Hydrodynamic size of Plu-SS-TF without calcium complexation and (B, C) with calcium complexation at 25 and 37 °C, respectively.
(D) Gel electrophoresis indicating nanoparticle formation. Lane 1 = free siRNA; lane 2 = Plu-SS-TF with calcium complexation; lane 3 = Plu-SS-
TF without calcium complexation. (E) EDS elemental mapping indicating the presence of carbon, phosphate, and calcium in Plu-SS-TF/Ca.
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these cells could overcome the deleterious performance of such
MSCs, improving its in vivo survival and function. To test the
gene silencing efficiency, we first tested the physical coating of
the siRNA/Ca2+ nanocomplex with the Pluronics F108
polymer functionalized with disulfide pyridyl groups (Plu-SS/
TF/Ca) as Pluronics coating of the complex is reported to
enhance siRNA delivery.29 However, we observed a modest
20% gene silencing with a 50 nM concentration using this
system. On the contrary, the positive control experiment with
RNAiMAX (TF-RNAiMAX) gave an 86% mRNA silencing
efficiency, indicating that the siRNA sequence is effective in
silencing the TF gene. Interestingly, the covalently conjugated
Plu-SS-TF complexed with Ca2+ (Plu-SS-TF/Ca) showed a
TF-KD efficiency of 72% when the same concentration of
siRNA (50 nM) was used. MSCs are known to be hard-to-
transfect cells,31 and we believe that the enhanced transfection
efficiency of our nanocarrier is due to dithiol groups which are
reported to improve the rapid internalization of molecular
conjugates.32 Earlier reports of high transfection efficiency in
MSCs have always come at the cost of poor viability due to the
toxicity of the nanocarrier.31 This is mainly attributed to the
cationic charges on the surface of the particles.33 We have
previously reported that coating of cationic nanoparticles with

anionic polymers not only mitigates cellular toxicity but also
assists in the endosomal release of the cargo molecules.34 Since
the Plu-SS-TF/Ca nanoparticle has a net neutral charge, we
anticipated such particles to have minimal toxicity. To evaluate
the cytotoxicity of our nanocarrier system, we measured the
cellular metabolic activity using the MTT assay, which is an
indicator of cell viability, proliferation, and cytotoxicity, and
compared it with commercially available RNAiMAX. Interest-
ingly, neither the Pluronic-based micelles (Plu-SS and Plu-SS-
TF) nor RNAiMAX showed any toxicity (∼100% cell
viability); however, upon complexation with Ca2+ (Plu-SS-
TF/Ca), the micelles showed ∼90% cell viability (Figure 2B).
Next, we evaluated the effect of TF-KD of BMSCs on the

activation of the coagulation cascade using an ex vivo chandler
loop model.35 We incubated the 1 × 104 BMSCs for 1 h in
non-anti-coagulated human whole blood. As anticipated, the
TF-KD BMSCs displayed enhanced stability and attenuated
platelet aggregation in blood, as evidenced by the availability of
∼93% free platelets (normalized against the growth medium)
when compared with untreated BMSCs (22% free platelets)
(Figure 2C). This is further corroborated with the TAT
complex determination where the TF-KD BMSCs showed
significantly lower TAT complex formation when compared to

Figure 2. (A) In vitro KD efficiency of different formulations of the nanoparticles with calcium complexation and RNAiMAX. Statistics was done
by ANOVA on GraphPad Prism (***P < 0.001). (B) Cell viability percentages obtained for the nanoparticles and their components through the
MTT assay. (C) Platelet counts normalized against the growth medium. (D) TAT complex, a marker for coagulation in whole blood (N = 3). (E,
F) C3a and sC5b-9, markers for complement activation in whole blood (N = 3). Statistical analysis was done by the Kruskal−Wallis T-test, *P <
0.05.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c00070
Biomacromolecules 2021, 22, 1980−1989

1984

https://pubs.acs.org/doi/10.1021/acs.biomac.1c00070?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00070?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00070?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00070?fig=fig2&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00070?rel=cite-as&ref=PDF&jav=VoR


the untreated cells (Figure 2D). Interestingly, we did not see
any significant difference in the early and late complement
activation markers, namely, C3a and sC5b-9 between the two
groups (Figure 2E,F).
As KD of genes in BMSCs could potentially evoke

unprecedented responses by altering the paracrine function
or by reducing the multipotency of the cells, we investigated
the BMSC function by different biochemical methods. We first
tested the expression of key cell surface markers that
characterize the stem cell physiognomies. It is universally
accepted that cells that exhibit positive co-expression of
CD105, CD73, and CD90 and are negative for CD45, CD34,
and CD14 are characterized as MSCs.36 We performed flow
cytometry studies to ascertain the impact of TF-KD on the
expression of these key cell surface markers. We found that the
control BMSCs displayed good population of cells that
exhibited high expressions of CD73 (92.1 ± 1.62%), CD105

(91.4 ± 1.8%), and CD90 (82.5 ± 3.2%) and lacked the
expression of CD34 (0.4 ± 0.2%) (Figure S4 in the Supporting
Information). Gratifyingly, the expression of these markers on
the TF-KD BMSC population did not show significant
changes. We found that CD73 (89.2 ± 2.2%), CD105 (90.8
± 1.6%), and CD34 (1.2 ± 0.6%) remained similar, whereas
we observed an 8% loss of cells that expressed CD90 (74.1 ±
1.9%) molecules (Figure S3 in the Supporting Information).
CD90 is a glycoprotein expressed on the cell surface and is a
stem cell marker that signifies the undifferentiated status of
MSCs. CD90 (THY-1) controls the differentiation of MSCs as
it acts as an impediment toward the pathway of differentiation
commitment, and lower expression of CD90 correlates with
temporal lineage commitment in vitro.37 Thus, lower
expression of CD90 as a result of TF-KD could help to
increase the differentiation capability of MSCs.37 In order to
validate the effect of TF-KD on stemness, we measured the

Figure 3. (A) qRT-PCR analysis done to determine the level of OCT4 and NANOG to analyze the stemness of the TF-KD cells and untreated
MSCs. (B) qRT-PCR analysis of osteogenic markers. Statistics was done by the Mann−Whitney test on GraphPad Prism (*P < 0.05). (C, D)
Differentiation studies of TF-KD MSCs and MSCs after 16 days of culture. (C) Alizarin red staining to detect the presence of calcium deposits of
MSCs cultured under osteogenic conditions. (C1) Control MSCs and (C2) MSCs after treatment with Plu-SS-TF/Ca. (D) Nile red staining of
MSCs to detect the presence of lipid vacuoles cultured under adipogenic conditions. (D1) Control MSCs and (D2) MSCs after treatment with Plu-
SS-TF/Ca. (E) qRT-PCR analysis of adipogenic markers.
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expression of OCT4 and the NANOG gene by qRT-PCR as
they are the key transcription factors that are crucial for
maintaining pluripotency and the self-renewal state.38 Interest-
ingly, the qRT-PCR study revealed higher expression of the
NANOG gene as a result of TF-KD; however, no significant
differences were observed in the OCT4 expression (Figure
3A).
We further validated the impact of TF-KD on the

differentiation potential of BMSCs by culturing these cells
under osteogenic and adipogenic differentiation conditions.
Interestingly, under osteogenic conditions, we observed
increased mineralization, as evidenced by higher calcium
deposits observed by Alizarin red staining in the TF-KD cells
when compared to the control MSCs (Figure 3B). This
observation was further validated by qPCR analysis of
osteogenic markers under these conditions. We found that
the expression of osteogenic markers, namely, ALP, osteo-
calcein (BGLAP), and DLX5, was on an average 2-fold higher
than that in control MSCs under osteogenic conditions (Figure
3C). Interestingly, the TF-KD cells when cultured under
adipogenic conditions also showed an increase in the
expression of adipogenic markers (LPL and PPARG), albeit
not as significantly as under the osteogenic conditions (Figure
3D,E).
We then investigated the immunomodulatory properties of

the MSCs by studying the effect of the MSC secretome on
proinflammatory M1 macrophages. It is believed that MSCs
impart functional benefits in tissue repair and mitigate
inflammation by secreting soluble factors by paracrine
signaling.39,40 In order to assess the immunosuppressive nature
of the TF-KD MSCs, we exposed the CM of TF-KD MSCs
and control MSCs to the THP-1 human monocyte cell line

that was differentiated to the proinflammatory M1 phenotype.
We subsequently analyzed the expression of proinflammatory
cytokines, namely, TNF and IL-1β as well as the IL-10
cytokine, a master regulator of anti-inflammatory response. As
anticipated, incubation of M1 macrophages with the secretome
in condition media from TF-KD MSCs and control MSCs
suppressed the production of the proinflammatory cytokines
TNF and IL-1β, relative to M1 macrophages that were not
exposed to the condition media (control) (Figure 4A−C).
This suggests that the TF-KD MSCs retained the immuno-
suppressive ability similar to untreated MSCs. Surprisingly, we
observed an increase in the production of the anti-
inflammatory IL-10 cytokine when the M1 macrophages
were treated with conditioned media from the TF-KD cells.
IL-10 is a broad anti-inflammatory cytokine that suppresses the
activity of other proinflammatory immune cells and sub-
sequently regulates T-helper cell (Th1 and Th2) responses41

and plays an important role in tissue regeneration,42 mitigation
of liver injury,43 and alleviation of fibrosis.44 This suggests that
the TF-KD MSCs were partially superior to control MSCs in
the resolution of inflammation.
Finally, we examined the paracrine capability of BMSCs by

directly stimulating the cells with endotoxin LPS (Figure 4D−
F). We first silenced TF using Plu-SS-TF/Ca, and after 48 h,
we treated the cells with LPS. Surprisingly, TF-KD MSCs
displayed significantly higher expression of proinflammatory
cytokine TNF, IL-1β, and iNOS than the untreated BMSCs
control. This clearly suggests that the TF-KD MSCs were more
sensitive to stimulation.

Figure 4. (A−C) Effect of the MSC secretome (CM) on proinflammatory M1 macrophages derived from THP-1 cells. qRT-PCR analysis
quantifying the cytokine mRNA levels of (A) TNF, (B) IL-1β, and (C) IL-10. (D−F) Paracrine signaling of MSCs and TF-KD MSCs by direct
stimulation with endotoxin LPS (2 μg/mL) relative to the untreated MSC control. qRT-PCR analysis quantifying the cytokine mRNA levels of (D)
TNF, (E) iNOS, and (F) IL-1β. Gene expression is relative to β-actin. Statistics was done by the Kruskal−Wallis method (*P ≤ 0.05, **P ≤ 0.01).
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■ CONCLUSIONS
In conclusion, we have engineered a novel Pluronic-based
nanocarrier for the efficient delivery of siRNA to stem cells. We
exploited this system to deliver siRNA that targets TF or
CD142 in BMSCs and evaluated the procoagulative activities
in human whole blood as well as its differentiation and
paracrine function. The Pluronic nanoparticle-mediated siRNA
delivery displayed over 70% TF silencing without eliciting any
significant cytotoxicity. Hematological evaluation of BMSCs
and TF-KD MSCs in an ex vivo human whole blood model
revealed a significant reduction in IBMIR, as evidenced by
reduced platelet aggregation (93% of the free platelets in the
TF-KD group as compared to only 22% in untreated BMSCs)
and TAT complex formation. Effective silencing of TF
enhanced the differentiation of BMSCs in osteogenic and
adipogenic media, as evidenced by increased mineralization as
well as higher expression of ALP, BGLAP, and DLX5 genes
relative to untreated BMSCs. The TF-KD BMSCs displayed
higher paracrine signaling as they exhibited enhanced
stimulation upon exposure to endotoxin. This is evident
from higher expression of TNF, iNOS, and IL-1β.
Furthermore, the soluble factors produced by TF-KD
BMSCs and untreated BMSCs competently suppressed the
proinflammatory cytokines such as TNF and IL-1β and
increased the production of the anti-inflammatory IL-10
cytokine when supplemented to proinflammatory M1 macro-
phages. Collectively, this work provides compelling evidence
that efficient silencing of TF in BMSCs by Plu-SS-TF micelles
provides a novel strategy to minimize the risk associated with
thrombotic complications. Surprisingly, the engineered cells
also exhibit enhanced immunosuppressive properties and
superior paracrine functions and differentiation potential,
which may increase the patient safety and benefits in existing
BMSC-based therapies.
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a b s t r a c t 

Innovative scaffold designs that modulate the local inflammatory microenvironment through favorable 

macrophage polarization and suppressing oxidative stress are needed for successful clinical transla- 

tion of regenerative cell therapies and graft integration. We herein report derivation of a hydrazone- 

crosslinked gallol functionalized hyaluronic acid (HA-GA)-based hydrogel that displayed outstanding vis- 

coelastic properties and immunomodulatory characteristics. Grafting of 6% gallol (GA) to a HA-backbone 

formed an interpenetrative network by promoting an additional crosslink between the gallol groups in 

addition to hydrazone crosslinking. This significantly enhanced the mechanical stability and displayed 

shear-thinning/self-healing characteristics, facilitated tissue adhesive properties to porcine tissue and 

also displayed radical scavenging properties, protecting encapsulated fibroblasts from peroxide challenge. 

The THP-1 human macrophage cell line or primary bone-marrow-derived murine macrophages cultured 

within HA-GA gels displayed selective polarization to a predominantly anti-inflammatory phenotype by 

upregulating IL4ra, IL-10, TGF- β , and TGF- βR1 expression when compared with HA-HA gels. Conversely, 

culturing of pro-inflammatory activated primary murine macrophages in HA-GA gels resulted in a signif- 

icant reduction of pro-inflammatory TNF- α, IL-1 β , SOCS3 and IL-6 marker expression, and upregulated 

expression of anti-inflammatory cytokines including TGF- β . Finally, when the gels were implanted sub- 

cutaneously into healthy mice, we observed infiltration of pro-inflammatory myeloid cells in HA-HA gels, 

while immunosuppressive phenotypes were observed within the HA-GA gels. Taken together these data 

suggest that HA-GA gels are an ideal injectable scaffold for viable immunotherapeutic interventions. 

Statement of significance 

Host immune response against the implanted scaffolds that are designed to deliver stem cells or thera- 

peutic proteins in vivo significantly limits the functional outcome. For this reason, we have designed im- 

munomodulatory injectable scaffolds that can favorably polarize the recruited macrophages and impart 

antioxidant properties to suppress oxidative stress. Specifically, we have tailored a hyaluronic acid-based 

extracellular matrix mimetic injectable scaffold that is grafted with immunomodulatory gallol moiety. 

Gallol functionalization of hydrogel not only enhanced the mechanical properties of the scaffold by form- 
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1. Introduction 

During recent years there has been an exponential increase in 

the biomaterial research field of developing extracellular matrix- 

derived biopolymers for engineering bioactive scaffolds [1,2] , 

nanocarriers [3] and other biomedical implants [4] . Several bio- 

materials trigger a cascade of cellular events that are initi- 

ated post-implantation by fibrinogen deposition, followed by neu- 

trophil infiltration and monocyte recruitment that differentiate 

into macrophages in the tissue and cause inflammation and scar 

tissue formation [5] . The inflammation caused by these cellular 

and molecular events at the implant site is identified as a key bot- 

tleneck for using biomaterials for tissue engineering or as medical 

implants [6] . Excessive inflammation triggered by the host immune 

system can cause tissue destruction or poor implant integration, 

leading to failure or rejection. Similarly, the survival of encapsu- 

lated cells in these biomaterials poses a great challenge as the 

encapsulated cells undergo oxidative stress during inflammatory 

reactions, leading to poor cell survival and function [ 7 , 8 ]. There 

is thus a pressing need to engineer scaffolds with inherent anti- 

oxidant properties that will not only suppress oxidative stress but 

also suppress senescence and improve self-renewal [8] . 

Cells of the innate immune system such as macrophages are 

believed to be early responders in an immune response that 

dictates the success of implant integration [9] . Macrophages ex- 

ist as specialized guardians in our tissues (tissue-resident cells) 

or are differentiated from circulating blood monocytes follow- 

ing immune activati [10] . They act as phagocytes as well as 

antigen-presenting cells, activating the adaptive immune system. 

Macrophages have been traditionally considered to be polarized 

into differential functional states that either broadly lead to tis- 

sue damage (pro-inflammatory or M1 macrophages) or immune 

suppression and tissue-healing macrophages (immunosuppressive 

or M2 macrophages) [11] , although these properties are disease 

context-specific and the modern view reflects a spectrum of ac- 

tivation states. 

Controlling or regulating the immune response by tuning 

macrophage activation at the implant site is one of the key chal- 

lenges in biomaterials research [12] . Macrophages have enormous 

plasticity and their activation states can be modulated in response 

to the biophysical and biochemical cues encompassed in the in- 

jured or inflamed tissue [ 13 , 14 ]. The most common strategy to con- 

trol this activation is by encapsulating specific signaling molecules 

or stimulants that dictate the phenotype of infiltrating mono- 

cytes following implantation [12] . For example, a pro-inflammatory 

macrophage activation state can be induced by IFN- γ , TNF- α, or 

endotoxin lipopolysaccharide (LPS), while an immunosuppressive 

macrophage activation state can be induced by IL-4, IL-10, IL-13 

or by using a cocktail of cytokines such as M-CSF, IL-4, IL-10, and 

TGF- β [ 15 , 16 ]. 

Although these immunoregulatory strategies could be very use- 

ful for regulating the fate of the infiltrating cells, the cytokines 

used for developing the immune responsive scaffolds have limited 

half-life and are also expensive. Most of the 3D scaffolds derived 

from biopolymers such as chitosan [17] or alginate [18] them- 

selves induce pro-inflammatory activation of macrophages. Con- 

versely, sc
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 antioxidant properties, tissue adhesive properties, and 

nosuppressive phenotype. We believe such immunore- 

ing the next-generation of biomaterials for regenerative 

blished by Elsevier Ltd on behalf of Acta Materialia Inc. 

BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

s that selectively increase the population of im- 

e macrophages significantly improve the compat- 

terial for in vivo applications [19] . However, there 

ucity of scaffolds with the latter function. 

t we address this challenge by engineering tis- 

caffolds utilizing extracellular matrix (ECM) poly- 

 appropriate physicochemical properties that mod- 

flammatory response and ameliorate adverse im- 

[20] . Hyaluronic acid (HA) is one such biopolymer 

t component of the ECM that is known to pos- 

ponsive properties and could be used to fabricate 

aterials and hydrogels. 

neering perspective, HA offers great advantages as 

ral reactive functional groups that allow the con- 

hogonal moieties and bioactive molecules. HA of 

lar weights have been reported to differentially ac- 

es [21] and HA-derived nanoparticles loaded with 

 been designed to regulate macrophage polariza- 

sed nanoparticles have also been developed to tar- 

atory macrophages by targeting CD44 receptors 

posed for atherosclerosis treatment [24] . 

viously designed several drug delivery systems 

rogels [ 27 , 28 ] using HA as the base material. We 

monstrated that HA could effectively complex with 

ough hydrophobic interactions [29] , and that scaf- 

ing HA possess growth factor-sequestering proper- 

scaffolds inherently do not change the immune- 

ior of the materials and therefore have their limi- 

aimed to overcome this problem by design- 

d scaffold with optimal biochemical cues that 

te infiltrating monocytes into immunosuppressive 

hieved without the necessity of loading any im- 

molecules. We believe such immunosuppressive 

 better tolerated for tissue regeneration applica- 

 methods 

cid (MW 130 kDa) was purchased from LifeCore 

ska, USA). Gallic acid (3,4,5-trihydroxy benzoic 

3-dimethyl aminopropyl)-carbodiimide hydrochlo- 

ydroxy benzotriazole hydrate (HOBt), carbohy- 

- amino 1,2- propanediol, and sodium periodate 

from Sigma-Aldrich. Dialysis membranes used for 

 purchased from Spectra Por-6 (MWCO 3500). All 

f analytical quality. All spectrophotometric analy- 

ut on Shimadzu UV-3600 plus UV–VIS-NIR spec- 

paration 

A-GA hydrogels were prepared using hydrazone 

ween aldehyde and carbodihydrazide moieties of 

cid derivative. The details of the synthesis and 

 of the hyaluronic acid components, HA-CDH, HA- 

CDH are described in the supporting information. 

http://creativecommons.org/licenses/by/4.0/
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he components were dissolved at a concentration of 16 mg/mL 

or all experiments, and equal volumes of aldehyde and carbodihy- 

razide derivatives were used to form the hydrogels. HA-CDH and 

A-GA-CDH were dissolved in 10% sucrose solution, while HA-Ald 

as dissolved in phosphate-buffered saline (1x PBS). Prior to ex- 

eriments involving cell encapsulation, the materials were UV ster- 

lized for 20 min and subsequently dissolved in sterile solutions. 

2.2 Rheological properties 

Hydrogels of 250 μL volume were prepared in the form of cylin- 

ers with 12 mm diameter, cured overnight and their rheological 

roperty was measured using a TA instruments’ TRIOS Discovery 

R 2 rheometer. The values for storage and loss modulus were ob- 

ained using the frequency sweep and were plotted against the fre- 

uency (Hz). This demonstrates the viscoelastic shear behavior of 

aterials as a function of frequency, which is the inverse value 

f time. Short-term properties stimulated at rapid motion using 

igh frequency and long-term properties stimulated at slow mo- 

ion using low frequency provides time-dependent storage elastic- 

odulus (G’), viscous loss-modulus (G") and complex viscosity ( η∗) 
o name a few under controlled testing conditions. The hydrogels 

ere cured for 24 h prior to the measurements. To evaluate strain 

ecovery of the fully crosslinked hydrogels, G’ and G’’ was mea- 

ured under alternating low (1%) and high oscillation strain (100%) 

onditions at 25 °C and 1 Hz oscillation frequency for seven cycles 
ith 60 s of holding period in each step using 12 mm diameter 

tainless steel parallel plate geometry. 

.3. Swelling and degradation study 

To study the degradation and swelling characteristics of the ma- 

erial, three parallel samples of hydrogels were subjected to acidic, 

asic, and neutral pH conditions. Briefly, 250 μL gels were prepared 

n glass vials and the initial weight of the hydrogels was recorded. 

he gels were then submerged in 1 mL acetate buffer with pH 5, 

 mL 1x PBS with pH 7.4, and 1 mL bicarbonate buffer with pH 

djusted to 9.0 using 1 M NaOH, for the acidic, neutral, and basic 

H conditions respectively. To observe the swelling and subsequent 

egradation characteristics of the gels, the gels were weighed, and 

he buffer was replaced daily for the first four days and subse- 

uently every alternate day until the sample degraded or for a to- 

al of 30 days. The remaining weight percentage was calculated by 

sing the formula: 

emaining weight % = 

Measured weight 

Initial Weight 
× 100 

urther enzymatic degradation and swelling study of the material 

as conducted using hyaluronidase at a concentration of 50 U/mL 

n PBS at pH 7.4. Three parallel samples of 250 μL HA-HA and 

A-GA gels were prepared in glass vials of known recorded blank 

eight, allowed to crosslink for 24 h, weighed with the formed 

els, and subsequently submerged in 1 mL hyaluronidase PBS so- 

ution. In a similar fashion to the aforementioned swelling and 

egradation experiment, the hyaluronidase buffer solution was 

arefully removed prior to measurement every 24 h, the gels were 

eighed and the enzyme buffer was replaced after each measure- 

ent. The degradation weight percentage was calculated using the 

ormula: 

emaining weight % = 

Measured weight 

Initial Weight 
× 100 

.4. Tissue-adhesive tack test 

To observe any difference in the adhesive properties of the two 

ydrogels (HA-HA and HA-GA), a tack adhesion test was performed 

sing a rheometer. We first glued the porcine muscle having the 

ame diameter to that of the geometry (12 mm) to the movable 

top head of

of HA-HA a

Subsequent

placed in co

dence time
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tissue and 
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heometer and then placed the fully cured 250 μL 

-GA gels of 2 mm thickness on the bottom plate. 

 top plate attached with the muscle tissue was 

 with the gel with a holding period of 120 s (resi- 

g which a constant compressive force of 100 mN 

tablish a uniform molecular contact between the 

ls. Thereafter, the top plate was pulled up at a 

 of 10 μm/ sec to record the change in axial force 

to time. The experiments were performed in trip- 

graph of axial force (N) vs step time was plotted 

nces between the two hydrogels. 

property 

e free radical scavenging activity of the HA-GA, 

iphenyl-1-picrylhydrazyl) method was used [31] . 

DH solution was obtained by dissolution of 1 mg 

mL of deionized water, followed by the addition 

e of a methanol stock solution containing 1 mg 

n 12.5 mL methanol. After incubation at 25 °C for 
rbance of the resulting solution was measured at 

V −Vis spectrophotometer. 

ging activity (%) = [ ( A 0 − A 1 ) / A 0 ] × 100 

absorbance of blank DPPH solution that was used 

eaction conditions in the absence of synthesized 

 
is the absorbance of DPPH solution in the pres- 

samples. 

s are human fibroblast cells obtained from skin 

ls were cultured in T-75 cell culture flasks in 

ed Eagle Medium (DMEM, Gibco) with 10% fetal 

bco) and 1% Penicillin-Streptomycin as an antibi- 

lete medium) in a cell culture incubator at 37 °C 
medium was changed every alternate day. TrypLE 

s used to detach the cells from the flasks during 

ere passaged upon reaching around 80% conflu- 

assage 18–20 were used for experiments. 

uman monocytic cell line) were cultured in sus- 

n T-25 cell culture flasks in Roswell Park Memo- 

I) 1640 medium (Gibco) with 10% fetal bovine 

1% Penicillin-Streptomycin as an antibiotic (RPMI 

) in a cell culture incubator at 37 °C and 5% CO 2 . 

e 14–15 were used for experiments. 

murine bone marrow-derived macrophages 

were collected from mice. After aspirating the 

ne marrow, they were cultured in the flasks for 

EM high glucose medium (Gibco) supplemented 

 10 ng/mL of mCSF. The medium was replenished 

r the experiments with unactivated phenotypes, 

etached using trypsin/EDTA (Gibco) and counted 

 in the hydrogels at a concentration of 2 × 10 6 

e a proinflammatory activation state, BMDM was 

ng/mL lipopolysaccharide (LPS) (Invitrogen) and 

R&D systems) for 16 hrs. 

sulation, cells were detached from the flasks, cen- 

spended in complete medium, counted, and the 

 of cells was further centrifuged, and the pel- 

in HA-GA-CDH or HA-CDH, respectively. Hydro- 

 by mixing HA-GA-CDH or HA-CDH cell suspen- 

 in equal volumes in cell culture plates. The hy- 

bated for 20 min at room temperature to ensure 

n 500 μL complete medium was added to each 

 was changed every alternate day or as other- 
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2.7. Live/Dead staining 

For live/dead staining, CRL2429 fibroblasts were encapsulated in 

200 μL hydrogels at a concentration of 2 × 10 6 cells/mL in a 48- 

well plate. The encapsulated cells were cultured for 14 days, with 

a medium change every alternate day, and cell viability, as well as 

changes in morphology of the cells, was visualized by LIVE/DEAD 

staining (Viability/Cytotoxicity Kit for mammalian cells, Molecular 

Probes, USA) using a fluorescence microscope. To carry out the 

Live/Dead staining, the medium was aspirated from the wells and 

the gels were washed with 1x PBS twice. 300 μL Live/Dead stain- 

ing solution containing 2 μM Calcein AM and 1 μM Ethidium ho- 

modimer in 1X PBS was added to the wells and the plates were 

incubated at 37 °C for 1.5 h. Post-incubation the hydrogels were 

washed with 1x PBS once and imaged using a 10x objective and 

a Nikon Eclipse Ts 2 fluorescence microscope. Live/Dead staining 

was performed on days 1,7 and 14 after the hydrogel formation. 

Images obtained from the microscope were post-processed using 

Nikon NIS Viewer and ImageJ software. 

2.8. Cell viability under oxidative stress 

To observe the effect of the antioxidant property on cellular be- 

havior, CRL-2429 human fibroblast cells were exposed to hydro- 

gen peroxide (H 2 O 2 ) to stimulate free radical formation, along with 

exposure to the hydrogel material, and subsequently cell viabil- 

ity was quantified using PrestoBlue (Thermofisher) cell viability as- 

says. 

For monolayer cultures, cells were plated in 24-well plates 

at a density of 50,0 0 0 cells/well and incubated for 24 h. Post- 

incubation, 1 mg/mL of HA-CDH and HA-GA-CDH were exposed to 

the cells. Oxidative stress was induced by adding 200 μM of H 2 O 2 

along with the materials. The plates were further incubated for 2 

days and cell viability was quantified using PrestoBlue cell viability 

assay. 

For 3D cultures, 2 × 10 6 cells/mL were encapsulated in 200 μL 

of HA-HA or HA-GA gels in 24 well plates and incubated for 2 

days. Post-incubation, 250 μM H 2 O 2 was added to the wells to in- 

duce oxidative stress. The gels were incubated for 2 days and the 

medium was replaced. After 2 days, the PrestoBlue cell viability as- 

say was carried out. 

2.9. Immunomodulatory property 

To observe the immunomodulatory effects of the gels, 4 × 10 6 

THP-1 cells/mL were encapsulated in 200 μL HA-HA or HA-GA gels. 

The medium was changed every 2 days to account for medium 

loss due to swelling of gels. Gene expression analysis was per- 

formed by RNA extraction, followed by cDNA synthesis from the 

extracted RNA. The synthesized cDNA was then subjected to a 

quantitative polymerase chain reaction (qPCR) to quantify the 

fold change in gene expression levels. RNeasy Plus Mini Kit (Qi- 

agen) was used for RNA extraction. Briefly, the gels were first 

mechanically disrupted followed by suspension in PBS and cen- 

trifuged. Lysis buffer was added to the pellet and the kit proto- 

col was followed. Post-extraction, the RNA samples were stored at 

−20 °C. cDNA was prepared by following the cDNA synthesis kit 

(Thermo Fisher Scientific). For qPCR reactions, the cDNA sample 

was added along with TaqMan Fast Advanced Master Mix (Thermo 

Fisher Scientific), nuclease-free water (Invitrogen), and TaqMan as- 

say primers and subjected to the reaction process in a Bio-Rad 

CFX96 Real-time PCR machine as per the manufacturer’s protocol. 

The expression levels of the following genes were analyzed using 

commercially available TaqMan Gene Expression Assays (Thermo 

Fisher Scientific): TNF- α (Hs00174128), IL1- β (Hs01555410), IL10 
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1RN (Hs0 0893626), with β-Actin (Hs010 60 6 65) as 

gene. 

M was differentiated into a resting phenotype in 

 the culture conditions outlined above. Cells were 

ed in hydrogels at a concentration of 2 × 10 6 

ured for two weeks, after which gene expression 

formed. For the LPS stimulation experiments, the 

were then encapsulated in the hydrogels and cul- 

s, after which gene expression analysis was per- 

 setting RNA was extracted using a commercially 

easy Mini kit, Qiagen). cDNA first strand was syn- 

g the protocol from the iScript cDNA synthesis kit 

R Green Supermix was used to prepare the sam- 

n a CFX96 instrument from BioRad. The murine 

ces in SI) for the qPCR were obtained from Sigma 

. 

a were normalized and analyzed using a compara- 

 method and data are presented as ��Ct method. 

 quantify the immunological response of GA func- 

 used the HA-HA gel (HA hydrogel without GA) 

ng variable. Reference housekeeping gene β-Actin 

h THP1 cells) and HPRT (for the murine BMDMs) 

 an internal control for the normalization of qPCR 

ead-based immunoassays 

ytokine detection immunoassays from LEGEND- 

 were used to identify secreted cytokines follow- 

 culture. Cell culture supernatants were collected 

 timepoints and stored at −80 °C before use. The 
ge/Microglia Cytokine Panel (BioLegend) was used 

d cytokines as per the manufacturer’s instructions. 

erformed using LEGENDplex Data Analysis Soft- 

) and the cytokines were quantified by comparing 

 of standard curves prepared in parallel with su- 

es. 

itment of immune cells in C57BL/6 mice 

 (8–9 weeks old) were injected subcutaneously 

GA and HA-HA gel on each side of the lower back 

ost injection the gels were recovered and digested 

ntaining 0.4 mg/mL hyaluronidase (Sigma-Aldrich) 

mL (Gibco) for 50 min at 37 °C. The cell suspen- 
 using a 40 μm strainer and centrifuged at 350 g 

C. The pellet was resuspended in a cocktail of an- 

see below) for 30 min at 4 °C. After a wash with 

ere centrifuged as above and transferred to FACS 

were analyzed using a BD LSR FORTESSA. The data 

sing the software Flowjo V 10.8.0. The antibody 

D45-PeCy7 1:100, CD11b-PercpCy5.5 1:100, CD36- 

APC 1:100, MHCII-A700 1:100, CD40-FITC 1:100, 

r – Near infrared 1:500). Ethical permission was 

he regional ethical committee, Stockholms djur- 

nd (Dnr 9328–2019). 

nalysis 

l measurements were achieved by comparing each 

lue with their respective controls (in our case HA- 

d with HA-HA). The assessments between the two 

rformed using the student’s unpaired T-test and 

est as indicated. These tests were performed using 

Software P < 0.05 was the statistical significance for 
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. Results and discussion 

To design the bioactive 3D scaffold we utilized HA, an anionic 

on-sulfated glycosaminoglycan (GAG), as a base biopolymer. As 

n immunomodulatory agent we utilized gallic acid (GA), a low 

olecular weight polyphenol compound occurring naturally in var- 

ous terrestrial plants including green tea. GA possesses diverse 

ioactivities such as anti-carcinogenic, anti-mutagenic, and anti- 

nflammatory properties [32] . We hypothesized that grafting of GA 

n a HA scaffold would provide antioxidant properties necessary to 

olarize macrophages into a tissue regenerative phenotype. 

Conventionally, GA is conjugated to polysaccharides via ester 

inkages utilizing the aliphatic hydroxyls on the polymer or by car- 

odiimide coupling of amine-functionalized GA with the carboxy- 

ate residues of the polymer [ 33 , 34 ]. Both these approaches are in- 

fficient, rendering a poor coupling yield. To circumvent this we 

odified the carboxylate residues of GA to a hydrazide deriva- 

ive as they are known to undergo proficient EDC coupling ow- 

ng to a lower pK a of hydrazides over amines [35] . To achieve this 

e first transformed the carboxylate groups of GA to methyl es- 

er followed by nucleophilic displacement with aqueous hydrazine 

80% solution) to obtain GA-hydrazide in quantitative yields. The 

ydrazide derivative of GA was characterized by 1 H and 13 C NMR 

pectroscopy (Figure S2 and S3 in SI). We have recently shown that 

ompared to hydrogels obtained by NaIO 4 oxidation of dopamine 

onjugated HA, the hydrogel obtained by GA functionalized HA 

isplayed faster oxidation at physiological pH and possess higher 

issue adhesive properties [35] . In this study, the GA function- 

lized HA was grafted with carbodihydrazide (CDH) groups as a 

iorthogonal moiety that facilitates covalent crosslinking reaction 

ith aldehyde functionalized HA derivative. We have earlier re- 

orted that unlike other hydrazone bonds, which are labile, the 

DH-derived hydrazones are exceptionally stable under physiologi- 

al conditions due to their unique delocalized electronic structures 

27] . 

Using this optimized protocol we developed hydrazone 

rosslinked HA-hydrogels grafted with the GA moiety, in which 

he degree of GA functionalization was 6% with respect to the 

isaccharide repeat units (Figure S5 and S6 in SI) and the degree 

f hydrazone crosslinking was fixed at 10%. For comparison, we 

sed HA gels without GA by using the same hydrazone chemistry 

ith similar levels of crosslinking density using 10 mol% modified 

A-Aldehyde (Figure S7 and S8 in SI). A DPPH radical scavenging 

ssay was used as a preliminary assessment of the changes in 

ydrogel antioxidant property upon the incorporation of gallol 

oieties. The DPPH reagent underwent a visual change in color 

rom deep purple to deep orange in HA-GA, which is due to the 

ntioxidant property imparted by GA. The UV–Vis spectroscopy 

easurement of 0.5 mg/mL HA-GA-CDH (75 μM GA grafted on 

A-GA-CDH) in presence of DPPH displayed 50% reduction in 

bsorption indicating potent antioxidant properties (Figure S12A 

n SI). 

We performed the rheological evaluation of HA gels (HA-HA) 

nd HA gels with 6% GA (HA-GA gels) by subjecting the gels to 

mplitude and frequency sweeps. The rheological analyses demon- 

trated that both HA-HA and HA-GA gels remained stable dur- 

ng the rheological testing and consistently yielded higher storage 

odulus (G 
′ ) values as compared to loss modulus (G 

′ ′ ) ( Fig. 2 A). 
or HA-HA gels, a storage modulus, G 

′ , of 995 ± 4 Pa and a loss 

odulus G 
′ ′ of 7 ± 3 Pa was observed, while for HA-GA gels the 

 
′ and G" values were 747 ± 57 and 4 ± 1 Pa, respectively. The tan 

value, which is the ratio between G 
′ and G 

′ ′ , yielded significantly 
ess values than 1 (0.00 6 6 and 0.0057 for HA-HA and HA-GA gels, 

espectively), indicating that the gels were highly elastic in nature. 

he average mesh size ( ξ ), which represents the pore size of the 

el by considering the distances between the two entanglement 

points, was
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lated to be 16.05 nm and 17.70 nm, respectively, 

A-GA gels. The addition of GA moieties led to a 

torage modulus values, indicating softer gels at 

 using the modulus data, we also calculated the 

olecular weight between the crosslinks (M c ) us- 

 theory that applies to highly elastic gels, which 

 the tan δ values. M c values were 39.11 kg mol −1 

l −1 for HA-HA and HA-GA gels, respectively, sug- 

A gels were softer than HA-HA gels with higher 

rmed swelling studies to investigate the stability 

er physiological conditions (pH 7.4) and at acidic 

0) where the hydrazone crosslinks are susceptible 

d at basic pH of 9.0 (Figure S9 in SI). Both HA- 

ydrogels showed rapid initial swelling followed 

 acidic buffer (pH 5.0), although the HA-GA gels 

ly lower swelling. However, under physiological 

4) and at pH 9.0, both the gels remained stable. 

gued by the fact that the GA functionalized HA 

 any significant swelling or degradation over the 

 under basic or neutral conditions after the initial 

 days. This observation prompted us to investi- 

tic properties of HA-HA and HA-GA gels at differ- 

t pH 7.4 to decipher the role of GA in inducing 

. Fascinatingly, we observed matrix stiffening in 

 at day 2 compared to day 0 when immersed in 

ig. 2 B). Thereafter, the HA-GA gels exhibited ex- 

 storage modulus compared to HA-HA hydrogels 

se storage modulus slowly deteriorated until day 

rwent rapid loss by day 21 ( Fig. 2 B). This clearly 

 grafting of GA in HA gels promote the formation 

ork that stabilizes the gel and prevent excessive 

). We believe this is attributed to the unique ca- 

llol moiety to undergo oxidation that generates 

ergo intermolecular dimerization [35] . Such sec- 

on decreases the segmental mobility of the poly- 

educes the pore size, favoring a stiffer and stable 

. 

the injectability of these chemically cross-linked 

termined the flow behavior (viscosity) at room 

re S10) by continuously increasing the shear rate 

oth the HA-HA and HA-GA hydrogels displayed a 

he viscosity upon application of increasing shear 

s − 1 ), suggesting their injectability. We further 

ear-thinning characteristics of these gels by esti- 

ity recovery by performing a dynamic experiment 

ic low (0.01 s − 1 ) and high shear rate (10 s − 1 ) 

amples (seven cycles; Figure S11 in SI). Both the 

ed their initial viscosity when the shear rate was 

red. We also tested the dynamic strain recovery 

e hydrogels ( Fig. 2 C and 2 D). At low strain (1%), 

ls displayed higher storage modulus, and with in- 

00%) the storage modulus was reduced while loss 

d in HA-GA hydrogels, while they were similar in 

ls. Upon withdrawal of the high strain both hy- 

 their initial storage modulus, suggesting the dy- 

he hydrogel chemistry. 

rmed tissue adhesion tack tests using a rheome- 

investigate the tissue adhesive properties using 

ssue as a model. Notably, both HA-HA and HA-GA 

e-adhesive properties ( Fig. 2 E). However, HA-GA 

greater adhesion to the wet muscle tissue, as a 

force was required to induce cohesive failure be- 

te and the gel. 

ve the gallol-mediated secondary network forma- 

 hydrogels we performed an enzymatic degrada- 
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Fig. 1. Schematic representation of the formation of hydrazone crosslinked HA-HA and hydrazone and gallol crosslinked interpenetrating HA-GA hydrogel. 

Fig. 2. (A) Rheological measurements obtained from frequency sweep for 250 μL HA-HA and HA-GA hydrogels ( n = 3). (B) Rheological measurements of HA-HA and HA-GA 

hydrogels (250 μL, n = 3) immersed in PBS buffer (pH 7.40). Dynamic strain recovery of a (C) HA-HA, and (D) HA-GA hydrogel undergoing cyclic deformation of 1% (low) 

and 100% (high) strain at 1 Hz with G’ (blue line) and G’’ (red line). (E) Measurement of tissue adhesion force of the two hydrogels by rheological tack adhesion test (250 

μL gels). (F) Degradation profiles of HA-HA and HA-GA hydrogels (250 μL, n = 3) in neutral PBS (pH 7.4) buffer containing 50 U/mL hyaluronidase. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. (A) LIVE/DEAD staining of CRL2429 fibroblasts encapsulated inside hydrogels on 1, 7, and 14 days of culture. Cells stained in green (Calcein AM) represent live cells 

while cells stained in red (EtBr) represent dead cells. (Scale bar = 500 μm, Cell density = 2 × 10 6 /mL). (B) 2D monolayer and (C) 3D encapsulated cells Presto Blue viability 

assays showing the antioxidant effect of GA moieties on CRL2429 cells during induced oxidative stress. HA-GA improves cell viability during oxidative stress in (B) monolayer 
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ion study in the presence of hyaluronidase in PBS at pH 7.4. En- 

ymatically, the HA-GA gels illustrated slower degradation in the 

resence of hyaluronidase than did the HA-HA gels, especially af- 

er day 2 ( Fig. 2 F). Conversely, the HA-HA gels initially swelled and 

hen degraded at a faster rate than did HA-GA in the presence of 

yaluronidase. The additional GA-mediated secondary crosslinking 

etwork along with the primary hydrazone network in the HA-GA 

ydrogel thus limits the hydrogel swelling and restricts the enzy- 

atic degradation by bulk erosion, yet promotes degradation by 

urface erosion. 

We next evaluated the biocompatibility of the materials using 

n vitro studies. We first encapsulated CRL2429 fibroblasts in both 

A-HA and the HA-GA hydrogels and evaluated cell viability in- 

ide the hydrogels using live/dead staining. We observed that af- 

er 14 days in culture the CRL2429 fibroblasts were viable in both 

els ( Fig. 3 A). To further confirm that primary cells are also viable 

n our hydrogels, we cultured the human bone marrow-derived 

esenchymal stem cells (MSCs) and BMDMs (M0) in the two gels 

nd performed live/dead staining. Interestingly, we did not observe 

ignificant cell death at the respective time points with both the 

ell types (Figure S13A & S13B in SI). To corroborate the viability 

nd proliferation of cells (MSCs) in our hydrogels, we measured 

he DNA content of the cells from the respective hydrogels using 

the CyQuan

tively. Thes

proliferating

HA-GA hyd

days 1 and 

day 21 (Fig

could be at

[36] . 
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3)). Statistical analysis used the Mann-Whitney Test ∗P < 0.05. 

f this article.) 

 proliferation kit at days 1,7,14 and 21, respec- 

riments revealed that the cells were viable and 

 day 1 to day 21 in HA-HA gels. In the case of 

, we recorded limited cell proliferation between 

d a subsequent increase in the proliferation up to 

3C in SI). The reduction of the cell proliferation 

d to the effect of the gallol on MSC proliferation 

he antioxidant properties of the gallol-modified 

bated the individual hydrogel components (HA- 

CDH) with the CRL2429 cells in the presence or 

en peroxide (H 2 O 2 ). Cells cultured in 2D without 

any hydrogel components (cultured in the pres- 

of H 2 O 2 ) were used as a control group. As ex- 

ved a reduction in cell viability ( ∼50% reduction) 

ere exposed to 200 μM H 2 O 2 . When HA-CDH 

added to the cells we observed a ∼55% reduc- 

ity in the H 2 O 2 -treated cells compared to the un- 

restingly, when the cells were incubated within 

), there was only ∼36% reduction in the cell vi- 

osed to 200 μM H 2 O 2 ( Fig. 3 B). This clearly sug- 

 moiety in the HA-GA polymer contributes to the 

g property. 
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Fig. 4. Gene expression analysis of pro-inflammatory markers TNF- α and IL-1 β and anti-inflammatory markers IL-10 and IL-1ra in THP-1 cells encapsulated in HA-GA 

hydrogels for 8 days in basal medium, as compared to HA-HA gels. Expression of anti-inflammatory markers was increased in HA-GA gels as compared to HA-HA gels, 

suggesting increased immunosuppressive polarization (200 μL gels. THP-1 density = 4 × 10 6 /mL, n = 6). Statistics used Mann-Whitney Test ∗P < 0.05. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Cytokine release in the medium by the primary murine BMDM cells analyzed by capture bead assay on (A) day 1 and (B) day 10. Statistical analysis done by Mann- 

Whitney Test using GraphPad Prism. ∗∗P < 0.01 (C) Cytokine mRNA levels produced by the BMDM cells as determined by qRT-PCR when encapsulated within HA-HA and 

HA-GA gels ( n = 5) for 14 days. Statistical analysis using student T-test ∗P < 0.05. 
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To validate the antioxidant properties of the HA-GA hydrogels 

we performed 3D cellular oxidative stress measurement experi- 

ments. We encapsulated the CRL2429 fibroblasts in HA-HA and 

HA-GA gels and induced oxidative stress by exposing the system to 

250 μM H 2 O 2 for 48 h. The cells cultured in HA-HA gels displayed 

significant oxidative stress upon exposure to H 2 O 2 and their viabil- 

ity was drastically reduced to 50% after 48 h in culture. As antic- 

ipated, the cells encapsulated in the HA-GA gels displayed higher 

cell viabili

S12B). The

hydrogel n

stress by s

As bloo

tion and in

investigate

differentia
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8%) upon exposure to H 2 O 2 ( Fig. 3 C and Figure 

eriments suggest that the GA component in the 

k shielded the encapsulated cells from oxidative 

ing free radicals induced by the addition of H 2 O 2 . 

ved monocytes are early responders to inflamma- 

hat can differentiate into activated phenotypes we 

r HA-GA gels provided the necessary cues for the 

f monocytes to M1 or M2 macrophages, respec- 
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Fig. 5. Continued 

ively ( Fig. 4 ). For this purpose, we encapsulated human mono- 

yte THP-1 cells in HA-HA and HA-GA gels without the addition 

f any immunomodulatory agents or differentiation factors. After 

 days in culture we observed that relative to the HA-HA gels, 

ells cultured in HA-GA gels exhibited ∼125-fold higher expres- 

ion of IL-10 and ∼2.5-fold increase in IL-1ra as quantified by 

RT-PCR. The higher expression of IL-10 and IL-1ra indicates that 

he macrophages had become preferably polarized towards an im- 

unosuppressive M2 phenotype in HA-GA gels [37] . Interestingly, 

e also observed a ∼20-fold increase in IL-1 β , a pro-inflammatory 

ytokine. It is important to consider that it is the net sum of 

nflammatory genes that determine the final macrophage activa- 

ion phenotype, so the co-expression of both pro-inflammatory 

nd immunosuppressive markers is expected. Immunosuppressive 

acrophages are known to mitigate tissue damage and to con- 

ribute to the recovery from conditions such as spinal cord injury 

nd myocardial ischemia [ 38 , 39 ]. Furthermore, we believe that the 

ubstantial amount of IL-10 produced by these cells inhibits the 

ifferentiation of neighboring cells into pro-inflammatory activated 

acrophages by repressing the pro-inflammatory genes via the IL- 

0/STAT3 pathway [40] and thereby allowing the macrophage pop- 

lation to be self-regulating [41] which could be useful in reducing 

nflammation and could facilitate wound healing and tissue regen- 

ration. 

To further substantiate our observation that HA-GA gels po- 

arize macrophages towards an immunosuppressive profile, we 

onducted further experiments by encapsulating murine bone 

arrow-derived primary macrophages (BMDM) in their resting 

tate (M0 macrophage) within the HA-GA gels for 10 days. The 

BMDM cells

ing a stand

on day 1 a

assay (LEGE

that at day 

levels of pr

in HA-GA v

in HA-GA v

HA-GA vs 3

gels. Interes

cytokine re

the HA-HA 

When the 

was analyz

gels had re

cytokines w

(187 ± 28 

12p40 (174 

(284 ± 140

α (1086 ±
expression 

18 released

TGF- β was 

pared to th

that HA-GA

inflammato

To furth

teristics, w

and anti-in
44 
 in this study were isolated and cultured follow- 

otocol [42] . The conditioned media was collected 

y 10 and analyzed using a multiplex bead-based 

ex from Biolegend) ( Fig. 5 A > , 5 B). We observed 

 cells cultured in the HA-GA gels produced lower 

mmatory cytokines such as IL-6 (1.6 ± 0.5 ng/mL 

0.5 ng/mL in HA-HA), IL-12p40 (0.6 ± 0.4 ng/mL 

1 ng/mL in HA-HA) and MDC (1 ± 0.3 ng/mL in 

ng/mL in HA-HA) when compared to the HA-HA 

, TGF- β (3 ± 0.3 ng/mL) and TNF- α (2 ± 1 ng/mL) 

in the day 1 HA-GA gels were similar to that of 

TGF- β – 3 ± 0.3 ng/mL; TNF- α – 2 ± 0.8 ng/mL). 

tioned media obtained after 10 days of culture 

similar trend was observed whereby the HA-GA 

 significantly lower amounts of pro-inflammatory 

compared to the HA-HA gels. Specifically, IL-6 

L in HA-HA vs 104 ± 5 ng/mL in HA-GA), IL- 

ng/mL in HA-HA vs 5 ± 2 ng/mL in HA-GA), MDC 

L in HA-HA vs 7 ± 3 ng/mL in HA-GA) and TNF- 

g/mL in HA-HA vs 695 ± 45 ng/mL in HA-GA) 

significantly lower in the HA-GA gels, while IL- 

oth the gels was at similar levels. Unexpectedly, 

bundant in the HA-GA gels (6 ± 2 ng/mL) com- 

HA gels (36 ± 22 ng/mL). These results indicate 

have the potential to drive BMDM towards a less 

notype than do the HA-HA gels. 

ntitatively assess the immunosuppressive charac- 

yzed mRNA expression of the pro-inflammatory 

atory genes. For this purpose, BMDM cells (M0 
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Fig. 6. (A) Primary murine BMDM cells were stimulated with LPS/IFN γ for 16 h and then encapsulated in HA-HA and HA-GA gels ( n = 4) for 3 days. The expression of 

different inflammatory markers was determined by qRT-PCR. Statistics done by T-test using GraphPad Prism. ∗P < 0.05, ∗∗P < 0.0 05, ∗∗∗P < 0.0 01 (B) Cytokine present in the 

medium detected by multiplex bead-based assay after 3 days. Statistical analysis used Mann-Whitney Test. ∗P < 0.05, ∗∗P < 0.01. 
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ig. 7. Flow cytometric analysis of the cells recruited into the HA-HA and the HA-GA hydrogels wh

xcised and the cells recovered after dissolution of the hydrogels using hyaluronidase enzyme. The ce

nd analyzed using flow cytometry. Statistics used student T-test. ∗P < 0.05, ∗∗P < 0.005, ∗∗∗P < 0.0005. (Fo

eader is referred to the web version of this article.) 

tate) were encapsulated in the HA-HA and HA-GA hydrogels and 

ultured for 14 days. RNA was extracted from these gels and the 

xpression of pro-and anti-inflammatory genes was quantified by 

RT-PCR ( Fig. 5 C). We observed that the resting M0 macrophages 

ifferentiated into mature macrophages as evidenced by the ex- 

ression of F4/80, a murine macrophage marker [43] . Interestingly, 

e observed an upregulation of anti-inflammatory genes, namely 

l10 ( ∼2-fold), tgfb-1 ( ∼3-fold), il4 ( ∼1.5-fold), il4ra ( ∼ 3-fold), and 

gfb-r1 ( ∼2.5-fold), when compared to cells encapsulated in HA- 

A gels ( Fig. 6 ). Similar to the previous study with the THP1 cells, 

e also observed an upregulation of a few pro-inflammatory genes 

uch as socs3 ( ∼2-fold), il6 ( ∼1.5-fold), and tnfa ( ∼2.5-fold) by the 

MDM cells relative to cells encapsulated in the HA-HA gels. These 

esults concord with our hypothesis that the covalent grafting of 

A to the HA backbone acts as a cue to polarize macrophages to- 

ards an immunosuppressive phenotype [32] . The expression of 

he proinflammatory markers (SOCS3, IL6, and TNF- α) could be at- 

ributed to the flexible phenotypic paradigms of the macrophages 

11] . There have also been reports suggesting that the temporality 

nd responsiveness of macrophage functions necessitate this flex- 

bility, with M2- activated macrophages being able to display M1- 

ike features or to repolarize completely [44] . 

Although the results with the M0 macrophages indicated 

romising immunosuppression, the extent of this characteristic 

as not very clear. We therefore tested the immunosuppres- 

ive propensity of HA-GA gels by encapsulating proinflammatory 

MDM cells (that were pre-stimulated with lipopolysaccharide 

LPS) (10 ng/mL) and IFN γ (20 ng/mL) and estimated the gene 

xpression after 3 days. As anticipated, we observed a significant 

ecrease in expression of proinflammatory genes such as socs3, 

NOS, and il6 ( Fig. 6 A), and a non-significant decrease in il-1 β
nd tnf- α expression, which are hallmarks of pro-inflammatory 

1 macrophages [16] , in the HA-GA gels relative to the HA-HA 

els. Interestingly, we also observed an increase in the expression 

f tgf- β1 in the HA-GA gels when compared to in HA-HA gels. 

owever, we also observed a decrease in IL4 in the HA-GA gels 

ith respect to the HA-HA gels. A significant decrease in expres- 

ion levels of chemokine-derived cx3cr1 was also observed in the 

A-GA gels. It has been reported that macrophages with low lev- 

ls of cx3cr1 have the ability to express both pro-inflammatory 

nd anti-inflammatory markers [45] and could be vital in the early 

nd late stages of wound healing and repair in spinal cord injuries 

46] . 

To furth
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lanted subcutaneously in C57L/B6 mice. The hydrogels were 

e then stained with CD86, MHCII, CD40 and CD45 antibodies 

pretation of the references to colour in this figure legend, the 

lidate the immunosuppressive properties of the 

stimated the amounts of the cytokines released 

matory BMDM cells upon encapsulation within 

-GA gels after 3 days of culture following a mul- 

 assay ( Fig. 6 B). Interestingly, corroborating the 

e observed a significant reduction in most of the 

 cytokines released by these cells in the HA-GA 

 in the HA-HA gels. Specifically, pro-inflammatory 

 IL-23 (10 ± 3 ng/mL in HA-HA vs 4.5 ± 2 ng/mL 

.6 ± 1 ng/mL in HA-HA vs 1.7 ± 1 ng/mL in HA- 

derived chemokine (MDC; 39 ± 12 ng/mL in HA- 

/mL in HA-GA) and IL-12p40 (30 ± 4 ng/mL in 

4 ng/mL in HA-GA) were markedly decreased in 

ompared to in the HA-HA gels. However, some 

 cytokines such as TNF- α (16 ± 0.3 ng/mL in HA- 

ng/mL in HA-GA) and IL-18 (19 ± 7 ng/mL in 

 ng/mL in HA-GA) were upregulated in the HA- 

ngly, we also observed that BMDM cells upregu- 

ion of anti-inflammatory cytokines when encap- 

-GA gels such as granulocyte colony stimulating 

ng/mL in HA-HA vs 40 ± 11 ng/mL in HA-GA), 

mL in HA-HA vs 14 ± 9 ng/mL in HA-GA) and 

/mL in HA-HA vs 16 ± 7 ng/mL in HA-GA). The 

 with the cytokine multiplex bead-based assay 

est that the HA-GA gels predominantly possesses 

ressive characteristic compared to the HA-HA 

quivocally validate the immunosuppressive char- 

HA-GA gels relative to the HA-HA gels we sub- 

anted the gels into healthy naive mice and eval- 

of immune cells that infiltrated these gels af- 

 days of implantation. In order to minimize the 

n the groups, the HA-HA and HA-GA hydrogels 

two different subcutaneous sites in the same an- 

ost implantation these hydrogels were recovered 

 cells that infiltrated within the gels were har- 

ith antibodies and analyzed by flow cytometry. 

observed that the HA-GA cells attracted more 

45 + CD11 + ) relative to the HA-HA gels, clearly 

ifferential properties ( Fig. 7 A and S14A in SI). 

we examined the infiltrating cells for the pro- 

rkers CD86 and MHCII (Major Histocompatibility 

D40 [ 4 8 , 4 9 ] we noted that the percentage of cells 
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expressing CD86 + MHCII + was significantly higher in the HA-HA 

hydrogels compared to in the HA-GA hydrogels. ( Fig. 7 B and S14B 

in SI) Similar trends was observed for the CD86 + MHCII + CD40 + 

expressing myeloid cells ( Fig. 7 C) although the percentage of the 

myeloid cells remained the same in both groups. We believe that 

the lower expression of CD86 + on cells in the HA-GA gels could 

be due to the intrinsic ability of the HA-GA gels to stimulate 

the infiltrating macrophages to secrete more IL-10, as we ob- 

served in the in vitro studies ( Fig. 4 , 5 C & 6 B). The presence of 

CD40 + cells in the HA-GA gels and the ability of the HA-GA gels 

to stimulate the cells to produce IL-10 could help in the reduc- 

tion in the population of the proinflammatory CD86 + MHCII + cells 

[50] . Fascinatingly, when we analyzed the 10 days old implanted 

gels, we found that the HA-HA gels were intact, however, the 

HA-GA gels were completely resorbed. This unique degradation 

profile of HA-GA gels could be attributed to the higher num- 

ber of M2 macrophages in the infiltrating myeloid cell popula- 

tion. Such fast degradation was observed after intradermal im- 

plantation of collagen matrix in mice that was attributed to the 

M2-like macrophages [51] , which dramatically enhances the ca- 

pacity to turnover extracellular matrix by an intracellular path- 

way. This was also confirmed by another study in which IL-4- 

containing implants display a distinct population of macrophages 

with an M2-like phenotype, yielding significant proteolytic ac- 

tivity, decreased fibrotic capsule deposition and improved peri–

implant tissue quality [52] . These in-vitro and in-vivo results con- 

firm our hypothesis that the HA-GA gels are more immunosup- 

pressive when compared to the HA-HA gels and indicate that 

they could be utilized in the treatment of specific inflammatory 

diseases. 

4. Conclusion 

Undesired immune reaction to the implanted biomaterial is the 

major bottleneck for successful clinical translation of regenerative 

medicine and cell-based therapies. To address this, we have de- 

signed an innovative GA functionalized HA-based extracellular ma- 

trix mimetic (HA-GA) hydrogel that displays superior antioxidant 

and tissue-adhesive properties. The secondary network due to the 

presence of GA moiety in the HA-GA gels rendered an extremely 

stable hydrogel formation without excessive swelling. In addition, 

these scaffolds displayed a unique capability to differentiate mono- 

cytes to an immunosuppressive phenotype. Fibroblasts encapsu- 

lated inside these HA-GA gels were protected from oxidative stress. 

Our study clearly suggests that GA functionalized gels display rad- 

ical scavenging activity and promote polarization of macrophages 

into an immunosuppressive phenotype have great potential to be 

used as scaffolds for cell-based therapies. The ability of the HA- 

GA gels to suppress the major pro-inflammatory genes and an in- 

crease in the TGF- β and IL-10 suggests that these hydrogels may 

be a valuable tool for tissue engineering applications, especially for 

wound healing during which suppression of inflammation is cru- 

cial [53] ( Fig. 1 ). 
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