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Abstract

The phases of wound healing generally overlap and occur in a well-orchestrated manner, following
the sequential steps of hemostasis, inflammation, proliferation, and remodeling. However, the
presence of various pathophysiological conditions like diabetes mellitus (DM), venous
insufficiency, thrombocytopenia, ischemia, blood dyscrasias, or pressure ulcers hinders the healing

process due to systemic complications giving rise to chronic non-healing wounds.

Despite being etiologically different, all chronic wounds share some basic characteristics or traits
in common, like— enhanced pro-inflammatory cytokine levels, unregulated amounts of reactive
oxygen species (ROS), proteases, and senescence cells, continued infection, and the presence of
dysfunctional and deficient stem cells. Constant infiltration of neutrophils in the wound area
increases the concentration of degenerative proteins called matrix metallo-proteinases (MMPS)
that disturbs the equilibrium between these proteases and their tissue inhibitors (TIMMP).
Unregulated MMP levels in chronic wounds degrade the deposited extracellular matrix (ECM),
alter cytokine expression, and reduce proliferative factors that are quintessential for healing.
Among all the types of chronic wounds, diabetic wounds are the most difficult to heal as they lead

to alteration of the immune system activation being associated with an autoimmune disease.

In hyperglycemic wounds, the residual sugars present in the tissues and circulation react non-
enzymatically with the amine residues of proteins, lipids, and nucleic acids in the oxidative
environment to form complex structures called advanced glycation end products (AGEs). AGEs
bind to their receptor, RAGE, expressed on most immune cells (macrophages, DCs), vascular
endothelial cells, and smooth muscle cells, and initiate a cascade of downstream signaling like

upregulates ROS generation, overproduction of the transcription factor nuclear factor kappa B
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(NF-xB), activation of the Janus kinase (JAK)-signal transducer and activator of transcription
(STAT) pathway, and downregulates the Peroxisome proliferator-activated receptor gamma
(PPAR-y) signaling that has adverse effects on the wound microenvironment. Elevated levels of
ROS and other superoxides increase the oxidative stress that disturbs the balance between the
levels of systemic oxidants and antioxidants, favoring further AGE generation. Prolonged
hyperglycemia, along with AGEs, induces epigenetic alterations via histone methylation and
acetylation that increase the inflammatory response by upregulating pro-inflammatory cytokine
production. Moreover, AGE/RAGE-induced upregulation of ROS and JAK-STAT signaling
together induces dysfunction and apoptosis of endothelial progenitor cells (EPCs), and the
activation of NF-kB enhances the expression of various pro-inflammatory cytokines that prolongs
the inflammatory phase. As a result, the microenvironment favors the polarization of macrophages
in the M1 or pro-inflammatory subtype and delays the phenotypic switch to alternatively activated
M2 subtype that triggers healing. Additionally, oxidative stress, along with hyperglycemia,
induces either apoptosis or senescence of endothelial cells, fibroblasts, and keratinocytes, thus,
hindering the proliferative and remodeling stage of healing. Taken together, uncontrolled
hyperglycemia, oxidative stress, and upregulation of the AGE/RAGE downstream signaling make

the diabetes wound microenvironment further complex to address.

To this end, this thesis describes three different hydrogel-based approaches to regulate the chronic

wound microenvironment to assist healing-

1. Sequential delivery of CHX and PDGF-BB from layer-by-layer hydrogel-based scaffold:
Here, we designed a layer-by-layer scaffold (S..e-L) containing an antimicrobial agent and
MMP-9 inhibitor, CHX, along with growth factor PDGF-BB to regulate healing of chronic

wounds. We found that the initial burst release of CHX from the outermost layer of Si.s-L
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controlled the protease-rich environment of the wound bed. Hence, the released PDGF-BB
remained active and induced VEGF-A secretion over 21 days in vivo, overcoming two
significant disadvantages associated with diabetic wound healing.

Inhibition of AGE/RAGE signaling to restore macrophage function to assist healing: We
delivered RAGE inhibitor Ri loaded in hydrogel (Immuno-gel) containing antimicrobial agent
CHX to downregulate AGE/RAGE signaling in wound bed. AGE/RGE upregulation hinders
healing by preventing macrophage polarization from M1 to M2 in chronic wounds. Immuno-
gel treatment further increased the M2 population in wound beds of diabetic rats and reduced
the number of M1 macrophages making the overall microenvironment pro-healing.
Modulating chronic wound microenvironment via engineered M2Exo-conjugated hydrogel:
Here, we conjugated M2-derived nanovesicles with a self-healing hydrogel (Exo-gel) and
loaded it with both antimicrobial agent CHX and RAGE inhibitor Ri. Detailed studies indicated
that Exo-gel induced faster healing in a diabetic rat wound model owing to the synergistic

effect of all the components.
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AR

FHRSRIY, goH, UER 3R JHISFeT 3 Hitre =Rl & a8, 91d 4R & TRUT 3H TR W SHlavey gid
g R T& 3B T ¥ i cs RN ¥ A &1 TTetifeh, AYHT Heled (DM), RRIIRS sroafea,
UrITgCIOfaT, SR, Yo fEwhiaT, a1 e sreer SRt fafte Tiftsforaoee fRuferdl &t
IufRUf JuTTeiivTd Sifeaaratt & HRUT IR ishar H a1eT STerd §, ot QR TR-fafden ardt & 57
a8l

wfesiiaroied U ¥ fid 81 & dravie, 94 IR 919 @ g faRmwarst a1 aemn &1 argn exd
€, OI- T-Suiiest Wrgeifd &1 da1 gofl Wk, ufdfrariia sifafier yefaal (RoS), TN SR
T DIRB1SH BT it arE, FRAR I6a0, R fSuhaRmd ©H 3 & Juffd | 3R ot
919 &3 # gIhd & TRIAR guUS J et UIdH 3T digdl 9¢ STl ¢ o Afea Aeral-uici=y
(MMP) FgT STTdT & STl 39 UIEITS 3R 3% $dd aRIUD! (TIMMP) & §id idad ®l famms Sar g
Sftof arat & sifafird MMP TR ST STRT Bfea (ECM) &1 %1 &Rl §, TTgelia SHfieafad o) sgad
g, IR AMFRIR FR! ) HH R & ot TR F forg Galapy &1 Tt UhR & R ardl §, AYHE &
g7al B 31b BT Jo B Bl & Hih d T SCIZRH SHRT IS T P HRUT U Foeit
&1 Wihaa # 9Gea a1 & |

FRIRTATRIHS °1d! H, Srad! 3R Yaa- & HAivlg SafRTy YT sifaitafed ardaru & Ui, fafis
IR o TRIS & 3 aRIN & 1Y TR-USTSH® U ¥ Udfshal H=d §, Sl 39d WIS h R U8
WSdeT (AGEs) AH® Sifed TaAsft &1 AT #d g1 AGEs 30+ RATR, RAGE ¥ ded §, St
3T TiaRef BIRMBISH (HIW, DCs), Hag-it TSIdferae Hifprall 3R e+ AiHuRmal !
HIRBTH TR T BId &, AR SIS T RUTHT BT T IRAT YE IR & o ROS Wl &Y s

Hd g, UfdeRa RS RN HRE HUT o BT MA@ (NF-xB), STH Aol (JAK)-Ria
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ISR 3R Cfh A (STAT) UTUQ & fdedex &1 I, 3R RifRega mifermyer-afeha RATR
T (PPAR-y) RIEIfT ) S90S &l § fores! U1 A Iu-arRie IR Ufded UHTd USd g | ROS
IR 3 RAAES & d¢ gU TR HRISfea a1 &I Fgid § ot JumeiTd fRfise sk
efifagse & ¥R & did Ige & fommsar 8, S SFT AGE Wil & Ugf # g1 dd 99g ab
FISURIIUHAT, AGEs & 1Y, e AfUferas=ur 3R TRifee= & Hiegd 9 Tftei-fes uRad &1 IRk
HAT & SN W-STAHCS TTgelfhd ST Bl T¢I HSPHIS UlAihdl B Tdl & | $9P 3fATdl, ROS
3R JAK-STAT el &7 AGE/RAGE- URd SMORTaRH Ueh W1y USIAfeRidt gasT SIfRIab1ai (EPCs)
1 RIRYA SR TUIPIR 31 IR T &, 3R NF-kB Bt Ffsharan [t W-3tkided drseifeg ot
3o B TGl § Sl HSPHIS oRUI D T Wl & | Feftora, AIShIT-IRRAC M1 1 TI-SHHes!
TCTSy U HhIthsl & YATHUT BT THYUA BT § IR BHICISUD ad B ddbfedd U I |ihd M2
JUYBR T I BT § o ST &1 TR el 81 59 SHfaRad, suRweRitar & Iy siadisfea
TG, CSrAferad PIfRIbTaf, BRsieRey 3R HRICINAIgey & TAPIR a1 Siutdr &I 9Rd 1 g,
9 TR, ITER & TR SR JArSRiT wRur & srer Staar g1 T 9y fomn mn, sifafa
TRUTARET, JiRfSfed ad, 3R AGE/RAGE SIS RyufelT &1 Qe HYyRg o1d
TS IT-aRIRAC &I Hafd B & oY SR Sfed JA 5|

g 3fd B & o, I8 iR STaR ® eTadl o ot R U919 Y&H Taiarul & fafafid & & fog
T SreRT- T BIE g oA 3T E¥ I 1 gui ! 8-

1. TRA-GR-TRA IS oId-UTRT HIH I CHX 3R PDGF-BB ®1 I H® fSaiiasl: Tgl, g9 &
TRA-GR-IRA HAH (SLe.) FETTE foran § forad U ITMURIER Toie 3R MMP-9 S{aR14e, CHX,
1Y 7 g fah™ $RS PDGF-BB & I1Y R U1dl & ITAR P! Fifd A & forg| g9 uran f
SLp. DI T F18R1 IRA ¥ CHX & Y3 [dhie 7 °1d & faweR & WICIS-TT< ardraxol &l
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fFafd fasar saferg, St PDGF-BB fadl # 21 fai 7 Afsba 3R URT VEGF-A A1d &1 3T,
e Srafafe e 91d 1R 9 93 &l Hgdqul JHHH! UR HIe Ul S HebT |

. IUAR T WgRId1 & 1T Hepithol thaH Bl S8Ta B o o1 AGE/RAGE Riufeitt b1 Fsy: 5o
gIgsiod (Immuno-gel) H @S fbT T RAGE gAfgfacr Ri &1 UHEHITIA Toie CHX ¥ gad
oo § afdh u1a & foreR & AGE/RAGE RiIfeiTT o1 & ol off Tah | AGE/RAGE ORI TR
grat H M1 q M2 I AhIthol YdIdHR0T oI AHdHR IUIR | ST STAdT g1 Immuno-gel STAR =
SHfsfes ! & 919 a1l foweRl § M2 BT 3M1aTE! I 3R 67 fGam 3R M1 Hehithel &1 el Bl
ST X e fores wmy ArSshIg-araRHe W-gifeT &1 |

. OIS M2Exo-HgfHd BIegIoid & HILIH & vl U1d HIShIT-aRRHC B YRNTIT ST Tg,
1 W-FafhcT gESIod (Exo-gel) & WY M2-SJd "HIORISG @ &I Agrd fhar 3R 39
MIRIER Tofe CHX 3TR RAGE SfaR1Y ST Ri GH1 & I1Y e fhan| fawqd sreqg=i § dahd
foreTan 8 T Exo-gel T4t Ul & Uefohuraiss UHTd & HRUI STAfSfed I8 & °1d & Hisd | duit
Y IUIR &1 IR HRaAT B
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