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CHAPTER 1

I ntroducti on

1. Motivation

Bi opol ymer s ar e naturally deri ved mater.i
bi odegradability, and abilprnogogpaeédarot ifos mmakanptl ke
in biomedical applicatiohstisscakeiiemwgagneéfehgndé!
persorfahdchoed ®appbiweateirpnso fully harness th
combine biopolymers with other componéBys to
understanding the fundament al I nteractions be
the performance ardsdckdas inpn eafi adisap olhyemerody nan

insights into the modddi bf o nhdatehseg, sitnuhdeyn laafy ytomes

def ormati @n sofcr mat tat in this research. Me a s
bi opol ymer systems reveals their mechanical b
applicaynemi ci nen®Tiriommeeassarch aims to elucid
rheol ogi cal behaviors, meeting specific needs

I n this dissertation, we utilize rheol ogy ¢

to investigate three disti nbcas eidy bry ddr sg/eslt £ msnt
pl aretri ved tanril® (a2)i dc hpiatritni cnaemsocrystals sour
wi tstur f altd vainn gh ysdarnoep h o bii)c btuai Ilvsar(yCng head gr ol
cationici! naonndi ofbB)s)e daiwhyey protein isolate p
gal actomannans, namely guar gum and | ocust be

deepen our understanding of how microscopic



properties in these hybrid systems. Further d

of this chapter (Section 1.3) and el aborated

1. BRackground
The subsequent sections in Chapter 1 offer

concepts that are examined andNevwmrl tolyeelde stshr «

di ssertati onorthaipned amd sedrd be read independe
1.2.1 Collagen and Tannic acid: Biomedical Ap]

Coll agen is a primary example of a biopol:
bi omedi cal applications. |t I's the most abun.
ani mals, providing structural Bssppantd!®d¥tiba
Coll agen is comprised of amino acids, primar:il
| ong polypeptide chains. ThebBelichafaosmatrieomwou
stabilized by hydrogleinnboshdMulathigp eotrael enescth
collagen fibrils, which furthel ¥HhunmnsdIlhei eirmtrac h
structure gives collagen its remarkable tensi
and ability to promote cell adhesion and prol

of injectabl e henderoagteilosn faord tdirSuEdn edseel eigwedrr yo gseyl s

mi mic the natural ECM, providing a sul@pdrtiv
Additionally, <coll agen hydrogels can be engin
manner, enhancing their effecti3eness in trea



(a) (b)

raE A 5 5 5 (5) Covalent Bonding between oxidized
Trlple hel IX Flbel’ (1) Hydrogen Bonding " N polyphenol (carbonyl) and amino groups

between polyphenol and LS on polymers (following reaction)

amino groups on

polymers (such as gelatin). /'\ g —> )\

r :’?w m
o
S b n:x o —

I I I l I ,,,,,,, “Coordination between

OCF e P g e ””I I;/k /é\ polyphenol and Fe(ll).
§ | | (2)acwomuclmnmon %

between polyphenol (in alkaline

1]} condition for instance) and metal (3)Hy planar

‘» .‘-hnc,,*.j. s | cations (M"™*). of TAand hy sites of
99 111 molecules (benzene and alkane for example).

Figure 1.1. (a) Hierarchical structure of collagen: from amino acids to triple helcoli@agen
fibers?! (b) Various interactions of tannic acid molecules with other components. Adapted from

Guo et al?

Another important biomaterial used in biomedical applicationgnsic acid Tannic acid
is a naturally occurring polyphenol with a structure consisting of multiple hydroxyl groups that
can form different types of bonds with other molecules as shown in Figuré#*Tihis unique
structure makes tannic acid an excellent candidate for enhancing the properties of bigpatymer
biomedical applications, tannic acid is valued for its antioxidant,-iaiimmatory, and
antimicrobial properties. It can be incorporated into collagen hydrogels to improve their
mechanical strength and stability, while also providing therapeutiefite®>2® For instance, the
addition of tannic acid to collagen hydrogels can enhance their elastic modulus, making them more
suitable for applications such as injectable scaffolds for tissue regeneration and drug delivery

systemg./129



1.2.2 Chitin and Its Applications

Chitin is anot her bi opol ymer of signi fica
functional properties, and advant ageous c ha
bi ocompatibility, biodegradabil i toy,e rifGigigman

is a major component of the exoskeletons of

found in the cell wa3lltChiafi nf umgiexamnmdacdeerdt &irm n

a process involving demineralization, deprote

form of t3ACGneponioytnaebrl.e form of <chitin is chi

derived by breakingidewwncchstahl iimdg op aratnioc | e :

sonicati on. Figure 1.2 illustrates theabtages:s

she)*l1¥8hese nanocrystals retain the benefici

functionality due to their high s%fr®mictei nar e

nanocrystals are used in biomedical applicat.i
scafolwhsere their antimicrobial properties

beneficial. Additionally, chitin nafdbcwhsetals
they can act as thickeners, stabfdfzers, and

A~ -~ V. \/\ ‘ A/ \/\ (}:H A/
Crab Plywood ; . § oH / ;
structure ;i 5’ : § M

N w I '
NaOH HCI +# Sonication
__NaOH _ \ g Sonication
YW85Y peacetylation e Hydrolysis F Centrifugation
(DE)
_ orered TRAR S DE-Chitin nanocrystals DE-ChNC
S Disordered === Qeaion Purified chitin DE-Chitin (DE-ChNC) (Individualized)

Figure 1.2. Schematic illustration of the preparation of deacetylated chitin nanocrystal

crab shells. Adapted from Bai et®al.



1.2.3 Whey Protein and Galactomannans: Food A]
Shifting the focus to food applications, v
used in the food industry-cchwme ntesisesantrakhamc

primari |l yblceotsd gsltasb udfi B g atr dlumwmiehs, %) hbowunhe 25 e

al bumin (around 8%), Il actoferrin (appfo%£i mate
Whey protein is a byproduct of cheese product
i solated from whey, the | iquid p*dr*t soedruiagihl tky t h
protein content and excellent solubility, gel:

various food products such as bever*8dgMhsey nutr
protein can also enhance the texture and nutr

ingredient in the food industry.

% s %

Mannose backbone

HO

Galactose — =
side-chain OH

H
OH o
H H / H /
H
HO H H o ng 0 HO H ) HaC o,
H OH H OH o
o OH o ) 0, OH o H
HO H HO H
H  HC 0 H H HC o H
\ H \ H
OH OH n

Mannose backbone

Figure 1.3. Source and chemical structures of (a) guar gum and (b) locust bean gum. Reproduced

from Popova et &



I n addition to whey protein, gal act omannan
i mportant polysaccharides used in the food i nt
di ffer i n their gal actose to mardmoane gu@/r M)b era
(Cyamopsis tetragonol oba), has*“°@6udr/ Mgumtcan o
chemically modi fied through processes such as
crdssnking to enhance its apbPBPbcastobsaacgaosms
obtained from the seed endosperm of the carob
1:4 (fivg2iheslhBhher mannose content and | ower

from®3GEbth GG and LBG are suitable for a wide

food and pharmaceuti cal industries, due to th
environment s, thickening, stabill i mzi. ngMoremwles i,
bi odegradabkictyy, nand biocompatibility make

mat et afl s.

1.2.4 Begdpmunsi ve I nteraction and Gel ati on

Various external stimuli, such as pH, tem
components, can significantly alheaesed h¥Ey ted mg .|
These factors influence the physical and chert
changes in their assembly, stability, and fun
the biopol ymers, i mpacti nignttehreaicrt i somlsu b iAlti tdyi f &
the degree of ionization of functional groups
altering the interaction potentidIf mpewaenr d
influences the kinetic energy and mobility of
collisions and the activation energy require



mo |

red

red

gal

and

ecul ar moti on, promoting interactions and

uce mobility ®alnadniicntstrraecrndtom afaftest.s t he
eractions between charged biopol ymers. Hi
ucing repulsive forces and potentially prort

ecragnt henhance el ectrostatic %%@mparl gsd oonfs ,c osnpadd

er mines t he nature of el ectrostatic I nter
ecul es attract each other, facilitating bi
dering®iTheseradtticomwss collectively govern t
er di fferent environment al conditions, ma
ired properties.

Il n our projects, several of tmkmesnsiftdaoteorge |l
a critical factor 1 n t he-bfaisredt hprdajoegcetl ,s wh

d. -gléhle tsrodnsi ti on was rhatgthrle, dweiptem dsing niofni

stic modulus observed at body °tpdbn@res iat uv e
eractions were central to the second proj e
nic acid particles was studied at different
to increasednselancd rhoysdral giecrt hbaa rechiarcgl.i pr oj e
t he components was <crucial, as we examined
factants with different head groups. The n;
ionic) diegniefdi ¢ aret liyiFaefmadt iyon that f@eums .h p
ar and reesppeasatver edenatur ati on of whey p
actomannans. The rheol ogi cal properties of
temperaturethwarpadbtenns), sasfeottogal reartr



gal actomannans. These factors were instrument .

of t he Bbbiaospeodl ysnyesrt e ms st udi ed.

1.2.5 Rheology: Characterizing Flow and Micro
Rheology is a critical technique used to cl
properties of neaxtpeeriianhesnt sR hceaon obgel ccadt egori zed

the type of shear deformation applied: steady

Steady Shear Flloow sBExemdaryi méwretas: fl ow experi ment
a continuous deformati omandet ha rasgkl)ioig shle

measbfbd. vidgprposeangh(shear rate is then calcul
U = d

For Newtonian fluids, Vi scosity remains cons/
Newt onian fluids exhibit motlki coinpgraadiemavVvyiod
with increasinghishkRktinincge@sdi ngheiascosity with

and yi é¥d stress threshold below which the ma

Dynamic Oscill atorlyn Sthyema miEx pegdinlelnatsary shear

def or majtsi oanpp(l i ed®’/t deskbei bampbyg the equation:
2 ssiat )( (1.1)

whexpies t he strarvins atmpd i dudiel laamtdi on frequency.
a correspondi ngU)seiansuwusroeidd ady stthreesshgometer' s |

response is shiiped bgnabehasprasgée &s:

U s itht & (1. 2)



wheWes the stress amplitude. Using trigonome

decomposed i nto t-wbase mpnpodfemarse owinteh ithhe appl i
U oc o i ( Gs+tng(ow ()

From this decombeyi mabari wke tenhcneons:GNf he el

and the viscosGNjoranlgo yanmdbddgul

U AGNjiw (GN o () ]

G Nj W(20) ¢ ols)( (1.5)
GNj @ o) itin)( (1.6)
t alin GN{@ Nj (1.7)
The stor ag&N] moedawsluurse s( t he energy stored in t
oscillation, indicating its elGadj)t meabahasi bhe

di ssipated as heat, (®hnde cax p m@mslsiitcm viti ssctohues rbaet

|l oss modulus to the storage modulus, serves a

Various dynamic oscillatory experiments cal
frequency sweeps. I n an amplitude sweep, t he
strain amplitude is increased. i At lowesatr ai gc
behavi o GNp n@MNe rreemain constant, defining the |

Experi ments within the LVE are referred to
experiments. Foredhogydesperimenton, wadé ¢ dnduc

oscillatory shear (SAOS) to ensure measur emen



Anot her frequently performed oscillatory e
strain amplitude is kept constant within the
oscillation frequency. Thi s appr omdéds ternuscutrievse
preserving the materi aGHa@Mi curowsd s uad ufrwen c tTiheer
provide valuable insights into the mat@Nj)al"'s
i's consi stheannt | tyh egr £tad®@Nf ga&tc rnoosdsu | ails| GNjryepg uwcean d iye
foll owidregpean d e @Nje f @ In ldsodwei pnegn dae n c e . Conversely,
storage GlNpd sl gs e@ter tBHN theolobsummodiné ubr ¢ q
both moduli showing AfFidgependedcéadnahdebgnesi
plots for ideal solutions and gel s, respecti\

sweep experiments to characterize the hybrid

(@) A s (b) 4
10} 106
G’
el
log G’ 2 log G’
log G~ log G”
G
»- >
log @ log
c d
© @ ,
T =29
Fixed @ y ° ° °
® (<]
@
‘_\P‘ ° ° @
log G’ @) ® ®
log G~
(<]
i at low ©
i Gel point
- - >
time Y

Fi gu4a)l . El asti c modul u§jNj(aENj)a afnudn cltoisosn noofd uflrues
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(a) solution and (b) gel , (c) Ti me dependent

Oscill atory strain s we@djy edrastuaso palitartiati ench éa smaexli arsu
the curve indicating the yield stress.

Addi tional types of oscillatory experi ment
oscillation frequency constant, while varying

points where tGRNGN)d ulnuse rcsBrdyn&dy ny erl sou ss toifme,
in FigbWte dudacfirst projdeptendwat usesdithasery

determine the ge-t anhhomasaaedndhydr agpdll sa.gen

I n one of our projects, we employed the el
of col dmgiean abadegdgahydcbegel s. Yield stress is
required to initiate pe’®Tnoandeentte rdrefnoer mahtiiso,n ainn
sweep i s performed, where the strain amplitude
oscillation frequency. During GNjiandxpessmewnd

(GNj)) are measur edsdl Bhe helna sptlioct t tdr ea¥dsha( yuaelkdi
stress corresponds to the maxi mum value of th
transitions from é¥Fiaguie tod4plialstust bahayibohi :

the elastic stress curve marks the yield stre

1.2.6 |Isothermal Titration Calorimetry: Chara
|l sot hermal Titration Calorimetry (I TC) i s &

thermodynamics of mol eduwldarr sitnatnedri ancgt it dhress ei n nst

in various fields such as biochemistry, phar:
insights into the binding mechanisms and stabi
| TC i salesfsoerntciharacterizing the interactions ©b
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such as <collagen with tannic acid, chitin nar
gal actomannans. By providing a detailed thert

formul ation and f unctbiasreal istyystefmst. hese bi opol

(@)

—_
(*))
~—

<+— Injection Syringe

Exothermic Heat Event
Reduce Power

AT

Change in Power (uW)

Reference Cell Sample Cell
Experiment Time

Figure 1.5. (a) Schematic diagram of the ITC setup and (b) Change in power versus experiment

time for exothermic and endothermic heat events. Adapted from ArchefPet al.

| TC measures the heat change associated wi
titrated into another. The instrument consi st ¢

containing the biomol ecul e wift hi nttheer esd | vaenndt ai

bi omolecule is disperseéediurdasigi ltlhwes terxapteerdi mem t
incrementally injected into the sample cell
absorbed during each injection is recofed, a
The basic principle of I TC i s to maintain a ¢
system t hat adjusts the power applied to the
temperature constant i n t hee saailpll,e iceldr opraorntpi

change due t 6 1tnhet hientcearsaectdafonan exot hermic re

12



power applied to the sample cell. Conversely,

applied to maintain the temperature, as depic
(a) | (b)
| ||||l"" ®oe0s,,
%0 K.
o
(%]
8
4 |__integration _ 2 o
o
N ‘..
i l *®000000000
Time (minutes) Mole Ratio

Figure 16. Representative (a) raw heat peaks for consecutive injections and (b) resulting ITC

isotherm. Adapted from Archer etdl.

As described, the heati natbesroarcbteido m rb eteweears et
during each successive injection is recorded
raw i sotherm data is then integrated, where t

for each i njaetoion.s Bheseolddtt ed against the m
in the I TC isotherm (Figure 1.6b). To obtain
interactions between the titranti sansdubstorlavcetnetd,
the measured heat, .8sThlhdhowaor rn enc tkegdu alt @ @tn dlat a
corresponding bd mndiemg medelessAomaobn, AVWo laingind . BHE(
performed to estimate the t ¢gH)r nmosdsymcaind tce dp awiatmr
Subsequently, Tlusbhigl Ftqhueatt measmo d ygsa raigiel @Pprae a me

det er i me™Ff.
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0 =0 1 0 10 (1. 8)

o — (1.9)
0'QOT MEOOQOT BB WOT DOQ (1.10)
0 0 QO 1 db OgIos — (1.11)

wO Y'Y (1.12)

w0 ®0O Yo'Y (1.13)

Here, Kais the binding affinity constanl\ it the number of titrant that bind to a single
titrate molecule,d is the fraction of sites occupied by titrantitrant] is the free titrant
concentration,tftrant]: and fitrate]: are the total concentration of titrant and titrate respectively,
Veell is the sample cell volum® is the universal gas constant ahd the absolute temperature.
The thermodynamic parameters ( ogpH, S and @G)

into the nature of molecular interactions:

Change i n EnThib patameter i(dopdties whether the interaction is endothermic or
exothermic. A negative oH (exothermic reactio
associated with the formation of favorable ramvalent interactions such as hydrogendsoar

van der Waalsforcessposi ti ve ®@H (endothermic reaction) i

may occur during the disruption of structured water molecules around the binding sites.

Change i n ETfhe entrgpy change3eflects the degree of disorder or randomness in
the system. A positive @S indicates an incres:a
water mol ecules or i ons from the bindodeg i ntei

which might arise from the conformational restrictions in the biomolecules upon bffiding.
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Change i n Gi bbs Thismameenpeovideyinfdrngat®h about the spontaneity
of the interaction. A negative @G indicates
process is thermodynamically favorable. The

overall sability of the complex formegf’

1.8 ssertation Scope

The overall goal of this dissertation is to explore anderstand the interactions between
various biopolymers and other components to develop advanced materials with enhanced
mechanical and functional properties. By employing a combination of rheology and isothermal
titration calorimetry (ITC), we aim to prale detailed insights into the molecular mechanisms
underlying these interactions and their impact on the macroscopic properties of the resulting

materials, focusing on four distinct research thrusts

In chapter 2, we examine how incorporating tannic acid (TA) into collabgased
hydrogels can enhance their mechanical strength and add therapeutic benefits. We explored the
solgel transitions of these hydrogels over a temperature rar@j& @), comparing the effecof
TA in solution form and as needéhaped microparticles. The findings revealed that TA
microparticles significantly improve the elastic modulus and vyield stress of the hydrogels.
Spectroscopy and ITC analyses elucidated tleedntions between TA and collagen. The resulting
hydrogels demonstrated high cell viability, making them suitable for tissue engineering and
regenerative applicatiof<hapter 3 focuses on the pidependent interactions between collagen
and TA particles. By studying these interactions at both acidic (pH 4) and neutral (pH 7)
conditions, we assessed their impact on the mechanical properties of the hydrogels. Rheological
tests showedtronger reinforcement at acidic pH, attributed to increased electrostatic interactions

and hydrogen bonding, which were confirmed by ITC. Turbidimetric analysis and quartz crystal

15



microbalance with dissipation monitoring (QEDM) provided insights into the structural variations
of the ColTA complexes formed at different pH levels, offering ways to tune material properties

through pH adjustments.

In chapter 4, we delve into the interactions between chitin nanocrystals (ChNC) and
surfactants with different head groups (anionic, cationic, nonionic) but the same hydrophobic tail
(C12). Through ITC and rheological studies, we investigated how adsorptiomasselnbly, and
micellization affect these interactions. The results indicated that the surfactant head group plays a
significant role in interaction dynamics: anionic SDS showedhpgtex interaction patterns,
cationic DTAB exhibited minimal interaction, and nmmic Brij-35 displayed moderate
interaction at low concentration®ynamic rheological analysis shows rAlimear changes in the
elastic modulus (G') with SDS addition, consistent with ITC findifigiese findings are crucial

for designing nanocomposites with tailored properttes.

Chapter 5explores the interactions and rheological behavior of whey protein isolate (WPI)
combined with galactomannans (guar gum and locust bean gum) under shear and thermal
conditions. Using detailed rheological measurements, ITC, and confocal laser scanning
microscopy, we analyzed the thermodynamic and mechanical interactions. The study showed that
adding galactomannans enhances the rheological properties of WPI, significantly increasing
storage modul us (Ga) . Spvedpropertiesaihdér ghear, wioleguart b e
gum's influence remained consistent regardless of shear conditions. ITC results revealed minimal
heat of binding, suggesting thermodynamic incompatibility and phase sepafainatiy,

Chapter 6, the concluding chapter, summarizes the key findings and provides recommendations

for future research.

16



1.4 References
(1) Fent on, 0. S. ; Ol af son, K. N. ; Pill ai, P.
Bi omaterials for Drug Del-VCEHr Wwer Adgandauéeg N4

https:// doi.orqgq/10.1002/ adma. 201705328

(2) Hubbell , J. A. Bi omateri al s i n Ti

http://www. nature..com/ naturebiotechnol ogy

(3) Ar amwi t |, P. l ntroducti on t o Bi omateri al s

Bi omateri al s; iBIBstetvd :r/,/ ®2dil.cir7 Sp2pfl FH . 10005060/1B 9 7 8

(4) Ammal a, A. Bi odegradabl e Polymers as Enca
Per sonal Care Mar ket s. Il nternationalfl2lour nal

https://doi.org/10.1111/ics. 12017

(5) R, R. ; Philip, E. ; Madhavan, A. Sindhu,
Awast hi, M. K.; Tarafdar, A.; Pandey, A. Adv
i n t he Food l ndustry: Updates and Chall en

https://doi.org/10.1016/j.envpol . 2021.117071

(6) Cobo, I . Li, M. ; Sumer |l i n, B. S. ; Perrier
Responsi ve Pol ymer s t o Bi omacromolig4al es.

https://doi.or.g/10. 1038/ nmat4106

(7) Srivastava, V. K. ; Yadav, R. | sot her mal
Handbook for Compl ex Bi ol ogi cal DaBd@. Sou

https://doi .-0XYH/AB6EABBIH/9BY9 7 8

(8) Picout, DMurm.h;y, R&Sss B. Rheol ogy of Bi opo

TheScientificWorlid2@éatmpal / /2003 o0rgp 10083100/t

17


https://doi.org/10.1002/adma.201705328
http://www.nature.com/naturebiotechnology
https://doi.org/10.1016/B978-1-78242-456-7.00001-5
https://doi.org/10.1111/ics.12017
https://doi.org/10.1016/j.envpol.2021.117071
https://doi.org/10.1038/nmat4106
https://doi.org/10.1016/B978-0-12-816548-5.00009-5
https://doi.org/10.1100/tsw.2003.15

(9) Sar ker, P. ; Nal band, D. M. ; FrAxi-Aaspe dt. 0.
Tannic Acid Microparticles Faci-Baged eHyGkrl ag 4 |

Bi omacr omol Rtctup s/ 2ddRi2..o0r g/ 10.. 1021/ acs. bi oma

(10parker, P. ; Jani , P. K. ; Hsi ao, L. C. ; Roj
Tanni c Aci d Parti-DépendelincoReeohggiRHI and
Behaviors. J Coll oi d I nterfaci®@&52. Sci

https://doi.org/10.212016/j.jcis.2023.06.2009

(l11parker, P.; Su, X.; Rojas, O. J.; Kdhradh, S.
Surfactant s: CandecMaicmrgpos Mo pir © Properties b
Cal ori metry and Rheol ogy. Carbohydr

https://doi.org/10..2016/j.carbpol . 2024. 12234

(12Rezvani Ghomi |, E. ; Nour bakhsh, N. ; Akbar.i
Col |l-Bgseaed Biomaterials for Bi omedi cal Appl i

Bi omater 20Rl14h.t Nps: MAgpi 1o0rg/ 10.1002/j bm. b. 3

(13MorNavarro, C. ; Garci a, M. E. ; Sar ker, P. ;
Branski , R. C. ; Freytes, D. 0. Monitoring L
during the Derivation of Extracellstloan RaRRI,

17 Ktodps://doi .-®0X/1&HcIADBB/ 1748

(14Fratzl, P. Collagen: Structure and Mechani
(15pheehy, E. J. ; Cunni ffe-Ba&Ged MBi o @&Bei ieal s
Regeneration and Repair. Peptides and Protei

Repair ©16188& .t pls27 / doi .-00 & 0O D &0 B0GXE0/5B9 7 8

18


https://doi.org/10.1021/acs.biomac.2c00916
https://doi.org/10.1016/j.jcis.2023.06.209
https://doi.org/10.1016/j.carbpol.2024.122341
https://doi.org/10.1002/jbm.b.34881
https://doi.org/10.1088/1748-605X/ac361f
https://doi.org/10.1016/B978-0-08-100803-4.00005-X

16Ysintou, M. ; Dal amagkas, K. ; Seifalian, /
Compressed Coll agen Scaffold for Central Ner

201n8t.t ps: //doi .o0org/ 10.1155/2018/3514019

17Miyata, T.; Taira, T.; Noi shi ki, Y. Col |l ag

1992j4)9,1lBBI tps://doi .-©6@3 19D291DAGI D267

18%1 owacki , J.; Mi zuno, S. Coll agen Scaffold

89 (534hB88Bs://doi .or.g/10.2002/bip.20871

19Nal band, D. M. ; Sarker, P. ; Khan, S. A.; F
Eval uati on of @€CoINlbag@én FAmtviom»ii dlant Hydr oge
Properties. J Bi omed Mat er Res B Appl

https://doi.org/10.1002/j)jbm.b. 35321

20yY¥ashist, A.; Vashist, A.; Gupta, Y. K.; Ahm
Delivery Syst ems for t he Hu man Boidly6 6. J M e

https://doi.org/10.1039/ c3tbh210165b

21l)learning Chemi stwww. Croil \ amethu Py ®d reti me. com

22%Buo, Z.; Xie, W ; Lu, J. Gu o, X. Xu, J.
Tanni eBasAxridd Met al Pheno-App!l iINedtwioagrks: fAr ReBvioe
Materi al s Chemi stry B. Royal Soci é4¥100f C

https://doi.org/10.1039/d1tb00383f

23Bi gham, A.; Rahi mkhoei, V. ; Abasi an, P. L
Moghaddam, F.; Waqgar, T. ; Nur i Ertas, Y. ; S
Nazarzadeh Zar e, E.; Sharifi, E. ; Jabmarci ,

AcHidhcorporated Bi omateri al s: Il nfection Tr e

19


https://doi.org/10.1155/2018/3514019
https://doi.org/10.1016/0267-6605(92)90093-9
https://doi.org/10.1002/bip.20871
https://doi.org/10.1002/jbm.b.35321
https://doi.org/10.1039/c3tb21016b
http://www.priyamstudycentre.com/
https://doi.org/10.1039/d1tb00383f

Therapy, and Biosensing. Chemical Engineer.

https://doi.org/10.1016/j.cej.2021.134146

(24)afari, HBoh!| eabffarR. ; Ni knezhad, S. V. ;
Mohammadi nej ad, R. ; Var ma, R. S. ; Shavandi ,
Design of Bi omedi cal Hydrogel s. Journal of

Chemi sxuly 13, 152000202t ppp/ b8FB. org/ 10. 1039/ d2t

(25Hei j men, F. H. ; Pant , J. S. du; Mi ddel koop
Linking of Der mal Sheep Coll agen with Tannic
(26 Wu, J. Li ao, W. ; Zhang, J. Chen, W. Ther

Tannic Acid wunder Mi crowave Heating2335.Ther

https://doi.o0gB314m1. 1007/ s10973

(27Bal dwin, A.; Uy, L. ; Booth, B. W Charactert

as a Cel | Scaffol d. J Bi oact CbhbaInd at F

https://doi.org/10.1177/0883911520988306

(28phi n, M. ; Lee, H. A.; Lee, M. ; Shin, Y.; S

Cho, M. ; Do, M. ; Par k, S.; Lee, M. S.; Jang,

Protein and Peptide Therapeuttiicen.t oNatheBiHeme

2018, 23(BHItp8SOA/doi . o0Ig@21W7. 1038/ s41551

(29 Natarajan, V.; Krithica, N.; Madhan, B.; Sc¢

Aci d -Crmlsesd Col |l agen Scaffold and I ts Applic

Res B Appl Biomati®8iRr0ds8: / /10di (dng/ BGO1002/ ]
(30Bai , L. ; Liu, L. ; Esqui vel, M. ; Tar dy, B.
Rojas, O. J. Nanochitin: Chemistry, Structur

20


https://doi.org/10.1016/j.cej.2021.134146
https://doi.org/10.1039/d2tb01056a
https://doi.org/10.1007/s10973-018-7341-5
https://doi.org/10.1177/0883911520988306
https://doi.org/10.1038/s41551-018-0227-9
https://doi.org/10.1002/jbm.b.32856

Ameri can Chemi cal Soci ety Julille7u43,

https://doi.orqg/10.1021/ acs.chemrev. 2c00125

(31Hamed, I .; ¥zogul, F.; RegensteinRPrddudt sl n
(Chitin, Chitosan, and Chitooligosaccharide
Technol ogy. El sevi er Ltd Febr umal.y 1

https://doi.org/10.1016/j .tifs.2015.11.007

(32Bowman, S. M.; Free, S. J. The Structure an

August 2086Bt pps7BPBdoi .org/10.21002/ bies. 20414

(33kZeng, J. B. ; He, Y. S. ; Li, S. L. ; Wa n g

Bi omacromol eculesillhabpary/ 8pi 20183/ 1ppl0D21/¢k

(34Bai , L.; K&m2&r2aainen, T.; Xiang, W ; Majoine
L. ; Fan, Y. ; Rojas;El@ctX.onCHiomalgirtaynsf omd m N@m
by Lateral Di sassembl y-DanddSChif a2@2BACHBI4ANg 16

69P6193n0t.t ps://doi .org/ 10.1021/acsnano. 0c01327

(35%Brande, R. ; Bai , L. ; Wan g, L. ; Xi ang, W. ;
Nanochitins of Varying Aspect Rati o and Pr o
Compl exation with Seaweed Al ginatelillMXBS Sus

https://doi.org/10.21021/acssuschemeng. 9b060029

(36Yang, X. Liu, J . ; Pei , Y. ; Zheng, X. Te
Applicati&€mi ofn Nelaberi al s. Energy and Envi

Publishing I nc. Debclebm bt eprs 1/ ,/ d2000 2 Oo,r gp/ pl 04.9120 0 2 /

21


https://doi.org/10.1021/acs.chemrev.2c00125
https://doi.org/10.1016/j.tifs.2015.11.007
https://doi.org/10.1002/bies.20441
https://doi.org/10.1021/bm201564a
https://doi.org/10.1021/acsnano.0c01327
https://doi.org/10.1021/acssuschemeng.9b06099
https://doi.org/10.1002/eem2.12079

(37Kumar , S. ; Foroozesh, J. Chitin Nanocrys
Nanotechnol ogy. Carbohydrate Pol ymer s. E

https://doi.org/10..1016/j.carbpol . 2021.11761

(38Li u, M. ; Zheng, H. ; Chen, J.-Chiltii,n SNanoHuay
Composite Scaffol ds for Ti ssue Engi8d®er i ng

https://doi.org/10.1016/j.carbpol . 2016.07. 04

(39Aranaz, l .; Ac€@staEl drzaCiBeraMingo, J.; C
Caballer o, A . H . Cosmetics and Cosmeceuti ca

Derivatives. Pol ymer s .htMDpRsIl: /AG oFie. borruga/rly0 .2323 9

(40PDu, X. Zheng, J. Zhao,LiXkedLiCh,it Mn Chae
Scaffol ds for Drug Delivery. ACS T1ADPPI. Narr

https://doi.org/10.1021/ acsanm. 8b01585

(41Yorl opov, M. A.; Martakov, I . S. ; Mi khayl o
Regul ati on o f Structur e, Rheol ogi cal and
Di spersions. Carbohydr Polymi1172017,

https://doi.org/10.1016/j.carbpol . 2017.07. 03

(42Madureira, A. R.; Pereira, C. |1.; Gomes, A.
Whey PhiOverwmsew on Their Main Biological Pr c

11%7t.t ps://doi .org/ 10.1016/J. FOODRES. 2007.07

(43 Kadam, B. ; Ambadkar, R. ; Rat hod, K. ; Land
Revi ew. Il nternati onal Jour nal of Li vest

https://doi.org/10.5455/ijlr.20170411022323

22


https://doi.org/10.1016/j.carbpol.2021.117619
https://doi.org/10.1016/j.carbpol.2016.07.042
https://doi.org/10.3390/polym10020213
https://doi.org/10.1021/acsanm.8b01585
https://doi.org/10.1016/j.carbpol.2017.07.036
https://doi.org/10.1016/J.FOODRES.2007.07.005
https://doi.org/10.5455/ijlr.20170411022323

(44Yhu, F. Modi fications

of Whey Proteins for
| ssues and Prospectives. Food
https:// doi

(45Yang, Q

Research

.org/10.1016/J. FOODRES. 2024.11393
C o Roos, Y. H. ; Mi ao, S. Comparativ
Behaviours

of Soy, Le-DepéendedcWhEyaPuatieon:

2024, 1461t p692A0B0i .0rg/10.12016/J. FOODHYD. 20
(46Wagner , J. Biliaderi s, C. G. ; Moschaki s,

Aggregate Formati on

and Gel ati on.

3Br8i0t6 . Re v
https:// doli

.0rg/10.1080/10408398.2019.170826
(47petiowati, A. D.; W jaya, -PWl;ysvaancdanri dMe eC @
Obtained via Dry Heat

Treat ment to | mprove
Emul si ons. Trends Food Sci

iMe6clh.n o |
https:// doi

.org/10.1016/7 J.

TIFS. 2020.02.011
(48Popova, B. B.

; Hri stova, V. K. ; Ayaz Ahma
Applications of Guar Gum in Food Systems to
Medi cal P harhnatcpesu:t/i/cdadi .Sarige/nlcCe.s21276/ sj m

S.

and

(49 Mahammad,

7 Comfort, D. A.; Kel |y, R. M.
Gal act omannan Sol uti ons

during UBadracltypysiidaws
Enzyme

Mi xtures.

Bi omacr omol ec uT9e5s6 . 20
https://doi.org/10.1021/BM0608232/ ASSET/ | MAC
(50pal ehi , F.; Samary, K. ; Tashakor i, M. I nf |
Rheol ogi cal Behavior of Guar Gum Soluti on
https://doi.org/10.1016/j.rineng. 2024.102307

23


https://doi.org/10.1016/J.FOODRES.2024.113935
https://doi.org/10.1016/J.FOODHYD.2023.109240
https://doi.org/10.1080/10408398.2019.1708263
https://doi.org/10.1016/J.TIFS.2020.02.011
https://doi.org/10.21276/sjmps
https://doi.org/10.1021/BM0608232/ASSET/IMAGES/MEDIUM/BM0608232N00001.GIF
https://doi.org/10.1016/j.rineng.2024.102307

(51)Yripathi, J. Gupt a, S. ; Mi shr a, B. B. S
Conditions: Reaction Kinetics and Character.i

https://doi .org/10.1016/J.1JBI OMAC. 2024. 1315

(52pana, S. S.; Raorane, C. J.; \€n kTaahbeaskahna, R.
M. ; Bhandar e, R. R.-gt hRRea t , PY.ogr eses, 0B. L8tat

Polysaccharide for Sustainable Food Packagi

wi t h Prospectives. | nt J Bi ol Macr o

https://doi.org/10.21016/j.1ijbiomac. 2024. 1336
(53Khoobbakht, F.; Khorshidi, S.; Bahmanyar,

M. ; Mi rmoght adai e, L. Modi fication of Mechar

Agar Hydrogel Using Xanthan and Loc@%41l.Bean

https://doi.org/10.1016/J. FOODHYD. 2023.10941

(54Prajapati, V. D.; Jani, G. K. ; Mor adi ya, N
Gum: A Versatil e Bi opol ymer . Cari8@hydr

https://doi .org/10.1016/J. CARBPOL. 2013.01.038

(55Copetti, G. ; Grassi, M. ; Lapasi n, R. ; Pric
Locust Bean Gum: A Rheological l nvestigati on

(56pil va, K. S.; Maur o, M. A.; Gon-alves, M.
Locust Bean Gum with Whey Proteins: Effect

Properties of-Ba%Wwedy FPlI msei nFood HyidB@&col |

https://doi.org/10.1016/J. FOODHYD. 2015.09. 02

24


https://doi.org/10.1016/J.IJBIOMAC.2024.131591
https://doi.org/10.1016/j.ijbiomac.2024.133619
https://doi.org/10.1016/J.FOODHYD.2023.109411
https://doi.org/10.1016/J.CARBPOL.2013.01.086
https://doi.org/10.1016/J.FOODHYD.2015.09.028

(57)ones, O. G.; McClements, D. J. Functional
Applications. Comprehensive Reviews in Food

3789Mttps://doi . aB83@/712.01D110/0j1.185 4«1

(58ANndr ade -MéeFl. e n Rroecsa, -lMar avl. ;E.DuR.§n Raf ael , D. ;
Sti Relsiponsive Hydrogels for Cancer Treat men
and Magnetic Field. Cancer s. M D1P71 . Mar

https:// doi.org/ 10.3390/ cancersl130511614

(59Moschakis, T.; BilBadedi €£paCerGatBsop &ty me
and Applications in Food Products. Current O

Ltd March I10Rt0tlFs: /p/pd®i6. org/ 10.1016/j.coci s

(60Hoque, M. ; Al am, M.; Wang, S.; Zaman, J. U
Choi , J. G. ; Ahmed, M. B. ; Yoon, M. H. I nt e
Nat ur al Biacspeal yHwelrr o0 g e | Desi gn. Mat errntas s Sc

El sevier Ltd bDetembérddji.20689810. 1016/ ). mser.

(61Nel e, V. ; Woj ciechowski, J. P.; Armstrong,
Mechani sms for Advanced Hydrogel Appl- catio

VCH Verl ag Odttdlper. /¥, dodQ00d.g/ 10. 1002/ adf m. 202

(62Pat hak, J.; Priyadarshini, E. ; Rawat , K. ;
Compl ement ary Bi opol ymer s: El ectrostatic Vve
Coll oi d and |l nterface Science. ElS8vi er

https://doi.org/10.1016/j.cis.2017.120.006

(63AguUIRarme® rez,-JMmM®n &t | vH. ; Banat , . M. ; D2 az

Physi cochemical Il nteractions wi t h Bi ol ogi ¢

25


https://doi.org/10.1111/j.1541-4337.2010.00118.x
https://doi.org/10.3390/cancers13051164
https://doi.org/10.1016/j.cocis.2017.03.006
https://doi.org/10.1016/j.mser.2023.100758
https://doi.org/10.1002/adfm.202002759
https://doi.org/10.1016/j.cis.2017.10.006

Springer Science and Business Meidi3d. B. V.

https://doi . o0r23@31006.41007/ s10529

(64)anmey, P. A.; Georges, P. C. ; Hvi dt , S. B

Biologhwttdp807 ./ doi . &r7P/XY0.7-9.B1BO/030091

(65Raghavan, S. R.-ThiKhlkeni mSg Re s pSthresag o f Fume

under Steady and Oscillatory Shear; 1997; Vo
(66BUTr ns, N. A.; Nacl eri o, M. A.; Khan, S. A.
Gel s in Nonpolar Medi a: Coll oi dall and Rheol

(5),i158@M9t ps: / /doi .or.g/10. 1122/ 1.4892901

(67Macosko, C. M. Rheol ogy: Principles, Me as L
Sons: Hoboken, 19914.
(68Lhiots,, ;B.Khan,-TiSme AERTIRRRadnd in Situ Rheol oc¢

Curing Kin&miec®Podfy nfetitispd :1/9/9p/fubs. acs. org/ shar

(69 HIi gham, A. K. ; Gar ber, L. A.; Lat shaw, D.
Gel ation-Lam#&i €gos® Multifunctional Thi ol an
|l nvol ving an i n Situ Comonomer Cati;gad y.st .

https://doi.org/10.1021/ mad402157f

(70Farias, B. V.; Hsiao, L. C.; Khan, S. A. R
Emul sions Containing Polymer and Phospholipi

163n3t.t ps://doi.org/10.12021/ acsapm. 0c00053

(71Fari as, B. V. ; Haer i, F.; Khan, S. A. Lin
|l nteractions to Rheol og@Qonmtmai MTrmdoComy! ¢exn @&

|l nterface Sdl4R0O22ds: 5B8doi 18¥Mg/ 1.0. 1016/ ) .jcis

26


https://doi.org/10.1007/s10529-020-03054-1
https://doi.org/10.1016/S0091-679X(07)83001-9
https://doi.org/10.1122/1.4892901
https://pubs.acs.org/sharingguidelines
https://doi.org/10.1021/ma402157f
https://doi.org/10.1021/acsapm.0c00053
https://doi.org/10.1016/j.jcis.2020.09.113

(72)Lo0h, W. ; Brinatti, C. ; Tam, K. C. Use of
Surfactant Aggregation in Coll oidal Systems.

99901h6t.t ps: //doi .org/10.1016/j).bbagen. 2015.1

(73Archer, W R. ; Schul z, M. D. | sot her mal Ti
Current Applications in Soft Matter. Soft M

2020, 1By 7Bi/t6®s : / / doi . orqg./10.1039/d0Osm01345e

(74%Xhi ad, K. ; Stel zi g, S. H. ; Gropeanu, R. ; \

Titration Calorimetry: A Power ful Techniqgue

Systems. Macromol ecidlbémt.t20:9/,/ ARi .(dr9g/, 1 07r.54®2

(75Freyer, M. W. ; Lewi s, E. A. |l sot hermal Tit
Anal ysi s, and Probing Macromol ecul e/ Ligand I
Cel | Biolodyl1BRIOOS: / phoi79e6r7P/XYD.70.BHAO/0N009 1

(76yani, P. K. ; Fari as, B. V.; Jain, R. K. ; H
L. C. ; Khan, S. A. | sot her malDrTivternatBiosnp h@anl
Epoxy Resin Adhesi on t o Met al Oxi de S

https://doi.org/10..1021/ acs. macromol . 3¢c02440

(77Yel azQ@aunepzoy , A. FreireGenomi cTCErian. tthePrP
Bi ophysi cal Chemi stry; El sevi er iB2 4. , y

https://doi.org/10.1016/j).bpc.2004.122.015

(78VYVel az@aunmepzoy, A.; Todd 1 M.r olt.e;asFer elinrhei,biB.o rHsl:
Entropic Optimization of the Bindii2@O0Affini

https://doi.org/10.212021/bi992399d

27


https://doi.org/10.1016/j.bbagen.2015.10.003
https://doi.org/10.1039/d0sm01345e
https://doi.org/10.1021/ma9008912
https://doi.org/10.1016/S0091-679X(07)84004-0
https://doi.org/10.1021/acs.macromol.3c02440
https://doi.org/10.1016/j.bpc.2004.12.015
https://doi.org/10.1021/bi992399d

(79Huang, R. ; Lau, BlanaparTti cBieo monteemuad et i ons
Thermodynamics by | sothermal Titration Cal or

1860 (196t 0©O@S://doi .org/ 10.1016/j.bbagen. 201

(80%rallies, O. ; Hern8ndez Daranas, A. Applica
Tool to Study Natur al Product Il nteractions.

Chemistry JulipgOBitpPpB81i6/dpp.888@m/ 10. 1039/ c5npcC

28


https://doi.org/10.1016/j.bbagen.2016.01.027
https://doi.org/10.1039/c5np00094g

CHAPTER 2
High Axial Aspect Tannic Acid Micropatrticles Facilitates Gelation and Injectability of

Collagen-based Hydrogel$

ProttashaD&ar &kl &, MDo Nall d?a@.dOrFIreryd @ sh.ndR Gjaad

A. Khan

1 Chemical and Biomolecular Engineering, North Carolina Sfaigersity, Raleigh, North
Carolina 27695, United States
2 Joint Department of Biomedical Engineering, North Carolina State University/ University of
North CarolinaChapel Hill, RaleighNorth Carolina 27695, United States
3 Comparative Medicine Institute, North Carolina State University, Raleigh, North Carolina
27695, United States
4Bioproducts InstituteDepartment of Chemical & Biological Engineering, Department of
Chemistry and Department of Wood Science, The University of British Colulidmouver,
British Columbia V6T 173, Canada.
AReprinted with permission froiomacromolecule2022, 23(11), 4696 4708
Copyright © 2022 American Chemical Society

(https://pubs.acs.org/doi/full/10.1021/acs.biomac.2c0P916

29



2. Albstract

Injectable collageiibased hydrogels offer great promise for tissue engineering and
regeneration, but their use is limited by poor mechanical strength. Hereingavporate tannic
acid (TA) to tailor the rheology of the corresponding hydrogels while simultaneously adding the
therapeutic benefits inherent to this polyphenolic component. TA in solutionaondneedle
shaped TA microparticles are combined with collaged the respective systems studied for their
time-dependent sedel transitions (from storage to body temperature3/°€) as a function of
TA concentration. Compared to systems incorporating TA microparticles, those with dissolved
TA, applied at simar concentration, generate a less significant enhancement of elastic modulus.
Premature gelation at low the temperature and associated colloidal arrest of the system is proposed
as a main factor explaining this limited performanedigher yield stress (elastic stress method)
is determined for systems loaded with TA microparticles compared to the system with dissolved
TA. These results are interpreted in terms of the underlying interactions of tannic acid with
collagen, as probed tspectroscopy and isaimal titration calorimetry. Importantly, hydrogels
containing TA microparticles show high cell viabilityuyiman dermal fibroblastand comparative
cellular activity relative to collageanly hydrogel. Overall, composite hydrogels incorporating
TA microparticles demonstrate a new, simple and begeiormance alternative to cell culturing

and difficult implantation scenarios.
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2. MBaterials & Methods
2. FAlparticles

Needlelike tannic acid (TA) particles were prepared by the oxidation of tannic acid
solution at a controlled pH as previously descritfdgriefly, we added 1 M KOH (ACS reagent,
O 85% pell ets) t oAldfiche701.20g/mol)csolution toddjust e pHM@9
with a final concentration of 2 wt%. An average aspect ratio of 1:8 was obtained by ensuring the
continuous oxygenatioaf the tannic acid solution for 14 hours in an orbital shaker. These TA

particles retain their shape and are-dissolvable in an aqueous medium.
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2. BEM Characterization

A field emission scanning electron microscope, FESEM (VétioE, operated at 1.5 kV)
was used to characterize the morphology of the TA particles. For this purpose, we used a very
dilute dispersion cast on silicon wafer and dried at room temperature. To impart conductivity to

the particles, the silicon wafer wasugiercoated with a 4 nm layer of gold.

2. el a Potenti al Measur ement

To determine the stability (via zeta potential) of the tannic acid particles dispersed in an
aqueous medium at different pH, we used a Zetasizer Nano ZSP (Malvern Instruments).
Hydrochloric acid and sodium hydroxide were added to a dilute dispersion pértidles (0.001

wt%) for adjusting different pH values-@.

2. Xodmposite hydrogel s

Collagen type 1 (referred to as collagen in all ensuing discussions) from bovine hide was
obtained from Millipore Sigma having a concentration of 10 mg/ml. We transferred 300 pl of pure
collagen (10 mg/ml) into a 1 ml luéock syringe.In another similar syringe, we added 50 pl of
any one of the concentrations of TA particles (0.005 wt.%, 0.02 wt.%, 0.05 wt.% and 0.1 wt.%)
each time along with 10X Dulbecco's Phospttatéfered Saline (DPBS), 0.1 N NaOH, phenol
red and DI water to adjusghe final pH around 7.2.6 after duakyringe mixing. The final TA
particle content in the hydrogels were 5, 20, 50 and 100 pug/ml respectively. We also conducted
one set of experiments with 50 ul of 0.05 wt.%dafsolvedTA (50 pg/ml) to compare the final
properties of hydrogels prepared from the TA partiekdissolvedT A at a similar concentration.
Dissolved TA refers to TA in solution obtained by dissolving TA powder procured from Sigma
Aldrich. The temperature of all these materials was maintained at 4 °C until mixing. We joined

both the syringes with a coupler andked the solutions vigorously for 415 times as illustrated
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in Figure2.1a. The final concentration of collagen type 1 in ageksolution was 6 mg/ml.
Appropriate mix and pH of the mixed solution were confirmed by observing the color change of
the phenol red indicator, from red to light peach (Fiduté,c). To obtain selétanding hydrogel,

the temperature of the neutralized -ged solution was brought from 4°C to 37°C either by
incubation or by ramping the temperature inside the rheometer depending on the mode of
characterization. We named the fihgdrogelsas Cotonly for base hydrogel with only collagen,
Col-0.005pTA, Cot0.02pTA, Col0.05pTAp and Col0.1-pTA for hydrogels having 50 ul TA
particles at 0.005, 0.02, 0.05 and 0.1 wt.% in 300 pl collagen, respectivel§.05aTA indicated

the hydrogelwti h col | agen and 0.05 wt. % TA solution.

stands for particulate and solution, respectively.

2. Rhrol ogi cal Characterization

All rheological measurements were conducted using a Discovery Hybrid Rhe@{é&ter
Instruments, New Castle, DE). We selected -and0 sandblasted parallel plate geometry to avoid
wall slip and maintained a sample gap of 200 um for all samples. A salapnwas used to avoid
evaporation during all experiments. All samples were subjected tecapadiioning step prior to
any experiments by applying a dynamic-phesar at 0.1 rad/s for 10 s followed by an equilibration
for 2 min. Initially, afrequency sweep was run at 4° C to examine the solution type behavior of
the sample. As the temperature of the sample was increased from 4°C to 37°C in a short period of
time (<30 sec), the progression of elast&Npand viscous G Mjmoduli were monitored as a
function of time at a constant frequency of 1 rad/s. The time sweep experiment was followed by
an oscillatory frequency sweep experiment to investigate the gel characteristics of the samples. All
experiments were conducted ab% strain, which wawell within the linear viscoelastic (LVE)

regime.The yield stresses for all the samples were obtained by performing oscillatory amplitude
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sweep experiments from 0.1 to 200% strain at 37°C at an angular frequency of 1 rad/s .The elastic
method was then employed to pinpoint the yield stress wherein the elasticGtikgssds plotted
as a function of strain. The maximum on the elastic stress curve corresponded to the material yield

stress* A relative error of +10% was confirmed for all the experiments conducted in triplicate.

2. YiGual Observations

Brilliant blue G dye was added to the jorel solution for ease of visualization. After proper
mixing, the solution was transferred in one of the syringes with@aR@e needle attached to it.
The sample was extruded into a vial containing PBS solutidri°&t to observe the hydrogel flow
pattern in a bodyjike environment after injectiot? To access the moldability of the hydrogels, a
pre-gel solution was cast in a silicon mold and incubated at 37°C. The integrity of the final
hydrogel wagested by shaking the molded hydrogel. The printability of the composite hydrogel
was also evaluated by printing the qg@& solution manually through a 2@uge needle attached

syringe on a surface kept at 37°C.

2. Xohnhfocal | aser Scanning Microscopy (CLSM)
CLSM technigue was used to visualize the orientation of TA particles embedded in the
collagen matrix. Before imaging, the TA particles were dyed with Nile red. The collagen hydrogel
loaded with dyed particles was then incubated at 37°C for an hour beéosxperiment. The
imaging of the composite hydrogels was performed on a Leica SP8 CLSM using a 63x oll
immersion objective with an excitation wavelength of 552 nm within an emission wavelength

range of 576600 nm.

36



2. Fo&irier Transform Infrared (FTIR) Spectrosc
To explore the crosknking behavior between different functional groups, present in the

amino acid sequence of collagen and hydroxyl groups of polyphenolicthBAcomposite

hydrogels were analyzed by Fourier Transform Infrared Spectroscopy (FBdfeye analyzing,

the neutralized samples were casted on NaCl salt plate of real crystal IR sample card and was

incubated at 37° for an hour. Nicolet 6700 FTIR spectrometer was used for analyzing samples with

different compositions with wavelengths rangfngm 4000 to 1000 crh

2.3 st hermal Titration Calorimetry (I TC)

To analyze the interaction between collagen type 1 and tannic acid particles at 25°C, an
isothermal titration calorimeter (NanolTC, TA Instruments, USA) was used. ITC experiments
were conducted having collagen (0.5 mg/ml) in the sample cell and threemtiffencentrations
of TA particles (0.005 wt%, 0.01 wt% and 0.02 wt%) in the syringe for titration. 20 injections of
2.5 pl aliquots of TA particles were sequentially injected into the sample cell under a stirring rate
of 300 rpm. To maintain thermodynamic equilibrium between each injection, an interval time of

250 s was choséf.

2. 3CdIl0l Cul ture

Primary nor mal human -Alks)ma®GAA&, bLtobtast sal N
USA) were <cultured according to th&dsmawarfac:t
cultured on tissue culture plast0e c¢te’lelas bdmf | :
DMEM with Gl utaMAX, 10% pfeentiacli Ibloivn naes dsasrgurng v taly
medi um. Cells were maiahdi 868 humB@dACY. 5BRbe CiOa
two days80&ndoaf| ¢tRMhss ewdNHODFpassageeEDUTA fHdide2

Technol ogi es, Carl sbad, CA) at 37AC for 5 min
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2. 3Cyltlocompatibility Studies

Cel | viability was assessed using the LI VE
i nstructi onsAdEBraisesba)gyeweBNEEDEeeded on top of ta
coll agen(Goeldl p-eBOBA, OCOZTA, OCO@HFAp a0 dplT&o |
(50,000 cell s/ sample, 3 replicat esweslampplleat €2
After 48 hours in culture, the samples were s
Assay (Life Technologieé}) Bosbrdchgohs. thibe mm
from the wells and washed 3 VEI/IDEADwirtelmgRPBS s I
and incubated for 20 minutes before replacing
i maged Qlsymguanfl uorescence miandscopetad 28i

i mage proce$’sing software.

Met abolic acAdyvi (pawdadNédHD¥F) seeded on hydr

above was assessed using the MTT Cel l Prolife
cell s/ sampl e, 8 replicates/ samp-wel|] | 2pkape)i a
hours in culture according to the manufactur e

from the W@Weldfs saenrdunsGnde pmedibh wé&s afddeldde wMTT
reagent solut-howmr Fo¢lbatiingnaatd 37AC, the sol
15@ of MTT solvent was added and the plate sh:
The absorbance measurements were trelkdrerat( TeT@
M2 nnedor f, Swietrzemltamgdke) ofThkel |l ul ar activity ¢

with the foll owing equation as an absorbance
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pH 7.2-7.6 geometry at 4°C parallel plate geometry

Figure 2.1.(a) Collagen solution and neutralized TA patrticles/solution loaded in separate ¢
connected with a coupler for rapid mixing at 4°C. Optical images of coupled syringes (b
and (c) after mixing. (d) Loading oeutralized composite pigel solution. (e) Loaded sample

parallel plate geometry for rheological characterization
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2 . Rlesults and Discussion
2. #AAlparticles

Figure 2.2a shows scanning electron microscopy (SEM) images of the synthesized TA
particles. The particles were prepared to have a néikdlshape with rough textured surfaces and
average length and width of 1.7£0.4 um and 0.20+£0.02 um, respectively. The puodrito
titration results for aqueous dispersion of TA particles (Figulg show two inflection points at
pH 4.8 and pH 10.10 which confirm the presence of carboxylic and hydroxyl/phenolic groups,
respectively in TA particle dispersio@ur pKa data, 3.60 and 8.26 for respective carboxytic (2
6) and hydroxyl/phenolic (80) groups also supports previous studied. plot of the zeta
potential as a function of pH of dilute dispersions of TA patrticles in DI water is shown in Figure
2.2b. Since functional groups are present on the surface of TA particles, pH can alter the surface
charge, resulting in particle aggregation. The zeta potential values of TA particles vary from
9.61+0.76 mV te37.3+0.40 mV as the pH changes from 2 to @ Z&ta potential becomes more
negative as the pH increases, possibly due to the presenceid@kthand-COOH functional
groups on th TA particles. Sahiner and coworkers also observed a similar behavior where the
surface charge on their tannic acid particles decreased with an increase in pH due to the ionization
of the carboxylic and phenolic/hydroxyl groufS€onversely, as the negative surface charges start
to become protonated by hydrogen ions in acidic conditions, the zeta potential value détreases.
Particles with zeta potential above +30 mV or beld@mV are generally considered stable in the
aqueous medium due to the electrostatic repul€iaie find the zeta potential values of TA

particles are <30 mV for pH > 7, indicating the dispersions to be stable in our desired pH range.
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Figure 2.2. (a) SEM images showing morphology of tannic acid particles. (b) Zeta pc

measurements of tannic acid particles in water

2.4.2Injectability and hydrogel formation

Experiments were conducted to observe thgebtransition of theystem. This is pertinent
as our material should remain in liquid form prior to and through the injection delivery, but
promptly gel upon exposure to the body temperatureQ)3at the defect sit€. A rapidly mixed
sample of collagen and neutralized tannic acid particles/solution using tkeyriwge device

described earlier (Figuzla) was transferred to a vial and a sample inversion test was conducted.
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The Col0.L.p TA (where 6pb6 refers to particulate TA)
of the vial suggesting that the sample preserved its liquid state at 4°C (ERpjreéAnother batch

of the same sample was incubated in a vial for 15 min. at 37°C. After inversion, we observed the
formation of a selstanding hydrogel (Figur23b.). We also used the conditions and temperature

of anin-vivoinjection site by infusing the hydrogel into a PBS solution &3After discharging

the injectable hydrogels in an aqueous environment, they should maintain their form and
trajectory?*? Figure2.3c shows that a neat collagen sample (6 mg/ml) spreads in the PBS medium
after injection; by contrast, a composite sample {CdpTA) in the media maintained the

conformation after the injection (Figu2e3d.).

Figure2.3e shows the complex viscosity'] versus frequency profiles at@ for various
collagen samples. The collagen alone {@ualy) and composite samples with low TA patrticle
loading Col-0.005pTA andCol-0.02pTA) exhibit a Newtonian plateau at low frequencies and
shearthinning behavior at increased frequencies, indicating solikiercharacteristics, with no
interconnected structuré$Such solutiodike features are desirable in delivering the system via a
syringe to the desired site.However, we notice considerable increase in viscosity at low
frequencies for samples COIO5pTA and Col0.1-pTA as well as disappearance of the
Newtonian plateau indicating the initiation of internal structure formation. These results are
consistent witlthe frequencyw)-dependent behavior of elast@Nj and vi scous ( Go)
all the samples shown in Figuke2. The samples with a low TA particle concentration exhibit
solutiontlike behavior G NG Nind both of the moduli are dependent on fraqué® Interestingly,
the slopes of th& djn d G 0 w at Bw fsequencies do not follow the conventional values for
liquids, 2 and 1, respectively, indicating the occurrence of some degree of assétrégith

increasing TA particle concentration, the moduli become flatter and almost parallel, suggesting
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the approach of the gel poit¥>3 For the sample Ced.05sTA with dissolvedTA, we observe

G N Njhich implies formation of a weak g&lThe complex viscosity results for GOI05sTA

in Figure 2.3e are consistent in this regard, wigh showing no Newtonian regime and a
substantially higher val ue. Vef TA phrécies, nhaimeled a o
the concentration needed for the system to approximate the onset of network formation. Hence,

we plotted the relative viscosityre (defined as the ratio of the sample viscosity to the solvent
viscosity) as a function of TA particle concentration (inset of Fig.8e). For sample viscosity,

we used theomplex viscosityh” values at 0.1 rad/s whereas our solvent (water) had asitisco

10° Pa.s. We observe two distinct powaw regimes with their intersection providing an
approximateC; ~ 0.038 wt.%.4%>* One can envision this concentration to be that at which
associations start to develop:>® This concentration however does not refer to the percolation
concentration which has been elucidated further by the VanBalrpen plot and Col€ole plots

in FigureA.3. FigureA3a depicts the values of the phase a
particles to be above 45A ( t-Gdeplstbi® MG Nfigueor per
A.3b) for all concentrations of TA particles also reflect a slope of 2 at low frequencies
corresponding to a solutidike systenf® These results confirm the absence of a percolated

network in the samples at 4°C.
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Figure 2.3.(a) Inverted vial test showing liquitke behavior of the collagemA particle sample
(Col-0.1-pTA) at 4°C (b) Sekstanding gel of same sample (€ol-pTA) at 37°C. The streaming
trajectory of (c) Colbnly and (d) CceD.1-pTA after injecting in PBS aB7°C. (e) Complex
viscosity vs angular frequency at 4°C (data sets labeled andoomled) for various samples
including collageronly with TA particles at various concentration, and collagen with dissolved
TA. Inset shows relative viscosityiIfel) data for varying TA particle concentration. The
intersection of black lines is used to estimate Cc (f) Representative curves showing the gelation

kinetics plotted in terms of the elast® JNand viscous@ Mmodulus at 1 rad/s for Goinly, Cot
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0.05pTA and Col0.05sTA (g) Moldability of Cot0.1-pTA. (h) Seltstanding Col.1-pTA gel

after vigorous shaking at 37°C PBS. (g) Manual 3D printing of(CbpTA hydrogel.

To undersygahdtthassdbl on in more detail, we
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ti APEL gR¥fe shows t hGjre@Npoutad winl adgoeml ya)l ,o nceo I(ICaod e

TA partiOcHdEGsA)( Ganld col | agen -OwiBt3hA)d iosvsea|l vie dneT A

slight dip in both modul. i nitially due to t
(temperat wnei namp23fh)np. FHogwevwer , gel ation preen
in rheological parameters because of heating,

ti me, by several For €oéoby Cah.dhd gGNjl 6 onidse ad @Njr

nitially sHoywiendehh&s louh@adtnemper atur eAGf bot |

—+

h&ijivol ves GMjsteosshag over and surpassing it
same vaGMemwn@Miemg ni scent of gedsdmbblimatafoncolTl
form a gel is an endothermic process which

movement and release of water mol e°CluHee sc rionscsr e
over GWGNpbserved23fn cdrgruessponds apprdrxiigmuartee | y
A4 shows the behavi or Cooi. 60BAe,r-0 C@EIpd osnld.-€lC sla mp
pTA) al l of whi ch nglacteldr gied m tti loeorvnear It Iifya @ h e S e r ¢
21lshows the approxi mate gelation time for all/l
time with increasWhmigl eTAcplaragehefichbnitlestinter
net works, the addition of tannic acid expedit

particles, resulfiiemgapgmr dxismhaetre-gpd mtsiomel feoi st
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mi n whi | GQo0t. PaAtA f~dr. 30 mi n. Il n contrast, a si mi
does not -gseHow ransalti o@®Nyo tGNp Tdri css siosv elre coafus et
already a weak gel at the onset of the experi
resul ts 23ne FA@gurkErsom an injectability perspe
compromi se the adherence of the scaffolding m

rapid clearancbhebgashéabodgetbui dnwmi ght cr eat

underdevel oP’eA’, conelaakgegne lh.ydr ogel with | onger ¢
the defective site before gelation, whereas ai
coll agen forms an instantaneous gel andemay |

finesse of tuning the gelation time required

application.

TabdleAppr oxi mate gelation time of hydrogel s

Materi al Approx. gel at
Codnly 2.30 N o.
Co0 . GpOTBA 1.76 N 0.
Cold.DPTA 1.56 N 0.
Col0.DPTFA 1.30 N O.
Co0 .-piT A 0.84 N 0.
Co0.853A T
|l mportant aspects of injectabl e hydrogel s

reteh'Thesne become particularly relevant for i
shape of the site injected and retain such sh

experiments were conducted t ol wtailord apliieA Qwhhess e
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injected into a silicon mold and incubated at
having the shape23gf) .t Themol d heFimpdrdeed gel w a
containing PBS solution at 37AC and 2&3hha)ki ng
reflecting its robustness. -bRwsretdh esrynsatreems , | iokuer
hydrogels exhibit® 3D mgpene isod ud a panbialti t4YA.C was
onto a heated surface heated a23i37AC and a 3D
2. 45e3 Properties

We probed the viscoelastic properties of

freqguemeyndent be&eHavieahi bFtgume 1 ncrease i n t|
for all samples by several orders of magnitud
37 . The samples efthiabhidt aa sbepacel ofe at Newt

charatt erlicifk egenffdTlee i &rsguenGinGpPefct raprodsent a
hydrogel s24ibn pkioggurdee f urt her evi desnpcaen no fngt lye
net wor k: all GM@&Mloegs tshlreowinntgi re frequency ran
independent of frequeh’R? gedn (atnhsled we rs hforwesq u él
behavior of the hydrogel s wde(thi GNaN.g sWeg ffirnedg ut
|l oss tangent profiles of the composite hydro
concentrations of TA particles, which affirm
nature of the composite bRydr opeslesg.vedi miolraroth
systélmse. sampl e cont adofdi. 8®8FAJI, s holweedr TAshows
| oss tangent val ues compared to its TA ©part
contributions over the viscous behavior. Not e

0 TA) shows a | ow&N nfdi nsdlowgel gmddauliwsnn ki net.
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corresponding sampl e coOodde BtIrAa tvieo-Gs.u{8F ACHo.| TWe p a
di scuss these further in the subsequent parag
105 T T 10° T
a) R D)
10¢ L e C5000 5TA (30|
—/— Col-0.02-pTA (sal)
—d— Col-0.02-pTA (gel)
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FiguréaPR. €Compl eexanwiusicaos iftryequency at 4AC and
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di ssol ved TA. (b) ENenddNpimcyhelepamdesatpkés re
featur es. lUivsse ta ngghud vasr tfame(uency (c) Gel mo du |

3T

curve ob
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Fig2dce reveadMaltlheas dfhet he hydrogels increa
particles into the colGNpfg dneplinmAtiro xbe ImorMfeactthan
of thmhemlGolsampl|l &E&NjaTlue shicgmérn rm the formation ¢
to formation of physical | inkages between the
on the surface of TA particles and the diffe
bachéoof coll agen -tbvalubght vhoinyddsrsogeoh basdi n.
hydrophobi é3itnieratsioop®ssi ble that the TA pa
by contributing their materi al property to th
bet ween the pol ymer and filler parotfi cg eelsy naeird

surrounding the particle and for ms %A rleagrigoenr o

number of TA particles would facilitate both ¢
area available for interaction as well hi gher
consistent wi-fgar toitchlee e shgysdireomysed wh me n't i n the e

been observed due to the avdrikdrom fodunpdartth atl
|l aponite particles in PEG pol ymea®Ghoeshuldarsd i mi
group found increesadcdi topdrhngcofagéeseshiuf bseh
by more than an¥amyed odl Imaagqui-t ausiedt apyadetd gcal |eb i
system based on carboxymethyl cellulose and ce
due to the reinforcement effé&%t provided by t

The gelation kinet2dds adsodé pil ¢toevd ian skimgul @
gr owt h GMaittels toifme are much faster for-oomdbmposi:
I n this figure the growth KkinéNieasuiss tc¢ alec wl

i mmedi ately aftérA shmald¢r cavewer i moitrmte. dat a i ¢
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the initial addition of ®&®. 6WM@A)I. alntouing d s sTiAl

coll agen fibrils become restrained by the in:
cont ent |l eads to a higher retxitelnds odndc rtolses | p ml
thereby overcoming the initial restrictions <c

rat@NjoThe evolGNjtainormer atoe refl ated with thl gel al
pl otGMbhbgvei grl tai &) ( FWguolserve an exponenti al
parameters where the gelation rate is sl ower f
Anot her point Rédnbsetheomi gnglireantly | ower

containing theO.dd®BA)lwerds TA {(IC®l oned . widtA) .part

The sample containing the dissolved TA is alre
stuct urass esndllfe at a | ower rate and also to a |
partially formed structures gelling t% % weak

Finally, we attempt to sthialsyyed htey dyred cad li 0 nu Kii m¢
rel ation that has been used in the Iliterature

which @aasesbélf and formmaldcbghbye. due to the

GNjt &gt e xf [t | } (2)

HeGdjitrs t he sat@Njak eids viah & eg ®fiast i tome rGhNjtea rcohen
increasing from the baseline and t is the tim

GNijand k. An i@Njwasalchwader tod cal cul ate the v

coefficient, r. After GNadnd pd ewhiteh ademeirsat & dc
value of r we2Re sholwesc v u &Bamltle t for al l t he
values show that the experimental datanf oWet h
observe an increasing trend of gelation rate
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tannic acid particle consistent with our prev

di ssolved TA sample is the | owest, even | ower

Table 2.2. Kinetic model parameters for the gelation of collahased composite hydrogels

Sampl g t(min)|l GN@Pa) K( mibn r
Codnly 3.60 285 0.94 1 0.9
Co0 . GpOTHA 4. 32 390 1.06 0 0.9
Col0.PTA 3.10 425 1.13 L 0.9
Col0. PTIFA 1.92 605 1.29 1 0.9
Co0 .-pAT A 1.82 675 1.31 1 0.9
Col0.853A 3.45 425 0.42 1 0.9

2. Xi4€1l ding behavior
Oscillatory amplitude sweep experiments we

elastic modulus behavior of vabapusWsampéeéertsi fw

di stinct regi mes: (1) At l ow strai nGNj elved s, ‘
corresponding to the |l inear viscoelastic regi
the hydrogels remain unaltered. (2) At i nt er
hardening for all samptelkl a)lestsbkBoWwtsti asomelsac

stiffens when subjected to hi‘’dmerf acal,ue tafaint
i s one of the most vital physi ol ogi cal acti vi

fibersflaxiselmé?Bgt Wwomlag .| vy, at higher strain |
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i Bjorresponding to sample yielding and ruptur

Sharma and®his group.

To observe the role of particles on the st
the strain dependd&mde adfl tthe 39t ies hrecdbleid els
el astic modulus of theFisp2fpd shoavts It dhwatst mail ms(
does not alter the intrinsic strain hardening
this to occur at l ower -etnlrypi hgdrogn@layr epos i
particles somdwmleatmorbe dftineixki bf et @t semes. A hi
hardening is observed for the cololndgen Aldyddrn o @
particles c¥fldaatkes mor et heer ohsysdr ogel , nwhscaf ffalrd

hel ping in safeguarding its coherence at high
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FigurgeaPR. Bepresentative strainssweapsmomph) eSt
extent of strain hardening. (c) OscGijpasatary ¢
functi onoywhHerse rtanhen Mlaxi mum of the curve corre

stress and yield strain as a functiooaodédpart

We pinpoint the yield stress of the sampl es
for disrupting the nefimorFREgdreeyruephboat nhgweéd
dat a o25aFiagsurtehe pr oductGNp fantdh ea beslod auttiec smao dau Inu
strassh function of strain. I n this “pptriveach
maxi mum corresponds to the yield stress. We f
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T

c

e higher thanonhgt oaot,tpessobl ggbecause of a

he particles. The yield stress increases wit
owleaw dependence with 28depxpBuoehtbehavi adb K &:
or other systems where added interactions th
ampl e ¥%’8I'mlo mtgrrast, incorporation of particl
maxi mum) sabrcai.-ondJodi pasea yield strain of ~93

mo u nt of Q&0 .pOp0MSAd)ecclree a(ses the yield strain t
ncreasing the amount of TA parti cHews re smudwesr
aw behavior with an2bedx.pponSwncah oad e hlarv.i o(rFiigsu
ol l oi dal systems that demonstrate an increa:¢

espect’PRuor tshterrhiiens are needed to decipher the

. Possible hydrogel i nteraction mechani sm

To validate the hypothesis of particle net)\
ow the particles arrange within the hydrogel
articles as described 2fta tshreo vex pa rti rmeemds lad ¢ esret
f TA particles dispersed in water. Upon addi
hanged ol omedl iswé uti on due to the p6lgp.ment at
he hydrophobi c sNiolne tthed sdiyd agaedlserod TA partic
article dispersion. The confocal i mages of t
re showR6c naehdd,gureespecti vely. The parOObAal es a
nd exhibit a | ower parti c-0eplTdAe msivteya.l sT hteh ec opnr

ni formly distributed pigmented particilleist wit
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di mensions | arger than the synthesized particl

composite hydrogel s.

It has been suggested earlier that one of
hydrogels is due to the formation of hydrogen
polymer and the filler. To prroabcet ifounr,t hFeoru riinetro
I nfrared Spectroscopy (FTIR) for coll agen wi
conduct e2b.e FRisgemea i ally shows four bands for a
333 0'aaid 30Bdragnehl corOdspond NHostretching in
B groups, respectively. The coll agen spectrum
cmand 158 %Drcmhe C=0 sN redfchrimagt iaoond iGh ami de
respec¢Nionel wyf the amide band positions are si
rati os oft-oToA Ilpaagen cmhaet ri X, suggesting that the
unaltered evenr3afet emi deernd sngl iofk itrhge. ami dek &d n d <
sampl es, however, can be related to the extel
particles. The br oaddmicrg acsfe dt hhey dpreoagkesn sbuogngde snt

t h-OH groups of'Wittamniimcraecasdi ng TA particle co

corresponding functional groups experience hi
widening of the peaks for all f oufNHRGH,dsandl he
C=0 uprso present in the amino aci®OHbgchkhhbhpseoaf
particles are showtfschematically in Figure
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Figure 2.6.Tannic acid particle dispersion (a) before and (b) after dyeing. Confocal images of (c)
Col-0.005pTA and (d) Col0.01-pTA hydrogel samples. (e) FTIR spectra of hydrogels.
Absorption peaks at 3330 el 3084 cml, 1660 cml and 1555 chl demonstratesOH, NH,

C=0 stretching and-Gl deformation in amide A, amide B, amide | and amide Il respectively (data

sets labeled and colanded) (f) Possible hydrogen bond interactions between primary amino acid

57



sequence of collagen type 1 and multiple hydroxyl groups on TA patrticles. (g) Isothermal Titration
Calorimetry (ITC) data for the titration by stepwise injection of different concentrations of TA

particles (0.02 wt%, 0.01 wt%, 0.005 wt%) into collagen.

To provide further i nsight on the interac
conducted isother mal titrati oRk26gasbowsietpry mi
exothermic peaks when titrating TA particles
experi menA6s) (rFeivgeuarle s mal | heat changes, confi
presence of exothermic peaks suggests the for
groups of collagen and @BAspavedclias, ot ®lei’n bi o
|l ncreasing the concentration of TA particles

extent ofvihaptdeogen®®t®dmaiirsg.ent wGMNbhseheedndme a

rheol ogy experiments. Future work using I TC w
interpretation of the inter8c%ions between co
2. ZydGocompatibility of hydrogel s

Transitioning our composite hydrogels to bi
of cytocompatibility. A livel dead assay usi ng
was carried out to assesslthbheecehl uhar compbsi
par tciodllemgen hydrogels.-oWhyl bBydebigsesINdr d¥Whi Bint &
viability, a high cell vi abGColli thyy dofog>94% wad ¢
tannic acodcenart akli.em6,) N206G80,N{ 96433 &N.dOD)A. 08
% for0. QBA, OCOTA, OCO@BAp armdpllColrespéeEtgueky.
27a, b) These results are consiedtwdnlo. wepdbr tt ek

dependence onprcebdost go aiva $-ff ®A Choyfd rOo. gle, | sO .a2ts, 0.
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Figure 2.7.(a) Live/dead images of dermal fibroblast cells cultured for 2 daySavonly and
collagen with different ratios of TA particl€ls) Cell viability of dermal fibroblasts (c) Metabolic
activity of dermal fibroblasts cultured for 2 days on hydrogels as assessed by MTT assay at an
absorbance of 590 nm. (d) Comparison of results from cell viability and metabolic activity assays.

Data isrepresented as a percent normalized to results froro@plsamples.

While the |iveldead results give a binary
cul tur e, further insights into the possible |
hydrogel can be attained by. mAasoalromigmeéehei ceM]

performed after 48 hours -depeobdéenteredumensesnr
tetrazolium dye to a formazin product, 8sed ac

Met abolic activity was normalized to absorban
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only and ob#§e?.veed) N $53.26N)IN7(8 T 6 ¥ OPN56.74.075 (and 50
(NLO. 64) %0 nfloyr;0 . @POMBA, -0OCHOU A, -OC@BF Ap ard-plTCO |
respecti 2ét@el(lFiwgiuakei | ity up to-c®@npadadrbl|kke basn

| SO 1D%PH¥F om that per s pCosdtnil weg, mosmpafedhteohydr

TA particles are cytocompatible; theCwle-1ll ul ar
PTA s a*hpliTéf® results from the |live/dead and |
promising cell wviability that remains constan

met abolic aetasvngycwhthnt naitdi)on Tohfe p TaA t(eFri gbuer h
that the cells are reacting to the increase i
increase in dead cells at those concentration
of pTA r ennaaitn nee etdesp ifcurtt her el uci dati on.
2.Conclusions

This study used a facile approach to control the rheological properties of celblasggh
hydrogels by integrating neeebhaped tannic acid particles and dissolved tannic acid at different
loadings. Samples were initially examined in terms of the conyewsity at 4°C to understand
pregelvisavis6i njectabilityd at storage condition.
and kinetics for different samples were assessed when transitioning from 4°C, the storage
condition, to 37°C, the physiolagal condition. We find significant advantages of adding TA
microparticles to collagen compared to the dissolved counterpart, for instance, as far as the
rheological profile of the hydrogels and their injectability. Such effects are explained in terms of
hydrogel crosdinking kinetics and microstructure and, ultimately, show hydrogels with enhanced
modulus and vyield stress. Collagen combined with dissolved TA showed premature

gelation/aggregation even at 4°C. This impaired injection and led to a lowagdimabdulus. By
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contrast, when used at similar concentrations, the TA microparticles prevailed over these
limitations. FTIR spectroscopy and ITC data showed that hydrogen bonding interactions were the
main factors behind the superior rheological properties of the compdsitrogels.
Cytocompatibility studies conducted with human dermal fibroblasts cultured opT®ol
hydrogels showed high live cell counts, comparable with those grown emnyoland confirmed
minimal cytotoxicity at low TA microparticle loadings. Overalle introduce a new platform for
future rheological studies of promising hydrogels, which can be implanted through minimal

invasiveness and with great promise for tissue engineering.
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3.1 Abstract

Bi omaterials such as collagen and tannic
devel opment of advanced hytomeidr bhemafsiedi ady s
functionalities and distinctive structur al pr
makes both TA and collagen pH resyah®einte, nd ral
and offer tunaebpefimaesbbseopi of ppH on the inte
and TA particles are explored by adding TA par
and neutral pH. Rheology, isothermal dtguaatizor
crystal microbal ance wi-D)h ari e su spead itderh erdduraligty otrhi
results show significant increase in elastic
However, TA particles at physiological pH pr o\
at pH 4 than coll agen athipdédhé&r deet ¢ ot tdfe dloe o
and hydrogen bonding. | TC results confgHlrm t hi
observeaolwhaegnen i s aH| &aqgf |[di o dp tlatadnrmigv |eehidt Qaall p y
interactions. Turbi-Dimmeltp itco aindd rytsii fsy asntdr QCtMu r

TA complexes and their formation at both pH c
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3. 12ntroducti on

Bi omaterials possess structur al and funct
bi ol ogi cal worl d. Various biomedical applicat
wound heal ing require bi omat er oalbsi ot o mpatti Isif
bi odegradability, mechanical versatil iy, cel
Achieving related requirements is almost i mpo:

researchers mtavyge takenhheadpassi ble materials

bi omol ecul 4&Co coimpd re xes!l.| agieap ¢iCpmeér presé¢nmr ai r

the extracellular matrices of ani mal ti ssues,
applié®titdhowsigh reconstituted coll agen fibrils
and have shown promise in wound healing and

mechanicalByi ntnegmriptoy.ati ng otlhaegre nb inoamali eccewsl, e sm
strength can be -eavhalnertd itrtrerugdt inooms i nvol vi
on the collagen backbone and the compl ementar
attraction, and hayndornogp hootbh ecr si)n.t eTrhaicst | adlnlsgws f
rheol ogi cal propert fe®nddr sttteendbomgr alhle suyngdtea |
mechani sms at pl ay, t herefor e, -bbaesceodnesy sah epmrse r
desirabl é2 properties.

Tannic acid-b@sAR)d polygpmleamd widely wused in

filler t odubei otpooliythse rianpheeurtéB p rnonpacaretciaensdy éhni ci t
and mechani cal refmfeor peens@enhcegobentmudlti pl e p
carbonyl functionalities on TA wmakealiemtanmnitcke a
with the amino acid moieties of coll agdé&an t hat
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tructure by providing better injectabil]
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coll ag

or e, knowl edge of the binding strength

en and TA functional groups wunder diffe

desirabl e pr oelpAe rctoimpd exf. t he Col

Tunabl e mechanical attributes such as rheo
TA hydrogalchi eamrdbéehrough control over t he p
concentration which in turn regth9atpathiecekae,
coll agen and TAhrspo®d@sAhvgphhyysimH ogi cal pH, TA ¢
deprotonated state with both neutral and ioni.
bonding and electrostatic i nt er dtFtoironso ltloaget
transition of pH from phgsuloit ®gi sahntonacedse
protonated amino acid residues that pdtenti a
Therefore, the overall i nteraction strength ¢
el ectrostatic for-depeandefTBxpepmfbBEBxts. bAl pHoug
have usadptemalepi behavior ofe hygldrogen @modpEAL
swelling, controlled dY,d%t h-®A €misred ionrg s viiashodoreal ¢
reinforcement of coll agen by TA particles havi
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Herein, we iqdWlepenidgiat e Colbé ogh and binding
across three Col: TA molar ratios whesmhampdd age
TA particles at physiologi calhipH.beWeweesnt a bhlei sn
reinforcement of TA particles, measured- throu
driven interactions determined throudhivewnt he
CoTA bindindgg,by abydi ogee and el ectrostatic in
conditions than at physi ol ogical pH, HTAsul tir
compl exes. To quantify the infldeeradcmétnarteak t r
reinforcement of TRA mweeclhagyacitrertizedprCo®dence
turbidimetric analysi sTAhroommleax ifnasri mgattisoni na ro
mi crobal ance with di®©gi pmatnioands ttmleapiepniddreinntg st Q@ W

changes assoCA adermdplwaxat iCoonn. The multifaceted

the underlying information critical to under st
conditions, wleidc it oc acno nhk & od e g thleatr heol ogy, swe
profiles of biomolecular complexes for severa

3.Materials and Methods

Bovine collagen type 1 (10 mg/ml) and tannic acid (ACS reagent, 1701.20 g/mol) were
provided by Millipore Sigma. Tannic acid (TA) particles with nedike shape (Figur81) were
synthesized from TA solution following protocol described by Kamaraatet 3* In brief, we
oxidized 2 wt% TA solution at pH 9 adjusted by KOH under continuous stirring. The TA patrticle
suspension was obtained after 14 h of oxygenation. Hydrochloric acid (HCI) and sodium hydroxide
(NaOH) were used to adjust the pH of all sampleg fidmenclature, Col (pH 4) only and Col

(pH 7) only refer to reference collagen solutions at pH 4 and pH 7, respectively. Col ((§fh\4)
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(pH 7) and Col (pH 7) TA (pH 7) represent samples where TA particles at pH 7 were combined

with collagen solution at pH 4 and pH 7, respectively.

3. Rhkol ogy

Col-TA suspensions of three different Col: TA molar ratios were prepared by altering the
concentrations and pH of collagen solutions. 300 ul chgitisted (pH 4, pH 7) collagen samples
(2.16 mg/ml, 1.8 mg/ml and 1.34 mg/ml) and equal volume of TA pastidpension (0.67 mg/ml,
pH 7) were transferred to two different Ldeck syringes and mixed vigorously giving final
Col:TA molar ratios of 0.025, 0.033 and 0.040, respectively. The final pH values of the Col (pH
4) THA (pH 7) complexes raregl from 5.465.75. To test the TA particle solubility after complex
formation, we conducted a qualitative solubility test by redispersing TA patrticles into water at pH
5.5 (within the pH range of Col (pH 4)FA (pH 7) complexes) followed by a vortex &ireg and
60 seconds of centrifugation at 12 rphrigureB2 shows almost similar amount of TA particles
have sedimented after centrifugation for water at pH 5.5 compared to DI water which infers TA
particles were not solubilized post complex formation. 8é® prepared a set of samples with
Col:TA ratio of 0.040 by adding 30 mM NacCl at both pH (pH 4, pH 7) conditions to investigate
the effect of salt on the rheological properties of-Tal complexes. We did not perform
rheological experiments above physigical pH since collagen shows poor solubility in aqueous
media at basic pH.

We performed all rheological characterizations at 25 °C using the Discovery Hybrid
Rheomete3 (TA Instruments, New Castle, DE). To avoid wall slip, experiments were conducted
using a 46mm sandblasted parallel plate geometry maintaining a gap of 200 dygmainic pre
shear at 0.1 rad/s for 10 s along with 2 min of equilibration was performed prior to actual

experiments to maintain consistency across samples. A time sweep experiment was performed for
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10 min at 1 rad/s to ensure uniform temperature throughout the sample. Time sweep was followed
by an oscillatory frequency sweep betweenID0 rad/s at a constant 0.25% strain level to stay
within the linear viscoelastic regimall the experiments were performed in triplicate.
3.3sdthermal Titration Calorimetry (1TC)

Concentration and pidependent interactions between collagen and TA particles were
investigated by an isothermal titration calorimeter (NanolTC, TA Instruments, USA). All
experiments were conducted at 25 °C with 50 pl of TA particle suspension (0.413HnK), p
titrated into 170 pl of pH adjusted (pH 4, pH 7) Col solution (0.0036 mM, 0.0047 mM, 0.0057
mM) in the sample cell. The reference cell, which was housed with the sample cell in an adiabatic
chamber, consisted of patljusted DI water at theame pH as the collagen solution. Initial
concentrations of the TA particle suspension and collagen solution were optimized to minimize
signatlto-noise ratio and ensure that the IJ0A binding proceeded to saturation by the end of the
last injection. Thdinal Col:TA ratios at the end of the titrations were similar to those used in the
rheological evaluations (Col:TA = 0.025, 0.033 and 0.040). Each titration consisted of 25
sequential injections, each of 2 pl TA particle suspension. As3@fection inteval was
maintained to ensure thermodynamic equilibrium before each injection and a 350 rpm stirring
speed was used in the sample cell. For eachT@otitration, dilution thermograms were also
collected for the titration of (i) water (pH 7) into pdljuste (pH 4, pH 7) collagen sample and,
(ii) TA particle dispersion (pH 7) into plddjusted (pH 4, pH 7) water to account for the dilution
effects of the TA particle suspension andg@tjusted collagen with the solvent. Each titration was
performed three times

To examine the effect of Col:TAatio and pH on the binding thermodynamics, the raw

thermogram was integrated and the values of dilution heat were subtracted accordi8d.to eq
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obtain the corrected interactions heat that exclude any sélverand collagensolvent
interactions. The average corrected heat data were fitted with a-sitegladependent binding
model. A nonrlinear regression involving e@2, 3.3 and3.4 was performed in the Nano Analyze
software (TA Instruments) to estimate the thermodynamic paramiteis ¢ n dH) apsociated

with TA-Col binding3¥3’

Qcorrected = Qmeasuretﬂ FA Qol _Q dilutiogh solvenol¢ Qiilution (TA solvenx (31)
— q

Ki= T 3.2

(- q)TA &2

[TA =[TA FCdI( Ny (3.3)

Qcorrected = [COI] theII D-K I\U) (34)

Here,Kais the binding affinity constant) it the number of TA particles that bind to a single
collagen molecula]fis the fraction of sites occupied by TA particleB4] is the free TA particle
concentration, TAJt and [Col]; are the total concentration of TA particles and collagen respectively

andVcen is the sample cell volume (170 pL). Usii§s = RTIn K, = HpTgS Gen dSwepe

determined, wherR is the universal gas constant ahi$ the absolute temperature.

3. Judbi diAmatl ryisd s

Turbidity analysis was employed to investigate the interactions between collagen and TA
particles at different pHUV1 vis spectrophotometéGenesys 10S , ThermoScientifigas used
to measure the absorbance at 600 nm where collagen and TA particles do not show individual
absorption peaks. We prepared a-g'ml collagen solution at pH 4 and 7. Using ani®
cuvette, we initially measured the absorbance of the collagenosoluith DI water, used as
reference. Next, 50 pl of 1 mg/ml TA parecHispersion was added to the collagen solution,

equilibrated for 5 min and the absorbance of the T@olcomplex was measured. Absorbance
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values were recorded with subsequent additions of TA particle dispersion until the final
concentration of TA particle reached 0.235 mg/ml. To subtract the absorbance associated with
only the TA particles at 600 nm, we repeated the same experiment by siddiag quantities of

TA particle dispersion to DI water. The final absorbance at 600 nm which we attribute to the

interaction between collagen and TA particles was calculated usi®g.eq

Atorrected = ACol TA measured_A water TA A Col-wa (35)

33.Quartz Crystal Mi crogravi metry

A Quartz Crystal Microbalance with Dissipation Monitoring (Q&Nlis a highly sensitive
technique to understand adsorption processeiu.>® 4! It consists of a quartz crystal resonator
coated with a metal on each side that is used under an alternating potential, which induces
vibrationaloscillations on the crystal through the converse piezoelectric é@&M-D allows
continuous monitoring of the simultanedus cha
and t he ener B)yuridgias adsoption eveit®gqfiroge | at es t o Dt he ma
reveals information regarding the conformation and viscoelastic behavior of the adsorbed
species?3°42QCM-D was used to investigate the differences in the adsorption of TA particles on
collagen at pH 4 and pH 7 and support the ldggoal and ITC observations.

Measurements were performed using-&€nhse E4 platform (Biolin Scientific, Sweden)
operating at 25 °C with a peristaltic pump un@et ml/min continuous flow. Prior to the
experiments, the ATut goldcoated QCMD sensors (QSX 301) were successively sonicated for
10 min each in acetone;f®opanol and DI water followed by-Nd r y i hiagn dD qwpre
continuously recorded during the experiments at five overtones3( 5, 7, 9 and 11) in addition
to the fundamental frequency (5 MHz). DI water was flown through the measurement chamber

until a stable baseline was established. The QT®kperiments with collagen at pH 4 and pH 7
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were conducted in five stages: I. Initial baseline of water, Il. Injection of 0.1 mg/ml collagen
solution with adjusted pH in the chamber until saturation is reached, Ill. Rinsing with DI water,
IV. Injection of 0.5 mg/ml TA particle dispersion at pH 7iusaturation and V. Final rinsing step

with DI water to remove the loosely adsorbed species.

34 Results and Discussion
3. 4p.Hlependent RhEA|I Ogmplod x €0 |

Dynamic rheological experiments were conducted to observe the effect of collagen pH on
the viscoelastic behavior of G®IA complexes as a function of increased Col:TA molar ratio
(0.025, 0.033 and 0.040). Figugsl(ag) shows the frequency dependent behavior of T2ol
where collagen solutions at pH 4 and pH 7 were combined with TA particle dispersion at pH 7. To
isolate the contributions originating from TA patrticles alone, we performed similar experiments
with collagen in the absence of TApitl 4 and pH 7, with similar solid content. The elasBd\]
and viscous@ 9 moduli for all CotTA complexes displayed frequenaydependent behavior,
with G Nj G othroughout the entire frequency range {0QD rad/s). This validates the formation
of a sample spanning gsipe structurd4*Akin to our previous investigation, the elastic modulus
of Col-TA complexes increased due to the incorporation of TA particles into the collagen colloidal
system. The presence of different ramvalent interactions such ashdnding, hydrophobic
and/or ekctrostatic interactions are likely responsible for the reinforcement of collagen by TA
particles'® Additionally, the material property of TA particles contributed to the stiffening of the
Col-TA composite systert$*>46 In charged systems, such as our-TAl the extent of the
different noncovalent interactions was expected to be-dagendent and hence, affect the

mechanical reinforcement potential even at the same Col: TA ratio. Therefore, we chose to delve
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further into how the difference in collagen pH during mixing affects the elastic modulus

improvement offered by TA particles.
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Figure 3.1.Oscillatory frequencydependent behavior of elasti® Ngnd viscous®@ § moduli for
Col-TA systems at 25°C having Col:Tiolar ratio of (a) 0.025, (b) 0.033 and (c) 0.040 with
collagen at pH 4 and TA particle dispersion at pH 7 and Col:TA molar ratio of (d) 0.025, (e) 0.033

and (f) 0.040 with collagen at pH 7 and TA particle dispersion at pH 7.

The impact of TA particles (increasing the Col:TA mole ratio) on the enhancement of
mechanical properties of the €BA composite systems at different pH is shown in Fighige
He r & Npplps the difference between teNglues (at 1 rad/s for the GOA complex and
that of collagen without TA). For collagen only samples at both pH 4 and @HNg|lues change

marginally with the increase in collagen concentration. However, we observed significant increase
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in G Mjith the increase in collagen concentration in the presence of TA particles. For the Col (pH
4) A (pH 7) system, the relative increaseGridue to TA addition G Nincreased with the

Col : TA GNald.bOofor Q.@R5, 42.44 P for 0.033 and 53.66 Pa for 0.040). Increasing the
collagen concentration generated more entanglements within the structure with dense mesh
networks and addition of TA particles contributed to additional interactions providing ex
rigidity, which resulted in an increadenodulus’’*8 A similar increasing trend was observed for

the Col (pH 7) FA (pH 7) system. Interestingly, the magnitudex Mjas larger at each Col:TA

ratio for the Col (pH 4) FA (pH 7) complex compared to Col (pH 7)FA (pH 7). At the highest
Col:TA ratio of 0.040, thegG Nyr Col (pH 4) TA (pH 7) was nearly twice that for Col (pH 7)

TA (pH 7) (56.66 Pa versus 27.88 Pa). These differences demonstrate that TA particles offer strong
mechanical reinforcement to collagen at pH 4 compared to pH €/ hygothesize that the
variations in the nature and extent of interactions betweeiT &olvhen collagen is at different

pH (pH 4, pH 7), is likely responsible for the differenceitfgr Col-TA complexed? 5!

Col: TA=0.025 Col: TA=0.033 Col: TA=0.040
E (b)

AG'=42.44 Pa

(C) aG'=53.66 Pa

 (a)

AG’=27.88 Pa

AG’=21.03 Pa

~ . AG=1450Pa

AG’=5.80 Pa

0 Wi

I Col (pH 4) - TA (pH 7) [

ol (pH4)only [ Col (pH 7) - TA (pH 7) [ Col (pH 7) only

Figure 3.2.G I 1 rad/s for Col (pH 4) FA (pH 7), Col (pH 4) only, Col (pH 7) KA (pH 7) and

Col (pH 7) only for Col: TA mole ratios of (a) 0.025, (b) 0.033 and (c) 0.040 at 25°C.
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Around pH 7 the phenolic/hydroxyl groups of TA particles are partially negatively
charged->>20n the other hand, Nishiyane al.found that in bovine collagen all amines remain
in a protonated (positively charged) state at pH around@*4herefore, the protonated amine
groups of collagen (pH 4) can engage in electrostatic interactions with the partially ionized
hydroxyl groups present on the surface of TA particles (pH 7) (Fig8ag. Previous studies have
reported conjugation of negatively charged polyphenolic TA with biomaterials that possess
positively charged nitrogebased functional grgs such as antibiotics, chitosan, polyethylene
amine, proteins and many more via electrostatic interactfofisApart from that, the carboxylic
and hydroxyl groups of collagen can also participate 4imoHding with numerous neonized
hydroxyl groups present on TA particles. When collagen is at physiological pH, the carboxylic
groups dissociate giving rise to caxlylate ions (CO®), reducing the possibility of H#onding
and the protonated amine groups also decrease, disrupting the electrostaticoinserdeagure
3.3b)2%5" Additionally, the remaining pronated amine groups can be neutralized by @G@®s
of adjacent collagen molecules. Thus, for Col (pH ZA (pH 7), the extent of both electrostatic
interaction and Fbonding may be appreciably higher compared to Gdl'{p FA (pH 7) which
likely improve the mechanical reinforcement potential of TA particles for collagen at pH 4 rather

than at pH 7.
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Figure 3.3. Schematic illustration of possible electrostatic interactions aardling between

functional groups of collagen at (a) pH 4 and (b) pH 7 with TA particles at pH 7.

3. &hz2r modynamiA si notferCaoclt i on s

To validate our hypothesis regarding the-gdhtrolled differences in the extent of
electrostatic interaction and-bbnding for ColTA complexes, we utilized ITC to decipher their
nature and mechanism. | TC h eH)andentropiccondributians f y t
(® to the Gibbs f GeeH dqtehy gxractiorf of théhemntbdynagiic ( @
binding profile®®*®*T he si gn andGtnea gl nsi twhdeet hoefr go he iGnt er ac
< 0) or not. Whi IHe Ofisaindioative bfIspecifie inteérrhotetulanbondirp,
such as Fbonding, van der Waals forces, electrostatic interactions as well as covalent and ionic
bondi ng, f a v oSr>alp suggests cantriboitipns of (thep hydrophobic effect to the
binding mechanism’ Therefore, by measuring the relative enthalpic and entropic contributions in
Col-TA binding and prior knowledge of their structure, we tried to identify how changes in the

Col: TA ratio and collagen pH affected the binding.
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We began by titrating TA particle dispersion at pH 7 into theagjisted collagen solution
at different concentrations, either at pH 4 or pH 7 (Fi@uta). Since the binding thermodynamic
parameters are calculated with solvent interactions as a reference point in ITC, we first subtracted
the solventbased dilution heats (Figurdgib andB.3) from the measured heat values (Figures 4b
and B.4) using eq 1 to obtain the corrected interaction heats representing only ti&é Col
interactions (Figue 3.4c). The representative ITC raw thermograms of the titration of 0.413 mM
TA patrticle dispersion at pH 7 into 0.0036 mM collagen at pH 4 and the associated dilution
titrations are shown in Figu@4b. While collagen dilution exhibited negligible heat, dilution of
the TA particle dispersion demonstrated endothermic heat peaks. TA exhibits hydrophobic regions
due to the aromatic rings in its structure, which can cause it to form aggregates insiditre
syringe. On dilution, the disaggregation ohd TA particles is likely responsible for the
endothermic dilution profil€®6! Titration of the TA dispersion into collagen exhibited a similar
endothermic pathway; however, the heat peaks were lower in magnitude compared te the TA
solvent dilution peaks, suggesting that the-TAl interactions proceededia an exothermic
pathway and overcame the endothermic disintegration of TA agglomerates. This is further
evidenced when the collagen concentration was raised from 0.0036 to 0.0057 mM, where the Col
TA enthalpy peaks shifted from weakly endothermic to styoegbthermic (Figurdd.4a). We
performed similar analysis to obtain the corrected binding isotherms (FigdeandB.4) for
Col (pH 4)i TA (pH 7) and Col (pH 7) TA (pH 7) systems at three Col:TA ratios and fitted a
singlesite binding modei®%2to extract the thermodynamic binding parameteigures3.4d and

35).
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Figure 3.4. (a) Schematic of the ITC setup with collagen type 1 and TA patrticles as titrate and
titrant, respectively. Representative titration of TA particles at pH 7 into collagen at pH 4 with
final Col:TA ratio of 0.025 showing, (b) raw heat rate for steépe injection of TA particles in

collagen, TA particles in water (dilution) and water in collagen (dilution) as a function of time at

25°C. (c) Integrated heat from FBol titration (points) and ongite binding model fit (line) as a
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function of mole ratio (TA: Col).-TgE) EG)r @adt €
TA interactionsHere normalized enthalpy represents kJ/mol of TA particles. Error bars represent

standard errors obtained from model fitting.

All Col-TA interactions across three collagen concentrations were spontaneous, with
similar f &wo028ab 37Iki/mol) at both pH 4 and pH 7, FigilB&. The largely
unchangedyG is expected since the underlying structure of collagen and TA particles remained
the same anduggests a similar dominant binding mechanism under acidic and physiological
conditions®®*® Comparing the relative enthal piHH>and el
ITqy implying that the CelA interactions were purely enthakglyiven, most likely through
electrostatic interactions andbdnding®®®l n each case, the Ha®orabl e
was accompanied by unf av3<meabsingfrom the condfopmiatonalc o nt r
restrictions of the bound GdlA complex®’ Similar enthalpydriven binding has been previously
observed when different proteins, such as gelatin, bovine serum albumin, elastin and salivary
protein, interact with polyphenofé5:6871

| ) increased as the concentration of collagen increased at both pH 4 and pH 7 due to
possible binding sité% and hence, electrostatic interactions antbddding with the partially
ionized TA particlegFigure35) . Co mp aHi for€a (pH 4)i eTA (pHpr) and Col (pH 7)

TTA (pH 7) syst e m$wasapmeciabiy tager wheracollagerhvweas at apidic pH
than at physiological pH, at each Col: TA molar ratio. We also see in Bdutkat the saturation
TA:Col ratio, the raticat which CoiTA heat peaks during titration equal that of the dilution heat
peakswas greater for Col (pH 4)FA (pH 7) (TA: Col = 20- 25) compared t€ol (pH 7) FA

(pH 7) (TA: Col = 10- 15). Both of these results imply a greater extent of intermolecular

interactions in the form of electrostatic interactions anbdoHding as well as more available
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interaction sites that shifted the saturation to higher TA:Col ratio for Col (gHTA (pH 7)

compared to Col (pH @) TA (pH 7).6%:69

Col: TA=0.025 Col: TA=0.033 Col: TA = 0.040
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Figure 3.5.Ther mody nami cH, gr &mgoktGolelrA somfdlegpformation where a
TA particle dispersion (pH 7) was titrated into collagen solution at pH 4 and pH 7, respectively
giving final Col:TA mole ratios of 0.025, 0.033, 0.040. Here normalized enthalpy represents

kJ/mol of TA particles. Errdbars represent standard errors obtained from model fitting.

Although ITC cannot deconvolute the individual contributions of electrostatibsniding
or energy required to overcome endot Heaurmi ¢ TA
results provide definite evidence of stronger interactions of TA particles with collagen at pH 4 than
at pH 7. FigureB.6 demonstrates good qualitative correlation between our rheological and ITC
results as both the mechanical re Gifnar tlhmme
increased with Col:TA it&o and were larger under acidic pH. These results confirm our hypothesis
that the higher degree of electrostatic interaction arabtling is responsible for the larger
reinforcement of the rheological properties by TA particles for collagen at pH 4ttp&h?7.
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3.3 0TA Compl ex formation at different pH

To further probe the formation of complexes between collagen and TA particles at different
pH conditions, we performed turbidimetric analysis. The absorbance at 600 nm was chosen as the
measure of Cel'A complex formation since no absorption peak was efeskat this wavelength
for either collagen or TA. Figurg.6a presents the absorbance profiles for collagen at both pH 4
and pH 7 when TA particle suspension at pH 7 was gradually added to the system. In order to
account for the contribution in the absarba profile from only CoIl'A interaction, we subtracted
the individual absorbances for collagen and TA particles at each point. The increase in the
absorbance value due to the addition of TA particles implied the formation of electrostatic
interactions beteen the protonated amine species of collagen and negatively charged phenolic
hydroxyl groups of TA particle€ Previous studies postulate that the interacting components attain
charge neutrality at maximum turbidity’® The maximum turbidity for CeTA system with
collagen at pH 7 and pH 4 occurred at TA patrticle concentration of 0.07 mg/ml and 0.185 mg/ml,

respectively.

0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02

0.00 uuuuuuuuuuuuuuuuuuuuuuu
0.00 0.05 0.10 0.15 0.20 0.25

TA Concentration (mg/ml)

——Col (pH 4) - TA (pH 7) (b) TA particles pH 7 in
—e—Col (pH7)-TA(pH 7) Dl water ColpH4 ColpH7

B
) /

Absorbance at 600 nm

Figure 3.6.(a) Absorbance profile of the G&IA complex at 600 nm where TA particle dispersion
at pH 7 was combined gradually to collagen at pH 4 and pH 7, respectively. (b) Optical images of
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the samples taken 24 h after incorporation of 0.24 mg/ml TA particle dispersion at pH 7 into DI

water, collagen at pH 4 and collagen at pH 7.

At pH 7 the less protonated amine groups of collagen became neutralized by the partially
negatively charged functional groups of TA particles at lower TA concentration (0.07 mg/ml).
Whereas, positively charged amine groups of collagen solution at pH dhumhtinteracting
electrostatically with negatively charged TA patrticles, shifting the neutralization point to higher
TA concentrations. Although initially Col (pH 7)FA (pH 7) showed higher absorbance than Col
(pH 4) A (pH 7), after 015 mg/ml the absorbance profile for the former system started
declining. The decrease in absorbance of Col (pH A (pH 7) suggests the GJIA complex
precipitated out of solution with almost all interaction sites saturated. Figure 3.6b. shows the
optical images of CelTA complexes captured after 24 hours of turbidimetric experimentation. We
observe that TA particles mixed with collagen at pH 7 resulted in phase separation forming a
precipitate. A stable solution was observed for Col (pH A (pH 7), which showed that the

complex retained further capacity to associate with more TA parffcies.
Extent of Electrostatic Interaction in Col-TA Complexes at different pH

To investigate how the pHependent differences in the electrostatic interactions
manifested in the macroscale rheological properties of theT@otomplex, we conducted
rheological experiments by adding NaCl salt to -TAl complexes at both pH conditions.
Monovalent salts promoted charge screening of counterions and shielded the electrostatic
interaction between oppositely charges entities present in the sygterRheological
characterization has been previously implemented to find the impaalt in deactivating the

electrostatic interaction’s:"®For Col (pH 4) FA (pH 7) with a Col: TA mole ratio of 0.040, we
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observed that th€& Mt 1 rad/s decreased to half of its original value due to the addition of NaCl
salt (Figure 3.7). On the other hand, there was only a slight reductibiijnthe CotTA system

at physiological pH. The profound declineGrifr Col (pH 4) A (pH 7) confirms the presence

of a higher degree of electrostatic interaction between oppositely charged ions where the addition
of salt triggered the dissociation, lowering the overall modulus of theT&atomplex/®8
Contrarily, fewer reglual charges on collagen commenced a minor chan@ddppH 7. Neziet

al. investigated the interaction between wateluble collagen and poly(acrylic acidja
fluorescent spectroscopy and found that the presence of NaCl significantly changed the emission
intensity at pH 3 in comparison to pH 7 and attributed this to the formation of strong electrostatic
interactions between the oppositely charged entities @migic conditions$! Therefore, both the
turbidimetric and rheological experiments under the influence of salt confirmed the predominance

of electrostatic interactions in G®IA complexes when acidic collagen was combined with TA

particles which, in turnmproved the rheological properties of the @@ composite.

Il Col (pH4) -TA(PHT) Il Col (pH7) - TA (pH 7) 3
70 S Col (pH 4) - TA (pH 7) — NaCl [ Col (pH 7) - TA (pH 7) — NaCl ]

G' at 1 rad/s (Pa)
N (2 B (3.
o (=] o o

-
o

(=]

Figure 3.7.G Njt 1 rad/s for CelTA complex with mole ratio of 0.040, with and without the

addition of NaCl at two different pH conditions (pH 4, pH 7) at 25°C.
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at pH 7 was introduced, both the hydrated col
adsorption with a decrease 1 n-TtAha nftreegcuwdn myn,s .
in the final stage rel easleads tared | ®loiseil tyed oa ngs

increase for both cases.
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Figure3.8.Changes i n nor malfi) z ed:dirigestpges of cofjagemrimic f t (@
acid adsorption on a geltbated QCMD sensor for (affol (pH 4) FA (pH 7) and (b) Col (pH

7)  FA (pH 7). (c) Acoustic ratio (gDs/ f§) as a function of gfsto differentiate the pH

dependent structural changes of collatgmic acidadlayer. (Inset) Sketch of adsorbed -Tél

adlayer with a compact and rigid structure when collagen is at pH 4 compared to a flexible and

disordered organization at pH 7.
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compTlee.results are further exacerbatddnwet bfi

this strong association was c¢ToA fsiyrsneedm beyx pl elrCG «

exothermic bindingGeaVarets, whawi MHA pbargérc!| @s

coll agen at pH 4 than at pH 7. We believe t

bonding are responsible for enhaneceTeAd ceomiph aelxpy

at

h
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|l eading to increased electrostatic interactio
and the presence of undissociated carboxylic
col |lagménTA particles. Results fDoanl staur oupp onrett
hypot hesis together with providing informatio

Our findings agree with previous studies on pH responsiveness biomaterials that have
demonstrated changes in the rheological properties due to pH varfdfidResr instance, previous
work on nanocelluloseanochitin systems by Facchine and coworkers showed that the gel
properties of these materials were strongly influenced by changes # irhilarly, our
thermodynamic analysis of an enthafiiyven binding mechanism is consistent with findings in
other system8-®¢71 The inference of Ahmdian and colleagues that the interactions between
gelatin and tannic acid were enhanced at acidic pH by gelatin's protonated amine groups interacting
with TA's negatively charged hydroxyl/phenolic groups, as well as hydrogen bonding resonates
well with our hypothesis’ While these results provide credence to our findings, the unique
features of our work lie in its comprehensiveness, and relevance of our materials of interest. Both
collagen and TA particles have desirable therapeutic and biomedicalesitiMihich when
combined could provide synergistic results. To this end, we not only evaluated the rheological

behavior of our gels but related it to the underlying mechanism as well to state of the complexes
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at the different pHOverall, the physical insights obtained on-Tdél interactions have promising
implications for developing more effective and functional biomedical materials. The ability to
modulate the strength of interactions by adjusting the pH can be utilized to aipeowmechanical
properties of scaffolds, critical in promoting tissue regeneration and wound healing as well as to
release drug in controlled manner in response to changes in pH. We envision future studies can
utilize the understandgnof the pHdependent interaction behavior of collagen and TA patrticles
from this study to advance biobased constructs for various applications.
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4.1 Abstract

This study elucidates the intricate interactions between ahdimocrystals (ChNC) and
surfactants of same hydrophobic tailifCbut different head groups types (anionic, cationic,
nonionic): sodium dodecyl sulfate (SDS), dodecyltrimethylammonium bromide (DTAB), and
polyoxyethylene(23)lauryl ether (B1§5). Isothermal Titration Calorimetry (ITC) and rheology
are used to study theomplex ChNGsurfactant interactions in agueous media, affected by
adsorption, selassembly and micellization. The ITC results demonstrate that the surfactant head
group significantly inflences the dynamics and nature of the involved phenomena. Cationic
DTAB's reveal minimal interaction with ChNC, ndaonic Brij-25's interact moderately at low
concentrations driven by hydrophobic effects while SDS's interacts strongly and show complex
interaction patterns that fall across four distinct regimes with SDS addition. We attribute such
behavior to initiate through electrostatic attraction and terminate in surfactant micelle formation
on ChNC surfaces. ITC also elucidates the impact of ChNC caoatienton key parameters
including critical aggregation concentration (CAC) and saturation concentration (C2). Dynamic
rheological analysis indicates the molecular interactions translate tlinean variations in the
elastic modulus@ Njipon SDS addition mirroring that observed in ITC experiments. Such a direct
correlation between molecular interactions and macroscopic rheological properties provides

insights to aid in the creation of nanocomposites with tailored properties.
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4. 12ntroduction

Chitin, primarily found in the exoskeletons of crustacéahe cell walls of fundi and the
beaks of cephalopotjsrepresents an abundant and renewable biopolymer. Chitin nanocrystals
(ChNC), derived from this polysaccharide, are gaining prominence due to their unique structural
features, which include a high degree of crystallinity and a large surfac&®a@édNCs are
generally isolated to yield diverse nanostructures from their natural sources following a process
that includes chitin deacetylation damydrolysis® This transformation significantly enhances
ChNC mechanical strength and chemical reactivity, making them invaluable for edtieg
applicationd. ChNC integration into diverse fields such as biomegjicaharmaceuticé)
agricultue®, food® and personal care produttss driven by their structural superiority and
advantageous properties such as biocompatibility, biodegradability, minimal toxicity, and inherent
antibacterial featuresFor instance, ChNCs have been employed in drug dglsyeatems, where
their nanoscale dimensions and surface chemistry facilitate controlled and efficient release
mechanisms for therapeutic agetits’

Surfactants serve as crucial modifiers of physical and chemical attributes of polyelectrolyte
systems. These amphiphilic molecules can influence polyelectrolyte dynamics through altering
surface tension, enabling emulsion stability, or inducing structhiaiges**® The interactions
between surfactants and polyelectrolytesticularly sensitive to the charge of the surfactant head
groups, can drastically affect the rheology, morphology, and electrostatic characteristics of the
system'%18 Ranjbar et at® found that incorporating ionic surfactants like sodium dodecyl sulfate
(SDS) and cetyltrimethylammonium bromide (CTAB), into cellulose nanocrystal suspensions
leads to significant changes in rheology. Specifically, the addition of these surfactantsth#ere

viscosity and gelation characteristics of the suspensiohs phenomenon has also been
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extensively explored in polyelectrolyte systems, where the surfactant concentration was found to
be a critical factor in modulating the viscoelastic behavior of the resulting compfeXes

Deciphering the binding dynamics between polyelectrolytes and surfactants is critical for
understanding the resultant modifications in bulk properties. This inquiry, however, presents
significant complexity, influenced by a myriad of factors including rholpgy, concentration,
charge of the interacting molecules, and specific environmental conditions like pH and ionic
strength?¥2® |sothermal Titration Calorimetry (ITC) emerges as a powerful technique for a
guantitative analysis of these interactions,atd@ of accurately measuring the heat exchange
during binding event¥’ ITC provides direct insight into the thermodynamic principles governing
surfactanipolyelectrolyte interactions, particularly in clarifying the roles of enthalpic and entropic
contributions that propel these associations. Additionally, ITC facilitatedetieemination of key
parameters essential to understanding surfapialgelectrolyte binding, including the critical
aggregation concentration (CAC), critical micelle concentratioM@y; and saturation
concentration (€).%8 The precision of ITC surpasses traditional analytical techniques, enriching
our comprehension of these complex systems with detailed quantitativé® dgtam and
colleagues extensively applied the ITC technique across several studies to unravel the interactions
between various polymers (including poly(ethylene glycol), poly(propylene glycol), poly(acrylic
acid)) and diverse surfactartfs’®*°Beyond polymers, the technique was also employed to explore
the interations between crystalline nanocellulose and surfactdifsThese investigations
highlight ITC's broad applicability in elucidating the complex dynamics involved.

This study addresses the gaps in understanding how chitin nanocrystals (ChNC) interact
with surfactants of varying head group charges, with a particular focus on the complex interplay

governing their associations, which are nonintuitive and follow higblylinear relationships.
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Through the use of ITC, we delve into the interactions of cationic ChNC with a suite of surfactants
featuring a hydrophobic @2 tail: anionic sodium dodecyl sulfate (SDS), cationic
dodecyltrimethylammonium bromide (DTAB), and ni@mic polyoxyethylene(23wuryl ether
(Brij-35). This allows for a standardized comparison to understand the influence of surfactant head
group charge on ChNC interactions. Our research not only explores the binding mechanisms
dictated by electrostatic and hydrophobic forces Hsb @&xamines how these interactions
influence the rheological properties of Chi¥@sed systems. We hypothesize that the charge of
surfactant head groups influences the interactions between chitin nanocrystals (ChNC) and
surfactants. These interactions wie reflected not only at the molecular level but at the
macroscopic level. And that such effects observed at different length scales will be correlated.
Such insights are crucial for the development of formulations and materials with tailored
propertiesfollowing the effects of adsorption dynamics and their implications on the rheology of
complex suspensions. This advancement in knowledge is expected to have profound implications
for creating innovative materials, enabling precise control over nanogcafeerties for
applications in environmental engineering, biomedicine, and material science.

43Mat erials and Met hods

43. Mat eri al s

Fresh crabsMetacarcinus magistgrfor preparing chitin nanocrystals were obtained from

| ocal mar ket i n Vancouver harbor, Ca:88%)a . HCI
acetic acid (glacial, 099. jC);0SGNaMwWFR888D decy |
g/ mol , 099. 0%) , sodecyl tri mes{ChyuNEHpBo,Mwa m br o
308. 314 g/ mol , 098. 0 %) and pol yoxy3,thyl en

CH3(CH2)11(OCH.CH2)nOH, Mw = 1198 g/mol) were procured from Sigikrich.
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43. Puri fication of c¢chitin and Preparation of C
The crab shells underwent a process involving immersion in 1 M HCl and 1 M NaOH alternately
for 24 h, repeated for at least three cycles. The resulting solid residues were bleached with a 0.5
wt.% NaClQ solution (pH 5.0, containing acetic acid) at 70°C for 2 h. Following a thorough rinse
with distilled water, the flaké i k-ehitinUvas further processed into small flakes using a
household blender. These purified chitin flakes were stored at 4°C. Gles sfachitin purification
from crab shells are illtisated in FigureC.1.

Chitin nanocrystals (ChNC) were smatth®edi zed
Il n brief, pure chitin was treated with a 33
partially deacetylated chitin. The deacetyl at
pH foll owed by exposure ton3d. MAHClkr (€60 mmi et i @
the mixture was rapidly quencheQ@ vbayt eri.l uTthieo nr e

of excess acid solution was achieved through

ti mes) , awms ¢re sherrdy underw@nwatdéeral psesniaglht
medium reached a pH of approximately 3.0. A ti
Co., Danbury, CT, USA) was then emplngysée nf or ¢
ands 2ff cycles for a total duration of 15 min
the ChNC suspension were eliminated through

resulting ChNC suspensioh wae.stored at 4AC f
4. ThNC degree of deacetyl ation (DDA)

The degree of deacetyl ation (DDA) of ChNC w
following established mdhhedolsogy wirderhya rgrcioa

technique for guantifying acidic functional
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characteri zing mul t iAvacoundried @hAC samppelweighmmgGlhgar i d e
was suspended in 60 mL of a 0.05 mol/L HCI solution and then subjected to titration using 0.05
mol /L NaOH at a titration rate of 50 eL/ min w
conductivity was momnored using an Orion Star A212 Conductivity Meter (Thermo Scientific).

The conductivityNaOH concentration curve shown in Fig@@ was constructed using recorded
conductivity values at various volumes of NaOH solution, illustrating fluctuations in conductivity
attributed to the presence of hydrogen and hydroxyl ions, the most conductive ions. The initial
steep decline (section A,dtireC.2) corresponds to the neutralization of the hydrogen ions from

the 0.05 mol/L of HCI added. The bend observed at the bottom of this decline rises from the initial
dissociation of the protonated amino acid groups within the chitin sample. The sriisgmnuard

slope (section B, Figur€.2) corresponds to the neutralization of the protonated amino groups.
Following the addition of more NaOH volume into the system, another deviation is noted as the

final branch (section C, Figui@.2) begins to rise, indicating an increase in conductdity e t o

t he sur pl &8 hileterseetiorapdintseofithe three branches determine the equivalence
point, where the difference between two inflection points signifies the volume of NaOH needed to
neutralize themino groups present in the chitin sample. In Figti& vi andvz are two inflection

points and the following equation was used to calculate the DDA.

A
DDA=1—F"7 (4.1)

= T o o "H

whereMa and Mp refer to the molecular weight of acetylated (0.203 kg/mol) and deacetylated
(0.161 kg/mol) units, respectivelyn is the weight of the sample armxis NaOH molar

concentration.
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43. 4 ChNC morphol ogy

Transmi ssion el ectron mi croscopy ( TEM, H7
acceleration voltage of 120 KkYV, was used to
following the methd® 8etrabedgubpe@so caNCadl. 01
mi xed with 2% ur ammayslt aoccrettoate ,c ovyaperdrorpi d ( Cu 2
seconds, and any excess |liquid was removed by
the I ength and wi dtyhcdiusttn inlgutaitoh eafstCRRNO nan
43. BhNC chemical structure

The chemical characteristics of ChNC extracted from crab shells were examined using
FourierTransform Infrared (FTIR) Spectroscopy. A suspension of ChNC wascdsiponto a
NaCl salt plate from a Real Crystal IR sample card and allowed to dgoat temperature
overnight. The sample was analyzed the following day using a Nicolet 6700 FTIR spectrometer
over a wavenumber range of 4000 to 500 cm T.
436l nt eraction dynamics between ChNC and surf a

The investigation into the interaction dynamics between chitin nanocrystals (ChNC) and
surfactants with given head groups was conducted using an Isothermal Titration Calorimeter
(NanoITC) provided by TA Instruments, USA. In this study, surfactants, natGélynM SDS,
100 mM DTAB, and 10 mM Bri5, were titrated into ChNC suspensions at pH 3 (with
concentrations of 0.1 wt%, 0.2 wt%, and 0.3 w
rpm. To account for dilution effects, additional experimentewerformed involving the titration
of surfactants into DI water and the reverse titration of DI water against various concentrations of
ChNC suspensions at pH 3. Al experiments wer

reference cell. The tént and titrate concentrations were carefully adjusted to achieve -ChNC
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surfactant binding saturation, while minimizing the sigimahoise ratio. Each experiment
comprised 50 consecutive injections of 1 e,
thermodynamic equilibrium before each injection. To identify the cafitiaggregation
concentration (CAC) in the ChNEDS system, another set of experiments were performed where
20 mM SDS was incrementally titrated into ChNC suspensions of 0.1 wt%, 0.2 wt%, and 0.3 wt%
at pH 3 wusing 20 cons e calodfiitratiens Was performed in wipidate o n s .
to ensure reliability and consistency.
4. Elctrostatic charges

The zeta potential of ChN€urfactant complexes was determined using a Zetasizer Nano
ZSP (Malvern Instruments). For correlating with isothermal titration calorimetry (ITC) data, 0.3
wt% ChNC solutions were progressively enriched with SDS, with concemisagpanning 0.1 to
15 mM. Measurements were conducted following-mib equilibration period posturfactant
addition for each concentration. To align with rheological analysis, zeta potential assessments of
the final ChNGsurfactantg complexes prepared fheological experiments were performed after
a 100fold dilution.
4. Rh&ol ogy

ChNG-surfactant complexes for rheological characterization were formed by adjusting the
ChNC concentration to 0.5 wt% with varying surfactant concentrations. These complexes were
thoroughly mixed overnight to ensure homogeneous dispersion. Rheologicareneasts were
carried out at 25 °C using the Discovery Hybrid Rheorm@tieom TA Instruments, New Castle,
DE. A 40mm sandblasted parallel plate geometry with a 500 um gap was employed to prevent
wall slip. Prior to the experiments, a dynamic-phear a0.1 rad/s for 10 seconds, followed by a

2-min equilibration, was conducted to ensure sample consistency. The rheological characterization
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involved an oscillatory frequency sweep ranging from 0.1 to 10 rad/s at a constant 0.5% strain
level to ensure measurements within the linear viscoelastic regime. Each experiment was
performed in triplicate.

4 Rlesults and Discussions

44 Clhitin Nanocrystals (ChNC)

Figure 4.1a presents a transmission electron microscopy (THEMpe showcasing the
needlelike structure of chitin nanocrystals (ChNCs). [Note that ChNCs are part of the nanochitin
family which includes both ChNC and chitin nanofibers.] Figudd and4.1c illustrate the size
distribution of these ChNCs, revealing an average length of 205.7 £ 65.2 nm and an average width
of 9.7 £ 3.3 nm. The degree of deacetylation (DDA) was assessed through conductometric analysis,
with inflection points/sa nwlidentified at 1 ml and 1.94 ml, respectively, as shown in FiGu2e

Utilizing Equation4.1, the DDA for ChNC samples was calculated to be 9.35%.

(b) ()

/ B |

100 200 300 400 5 10 15 20
Length (nm) Width (nm)

Count

Figure 4.1.(a) TEM micrographs displaying Chitin Nanocrystal (ChNC) particles sourced from

crab shells. (b) Length and (c) width distributions of ChNC.

The charge property of the partially deacet
zeta potenti al, which was approximately +40.1

analyzed using FTI R s p €8 {The ocharactepsiic,stre@hsng lsahdsein i n
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OHandNH were observed at 3440 cm i and 3270 cm
studies on chitin from crabs and shrimps, peaks were observed for the vibration modes of amide |
(1656 and 1622 cm 1), amide | fThe $o6rc ofchese’ ) , a
ChNC was i dadhitintas évidended lay she amide | band, which is due to two types of
hydrogen bonding formed by the amide groups in the crystalline regions of molecular chains
aligned in an antiparallel fashihThe CH bends i n the symmetrical
are reflected by the vibrati e®@dnd Gbsgetchilgt i on |
modes are detected at 10 79FTtiRanilysisderdonstréte?ihatc m 71 ,
the ChNC extracted from crab shells possessed the main chemical fingerprints characteristic of
chitin, as documented in previous reports.
44, Zhermodynami-8sr bpactCaNC i nteractions

The interactions between ChNC and three distinct surfactants, each featuring the same
hydrocarbon chain length but differing head groups (anionic SDS, cationic DTAB, afiomon
Brij-35), were explored using the isothermal titration calorimetry (ITG)rtigeie. In Figuret.2a,
a schematic of the adiabatic chamber comprising a sample cell containing ChNC and a reference
cell with DI water at pH 3 is presented. The surfactants at pH 3 were incrementally titrated into
the sample cell, and the resulting helanges for each injection were recorded and plotted in a
thermogram. Figurd.2b displays the raw thermograms for the titration of 200 mM SDS into 0.3
wt% ChNC and DI water at pH 3 while Figu@4, FigureC.5, and FigureC.6 depict the
thermograms for titration of all three surfactants into ChNC suspensions of varying concentrations
(0.1 wt%, 0.2 wt%, 0.3 wt%) and into DI water. These heat peaks were integrated to generate the
tot al ent hal py ¢ han gogenepas afuntitomn o surfattantsconcehtiaton, a n t

as illustrated in Figuré.2c. The curve derived from surfactant titration into DI water is the dilution
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heat curve shown in black in Figu#c. The corrected change in enthalpy per mole of surfactant

( xbiecteq, reflecting solely the interactions between ChNC and the surfactant, was calculated by
deducting the enthalpy change associated with surfactant dilution from the enthalpy change
derived from the titration curve, as shown in Figh&.*? The dilutionheat from adding DI water

to various ChNCconcentrations was excluded from consideration, as these heat change values

were found to be negligible, as illustrated in FigGre.

(@)

Injection syringe
(Surfactants at pH 3)

—  Adiabatic shield

I:: > Sample cell
(ChNC at pH 3)
» Reference cell
(DI water at pH 3) 0 50 100 150 200 250
Time (min)

Corrected Heat Rate (uJ/s)

AHgpserveq (Kd/mol SDS)
AHorrected (KJ/mol SDS)

—a— Water ]
—4— 0.3 wt% ChNC

L 1 1 4 1 1
0 5 10 15 0 5 10 15

SDS Concentration (mM)

SDS concentration (mM)

Figure 4.2 (a) Schematic representation of the Isothermal Titration Calorimetry (ITC) setup
having chitin nanocrystal (ChNC) particle dispersion at pH 3 as titrate and surfactants (SDS,
DTAB, and Brif35) at pH 3 as titrants, respectively. Representative titratidk0O0 mM SDS

solution at pH 3 into a 0.3 wt% ChNC particle dispersion and DI water at pH 3, respectively,
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revealing (b) raw heat rate as a function of time and (c) integrated heat profile at 25 °C. (d)

Corrected integrated heat profile for ChHMBDS interaction.

44211 nt eraction betweenWEhNCrahdeaambnect BBS
associated with the dilution of just the surtf
water is initially characterized by an endot/
(Fid2ce bl ack symbol). This endotherm reaches
to decline, continuously decreasing2apethe c
critical micelle concentration (CMC), identified as the inflection point in the élf¥eis
determined to be 6.6 mM in this case at pH 3, consistent with findings reported in prior.5fudies
The titrant was in the micellar form given that the SDS concentration in the syringe (100 mM) was
above the critical micelle concentration (CMC) of SDS at pH 3 (6.6 mM). Upon titration into the
sample cell containing DI water, the micelles initiate digg@m, resulting in an endothermic heat
change. However, when SDS concentration surpasses the CMC inside the sample cell, heat
changes only occuzd due to micellar dilutiofr#

Upon titrating 100 mM of SRS (gteeChBgmbuobpen
exot her mic peak emerged at the | owest SDS ¢
endot hermic heat change. This pattern has pre
and chitosan/ hydrcdphWstdmiad #iyt onsocadni fdeemls hageat e
interaction with distinct exothermic and end:
compl ext dgpasri nteractiom MmanowerndISdISslanddt rgartr &9

di stinct phases characterized by the correct e
bet weermn@hMNMOS, plottedaanst haiphi mheycprekets)po

val ues presented oaxitsh.e Tshee ofndalalrowi(mg gshd gt iyon
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of the interactions and hypothesized mechani
il lustrations to enhance understanding.
RegioFn g3 ereveal s an exothermic heat chang:e
system. At pH 3, chitin nanoczgtsd apet exthii &l t o
0.44*%W)initial excess exothermic enthalpy c¢h;
region |, which we attribute to a strong assof¢
el ectrostatic forces’’b’éThg ehectdrostagi mechaat
exchange reakydmoeop lwihleire, tmegati vely charged s
to the positively charged amino groups, l eadi
hemi micelles on the EhRCT surface (Figure 4.3,
Regi olpdn neutralization of the oppositely
anionic SDS, a notable shift from exothermic
transition point is identified as ncgritthiec alo waegs
concentration at which aggr.%e ghftcehsa nsgtea ritn fzoert nai
values from positive to negative was also obs
the detected endothermic peak. Such endot herm
have been documemtiemv adlnvipmrg oap poeessietagicy f abbanagée
compli@x®8signifying the initiation of hydrophol
pair their hydrophobic tails with other surfa
facing the*&dtRwrmisn g htatsies phase, the surfactan
driven by the hydrophobic interactions of the

pl ateau region following the endot hdrenciud atrr a
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assocd*a@3hien rearrangement ai ms t o mi ni mi ze t

i nteractions between the SDS tails and water

&

Electrostatic ~ S[|

interaction Free SDS Micellization

- 20

o

L [=]
o
Zeta Potential (mV)

AH o rected (KJ/mol SDS)

3 -20
/ ~ia ¢
.\

1
1
1
1
1 11

5 10
SDS concentration (mM)

Hydrophobic interaction+

Rearrangement of Surfactants Admicelle formation ~ ChNC induced bridging

Figure 4.3 Differential enthalpy change per mole of SDS (primary axis) and zeta potential
(secondary axis) with increasing concentrations of SDS, depicting the binding mechanisms and
various regimes of SDEhNC interactions. Note: 0.3 wt% ChNC particle dispersias used in

these experiments.

Regi onAfltlelrentdloe her mi c transition, a progr e

di scerni bl e wi t h additional SDS i ncorporat.
concentrations. This exothermic pattern is co
namel yi,venleyyad¢harged crystalline nanocell ul ose

cetyltrimethyl ammofh/i uet hbyrlomi der fyGhThAdB)ige nma @& e c
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trimethyl ammoni dhwi bhominkce e@STAB) .SDS additio
concentration near CEBNNE tesb aancttatass munadl etahtei on
surfactant micelle formation 48n TTHdse msuUcéhl
el ectrostatically attalddiegnitbi CANClLytenmadc ad:
culminating in thel®*Thematitachméntcomp!| &DSs adn
facilitates electrostatic |inks with adjacent
region | #3Thoifs Fpirgoucreess sesémbltantposlypgmems wher
surfactant addition causes admicelle growt h,
mi cell es, forming?28Sigmielgaartliyo,n icno nopul re xsetesu. d ye,s t h
encourages association with neighboridagk@hNC
structure of ChNC, unlike flexible polymers,
bridging connections, facilldx afta’AgastsiDdgmh.€h N@ ca
in zeta potential, indicating a decrease in tt
peak, suggesting strong interaction between
positively charged ChNC.

Regi oAt ItVhi s stage, the net enthalpy change

system reaches zero, indicating a cessation o
Cz°%mar ks the saturation concentration, beyond
SDS take place, as all potential binding sites:s

addition of SDS results i norten,e tfloa madadtonc lodn g e
the raw heat plot of Figure 4.2c can be attrick

reflecting the patte¥®ns noted in the dilution
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Effect of ChNC co8D8&nit niaeUipaont igoan € M@ an und

of the interaction dynamics between ChNC and
extended our i nvestigation on the effects of
dynamics..adFishowe ades i ntegrated heat profil e

suspensions at varying concentrations (0.1 wt
dilution cudvei splFaysurtehel corresponding corre
SDS florCeMWC concentration. Despite observing
ChNC <concentrations, variations i n ChNC <con
concentration at which the transitien frredmraxc
to as the critical aggregation cddnpcenhtratdohf
pinpoint CAC values due to the transition oc
address this, furtherwiddxhp ear irneednutcse dweS S ccoonndcuec
across all ChNC concentration | evemM.,, EG8agruyrieng
di splays the raw thermograms for these titrat
i n F45 uar)e.

The determined CAC values for ChNC concentr
were found to be 0.23, 0.57, and 0.7 mM, with
3.8, 9,4abhdkJ/ mol , respectivel y. Tth i ksi g hnecrr e@hms N
concentrations provide more positively chargec
Further more, the enthal pydeplkrandgeas Paggestn, a wt

ChNC concentrati ons einohnasn c el eealdeicntgr otsot aat ihci gihnetr
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—a— Water j
—e— 0.1 wt% ChNC
—e— 0.2 wt% ChNC

AHgpserveq (kd/mol SDS)

31 —v—0.3 W% ChNC ]
0 5 10 15 0 5 10 15 200.0 0.5 1.0 15 2.0
SDS Concentration (mM) DTAB concentration (mM) Brij-35 Concentration (mM)
2H(d) ' ‘ 1 2(e) ‘ ' ' Py ‘ ‘
@ 1} 1
w
E 0 L Sttdsnmnoanmanano s gl 5
: Al .
: 2 12F ]
T —e— 0.1 wit% ChNC
<. {3} {3 —e— 0.2 Wt% ChNC ]
—a— 0.3 wt% ChNC
o 5 10 1540 5 10 15 20'00 05 1.0 15 20
SDS concentration (mM) DTAB concentration (mM) Brij-35 Concentration (mM)
Figure 4edt integration profiles for surfacta
with correct rChnNsC fionrt escuprcfiCabesteasnvte fa heat prof il e

SDS, DTAB, and nonionic p3ddl)y,egryeestppy ¥y enensar Da
ChNC di spersions at 0.1, 0. 2 ,f )an@o rOr.e3c twetd%, h eaal 1
hi ghlighting the interaction35,0fr eCshpNeCc twivted y$

di spersions owt %,. 1at OpH ,3.and 0. 3

I't is important to note that determining th
a challenge with many techniques, due to the
micelle concéhsopaheomal(CMC)ration calorimetry
met hod to accurately identify the CAC values
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Figur€@alMdobimetric titrati-6hNCusyesemos cdieni ¢ :

concentration (CAC) for ChNC suspensions at (

Upon achieving the critical aggregation concentration (CAC), the heat profiles across all
ChNC concentrations moves towards an endothermic regime due to hydrophobic interactions. This
phase is succeeded by an exothermic regime, wherein an increase irc@idg¢@tration incurs a
rise in the magnitude of exothermic heat changets,t r i but abl e to the great
nanocryst al s albng with angetpvateog ia theé sataration concentration value, C
Specifically, the @ values for ChIC concentrations of 0.1 wt%, 0.2 wt%, and 0.3 wt% are

identified as 8.1, 9.1, and 10.5 mM SDS, respectively. This pattern echoes findings drora le.t
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who examined the interplay between hydrophobi
that as SDS concentration increases, the avai
saturation concenXWhdan otnhd os ati wrhaediiso/m leaacerihceedn, t
ent hal py change curves |l evel off, signaling t
44, 2. 2t eraction between ChWN& iamwe staitg atnii cn DiTrAtB
bet ween cationic chitin nanocryshradmi de h(NZT)ABR)
a surfactant bearing the same charge, i's also
incremental addition of 100 mM DTAB to ChNC s

0.2 wt %, and 0.3 wt %)i,meanlto nigmnsvi adlev ian gc oDt A Bo | a dedxi

(DI') water, a#dé&b.shDlwen dcontFriglurexperi ment r eve:
to a certain DTAB concentration, attributed t
identi é€iediascah micelle concentration (CMC)

exhibits reduced endothermi cTlhiehra@MOrv avli ad dlui
previoust!t ffthedicnagsori metric curves for ChNC st
endothermic pattern to the DTAB dilution cur ve
increasing ChNC concentrations, indicating a

To discern the specifi-DTABtihmat epryacthiaoge,s tdh

was subtracted from the raw data, 4de)i |l Thebe:
adjusted results reveal only marginal heat c¢h
bet ween ChNC and DTAB across all examined con
components, ionic bondiagtiesnsobetwasesnbDd@ABI at

predominantly driven Ngveaytdhepbosd) ctleéfelbectr

|l i ke charges on both the surfactant and ChNC |
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to mini mal i nteraction. This behavior align
interactions in systems with polyelectrolytes
negligible i nteraction obserrweschcbbawbdess ani c
carrageenan’ " 8hd alginate.

44, 2.8t eraction between ChNC and n@uwuri omtiwd y o
al so delved intontteseffactanno$ oonChNC, with
pol yoxyethyl en35)s.urWeacetnapnlto y(eBdr igg si mi | ar met h
with SDS and DTAB, -BBtvbobfgdethegnad®d8ymMn@eifor t
However, it is worth noting that the deter min
Br-8p via isother mal titration calorimetry (1T
CMC of thi(sCMQIreMpocOt aenhdering accurate enthalop
Given that t he -3c5 nscuernptarsasteiso ni tosf BMG jf rom t he o
related to demicellizati dHJpioisintodgreatvierdg i @h N ¢
mi xture, the gener al profile d4dctheematmatcom:

While the introduction of 0.1 wt % ChNC does n

concentrations | ead to an endothermic shift i

The specific thermal effects stemm3hgwdmrem
identified by eliminating the dilution effect
t her mal values obtained throughd4ft.hisSs pmercteiss
previously, a minor ther mal change was obseryv

pronounced endothermic heat change was noted |
magnitude of this shitfhte essmaleatt ifMrid isiome ntdaort cheem ¢

transition is attributed to the hydrophobic i
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3%4 A% concentration |imit was reached where tt

further change in enthalpy and denoting the s

points for ChNC suspensions atriBj52c owhe&emandaDi

0.5 mM and 0.7 mM, respectively.

44, Bmpact of SDS on the Rheol ogical Properties
The discussions surrounding isother mal tit

among the surfactants studied, the anionic

positively charged ChNCs comparedi 6oi thguchact

Br-85. This is demonstrated through the obser
variations in heat changes at di fferent conc
interaction mechani sms. iGidv einnttehreacpgadtoerntpiaatlt e

macr oscopi c pr oBdrSt iceosmpd fe xt, haveClpMN@ceeded t o ¢
behavior across a spectrdbmdpmpf psEPSeabsceéeher anf
on the el aGNji @ndnoldauGh)jNjnogd udl .uss Wt % ChNC suspen

range of SDS concentrations from O to 20 mM.

135



T
(a) (b)
° W&———ﬁ% etk —k—k— k&N
At A A AN A A [
10° 1 i
©
o W
= 10" 3 E
O]
Q)
10? —&—G', ChNC only
——G", ChNC only
—A—G', 0.1mM
3 ——G", 0.1 mM —%—G', 1 mM
190 --G,05mM {1 F —8-G,2mM 7
—»—G',0.8mM —€G. 4mM
*—G', 1 mM ——G", 4mM
104 L I L i ‘
102 v . - . . :
(c) (d)
10" J— Al 4 = = eI = == = == = = == = !
> 2 ithe . adn. e b
m‘—‘——‘—‘—“‘_‘_‘_‘] e —% o * k—h—%
— ¢ ———¢—<¢—¢+—¢ e—06—0—0—0—0—0—0—0—0—0
10° F 1 [ 1
& ey 4 0]
S W 0~ 00— O ——O———O—0
ot | {1 [ ]
O]
9]
10? 1
—<4-G',4mM
——G", 4mM —#-G', 12mM
3 —€-G,6mM -G, 14mM
o —v-G.8mM 37 F —*—G', 16 mM 3
~©—-G,10mM -@—G',20mM
—#—G', 12mM -0—G", 20 mM
10 L . . ; ) .
10" 10° 10" 10" 10° 10"

Frequency, o (rad/s) Frequency, o (rad/s)

Figure 4.6. Frequencydependent behavior of elastGéNj and vi scous (GoO0) mod
ChNC across varying SDS concentrations (alGnM, (b) 1- 4 mM, (c) 4- 12 mM and (d) 12

20 mM at 25 °C.

Fi gd4dae reveals that the pristine system of
botGNjyN@Ng howi ng dependence on frequency, char :
assocstartubtéuproenne addi ti on of SDS acr-@8smdM)rang
the GHDNC compl exe SNGBMmaovn ¢ thr dtoe 1 mo d wnldie pbeenidregn tf
indicating the edsitmeebnlsiisoennaed t§iked facbod eyt hr ee@ i nt r od
of a small amount of SDS ( O0:-0lr dreNa ginn ttou dteh @ nccort
in both modeud)i. (Subgsuermeueameélryt alt haddi ti on of :

suspensi on-momdoucoensi ca vhaon at i oGNji nwitthhe beoltahs tiincc t
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decreases observed6 (-d)s. iThliuss tfrlautcetdu aitni nFg gruhreeo |
previously documented when incorppoatyiehgcyany.
sol ut% o°ns? 71

To under st-mordo ttohnei cn oppr lod tGtNpgdd  1wer ardd s f or v a
concentrati o9IBS i momphlee xCchsNC Ad7 detph € t BGeMpta 1l d-ri g«
rad/s for 0.5 wt% ChNC system with varying col

I nitially, with the adéBthiaopl|l gf i acsmabkbksamoon

rise up to 1 mM SDS. Subsequentl vy, it under g
concentration of 4 mM. Foll owing this, ther e
foll owewdbdegquent decrease.

Figur €l ds7ic modul us at 1 rad/ s (primary axi :
increasing SDS concentration for 0.5 wt% Chl
response and underlying interactionrmasec¢cl@amics &

hydrophobic interactions between ChNC and SDSES
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