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Novel SmaltScale Robots for Medical Applications

Negin Bouzariand Hamed Shahsavan

Abstract

Stimuli-responsive hydrogels have attracgdnificant attention as a versatile class of soft actuators.
Introducing anisotropic properties and shapange programmability to responsive hydrogels promises a
host of opportunities in the development of soft robots. Herein, we report the syntltesimpachange
programming of a hydrogel hanocomposite with multimodal stimigaponse, achieved by introducing
anisotropic swelling and mechanical properties through the creation of microstructural and macrostructural
anisotropy. Our hydrogel nanocomjies are biocompatible and have tunable mechanical properties.
Additionally, their shape&hange programmability can be leveraged to create hydrogel constructs capable
of performing untethered robotic tasks, such as cargo transport and delivery. We thelipveposed
material system holds promise for the development of future surgical microrobots for functioning in
confined biological environments where operation of traditional surgical tools is challenging.

Key Words ShapeChange Programming, StimtfResponsive Hydrogels, Structural Anisotropy, Soft Robotics

Introduction

Over the past decade, there has been a growing interest irssalalkoft robots due to their potential for
minimally invasive medical interventions such as biopsy, targeted drug delivery, andcsith¢lansport

in hardto-reach biological environmenfl], [2]. Soft robots are designed with mechanical properties
similar to targeted native tissues, which reduces the risk of tissue damage upon contact. But fabricating
smallscale soft robots requires overcoming challenges related to minimizing the size of onboard
components like power sources, sensors, and actuators. Researchers in soft robotics have explored the use
of stimulusresponsive soft materials with integrated sensing, energy transduction, and actuation
capabilities to address these challenges. Stinmeonsive materials can sense specific environmental
cues and respond by changing their properties, a process known as energy transduction. For instance,
hydrogels with acrylate chemistry can respond to pH changes by expanding or shrinking, transforming
chemical energy into mechanical enef8}. To operate effectively, shajghange programming, which is

the ability of soft robots to leverage the energy transduction capability to fulfill a specific function by
undergoing a predetermined shape change, is necessary. Creating structural antsoioopyaad macro

scales is commonly used to provide stimulesponsive materials with shapeange programminf#],

[5]. Among these materials, hydrogel actuators stand out due to theivaighcontent and compatibility

with natural tissues. Here, we introduce a novel stimadponsive, biocompatible, and ské#aling
hydrogel system. Shajhange programming is achexl through structural anisotropy, which at the
microscale, is enabled by incorporation and preferential alignment of anisotropic cellulose nanocrystals
(CNCs)[3], and at the macroscale, is achieved by employing-arapaste technique to create multi
layered structures. Such anisotropic structures bestow hydrogels with differential swelpramerand

across the thickne$6], and as a result, anisotropic shape transformations such as twisting or bending are
observed upon exposure to environmental stimuli. Furthermore, these hydrogels have -acyeeto
properties due to the inclusion of magnetic iron oxide nanoparticles §MMERabling remote magnetic
navigation in confined environments. We demonstrate ppbobncept robotic functions by designing
untethered soft grippers capable of performing predicted sttepeges in response to external stimulation.

Our findings provi@ insights into designing adaptable hydrogel nanocomposites and-ctzaqme
programming strategies for developing untethered ssgale soft robots with diverse functionalities.

System Concept

! Department of Chemical Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada.
* hshahsav@uwaterloo.ca



In this work, wesynthesized stimuliesponsive hydrogels with programmable shepenges.. The
hydrogels were synthesized by copolymerizingdiBethyl (methacryloyloxyethyl) ammonium
propanesulfonate (DMAPS) and methacrylic acid (MAA). Incorporating sulfobetaine mettesritke

DMAPS with a small proportion of MAA has been recognized to enhance the resulting hydrogel's
mechanical propertidd]. This improvement stems from hydrophobic associations facilitated by the CH
groups in MAA. The resultant zwitterionic hydrogels exhibit ¢wfling properties due to dynamic
electrostatic interactions between oppositely charged groups and hydrogen 48hdi@y Moreover,
DMAPS-MAA copolymers are notably sensitive to variations in pH and ionic strength of the environment,
making them ideal building blocks for stimultssponsive shapmorphing soft robotg3], [10]. At

elevated pH levels exceeding 4.7 (beyond the acid dissociation constant of MAA), the ionization of COOH
groups in MAA leads to repulsion among the charged C@Qups, causing hydrogel swelling. This
process reverses at lower pH levels. Additionally, for hydrogels rich in DMAPS, a spike in environmental
salinity leads oppositely charged ions in the surrounding to neutralize some of theamMH8O3 groups

of DMAPS and to loosen the hydrogel network due to the reduction of electrostatic interackiims, w
manifests in increased water uptake and volume. In contrast, for hydrogels rich in MAA, a spike in
environmental salinity leads to the osmotic pressure difference between the hydrogels and the surrounding
medium causing water to expel out from thewwek, which manifests in decreased water uptake and

v 0 | u me -methylenebié@dicrylamide) (BIS) is also added to our hydrogel formulation as a chemical
crosslinker aiming at i mproving the hydrogisl 6s 1in
demonstrated ifigure 1 a-b.

Microstructural Anisotropy

To introduce microstructural anisotropy to our hydrogels, we used cellulose nanocrystals (CNCs) in our
formulation. CNCs are outstanding edimnensional (D) materials that have garnered significant attention
owing to their sustainable resources, uniquezinanical properties, and surface characteriglitks Like

other D nanoparticles with high aspect ratios, CNCs can be aligned by applying external shear forces.
This approach, which is versatile and compatible with extrusion 3D printing, has previously been employed
to induce anisotropy in hydrogd$2], [13]. We synthesized monolithic hydrogels with microstructural
anisotropy by casting the precursor onto a glass substrate and confining it with spacers. Subsequently, we
applied unidirectional shear forces by moving a glass cosotestrate on top multiple nties.
Polymerization took place between two glass slides separated by spacers of known thickness under UV
light at a wavelength of 365 nririfure 1 ¢). Various techniques were utilized to validate the anisotropy
present in the hydrogel microstructure. Hygils containing CNCs exhibit transparency under natural light

but exhibit vivid interference colors when examined using a polarized optical microscope (POM) (as
depicted inFigure 1 €). Regardless of their orientation with respect to the POM's polarizer/analyzer,
hydrogels containing CNCs that were not subjected to unidirectional shear forces (referred to as 1Gels)
demonstrated a heterogeneous multicolor transmission pattern, cogfitin@risotropic nature of the
hydrogel microstructure. This charactedss observed when the precursor of the hydrogel is polymerized

in a polydomain liquid crystalline phase. In contrast, hydrogels exposed to shear forces (referred to as
AGels) displayed a uniform monochromatic transmission when viewed through the POlk&nBngission

through the sample, as observed via POM, is maximal when the longer side of the sample (aligned parallel
to the shear direction) is positioned at adégree angle with respect to the polarization axis. Conversely,

the sample appears darkeremhaligned parallel to either the polarizer or the analyzer. This phenomenon
serves as a visual indicator of the anisotropic nature of the hydrogel microstructure induced by shear forces.
These results suggest that the CNCs present in hydrogel precudees form a monodomain liquid
crystalline phase that is aligned along the shearing direction and retained after photopolymerization. The
POM image of the AGel crossection, positioned at a 4fegree angle with respect to the polarization axis,
revealed wo distinct layers: one bright and one dark, confirming the presence of an anisotropy gradient
along the thickness due to the motion of a glass slide on the top surface of the hydrogel precursor that
generates a shear stress gradient along the thickressver, the applied shear force was not substantial
enough to align CNCs uniformly throughout the entire thickness of the precursor beyond a certain threshold,



resulting in a gradient in anisotropy. Scanning Electron Microscopy (SEM) image of the AGel surface
exposed to shear before polymerization revealed microstructural alignment in the shear direction, while
SEM images from its crossection validated the POMsults by showing an anisotropy gradient along the
thickness. Typically, AGel samples exhibit less pronounced unidirectional microstructural anisotropy in
regions farther from the shear.

Macrostructural Anisotropy

To introduce macrostructural anisotropy to our hydrogels, we used tessellation of hydrogels with different
properties into multlayer structures to program locdéformations into our hydrogel&igure 1 d).
Interlayer adhesion is a crucial property to realize @aodipaste strategy for the preparation of mlagier
constructs. The abundance of zwitterionic moieties and carboxyl groups in our hydrogel formulations
facilitates interlayer adhesion betwedagers of mismatched formulation and properties, in a mechanism
similar to the sethealing of hydrogels with noncovalent physical crosslinking. In our hydrogel systems,
interlayer adhesion can be obtained as dyodydrogen bonds and electrostatic attractions facilitate the
interdiffusion of the chains across the interface and their engagement in the new bonds. We chose to use
the cutandpaste technique to combine pieces of MA¢h (Gell) and DMAPSich (Gel4)hydrogels into
integrated multiayer constructs given the reverse response of Gell and Gel4 to a change in environmental
salinity (Figure 1f). To evaluate the interlayer adhesion between Gell and Gel4 which is necessary for the
successful fabrication d¢fybrid constructs, we performed tensile mechanical tedtiiggie 1 f). For this,

two hydrated hydrogel strips of Gell and Gel4 (equilibrated in water for 2 h) were cut in two halves. Half
strips were then overlapped, matched, or mismatched, and kept under gentle pressure. After 6 hours of
healing, the stresstrain behavio of the healed samples was evaluated. Compared to the straiss
behavior of the healed Gel4 hydrogel, the elastic modulus of the bilayer made of Gell and Gel4 strips has
improved by30 kPa, which can be attributed to the contribution of the stiffer Gell hydrogel and the thicker
profile at the overlapped region. The elongation at the break of theG&#lbilayer hydrogel is
comparable to that of Gel4. Ge@el4 specimen undergoesifige at around 150% strain, far from the
healed area and within the softer Gel4 {salfp. We conclude that the interlayer adhesion is at least as
strong as the cohesion of the pristine Gel4 hydrogels.

ShapeChange Programming

The reversible swelling triggered by pH and ionic strength, combined with the structural anisotropy of the
hydrogels, provides a robust set of adjustable parameters for programmiagRPhapechanges, such

as bending. For samples with microstructurasatropy, the unidirectional alignment of CNCs in regions
closer to the top surface can guide such bending deformation in preferred directions since this system can
be considered as a bimorph with nonidentical swelling behavior across the thicknessCN@srare
randomly oriented on one side and unidirectionally aligned on the other side. The side with unidirectionally
aligned CNCs constrains the straining of the side with randomly oriented CNCs. As a result, while one side
experiences tension, the othgide undergoes compressive stresses. Releasing these internal stresses
generates a bending moment, leading to the bending of the initially flat hydrogel. As shégurénl g,

strips of AGel with CNC alignment perpendicular and parallel to their loisgeakibit reversible bending,

one parallel and the other perpendicular to their long axis. The direction of bending in these strips was
influenced by the larger swelling occurring perpendicular to the CNC alignment. When the angle between
CNC alignment ad the strip's long axis is 45 degrees, the hydrogel twists and forms a helix. Environmental
pH was used to stimulate shagleanges in our hydrogels with microstructural anisotropy. For samples with
macrostructural anisotropy, the extreme mismatch betwegsmsion/contraction behaviors and stiffness

of Gell and Gel4, as well as their great interlayer adhesion, can be employed to create tessellated constructs
with differential swelling along the thickness. In, the mechanics of stimgdjered deformation foa

bilayer, for example, GellGel4, follows Timoshenko's bimetallic theory, which captures the dependence
of deformation behavior to geometrical parameters and properties of each layer and the overall bilayer
construct. Shapehange programming was acheglvby cutting thin hydrogel strips and pasting them to
another hydrogel layer in discontinuous domains. The interplay between deformation (expansion or



shrinkage) and mechanical properties of solid backing monolayers, either Gell or Gel4, and those of
bilayered GellGel4 domains can be exploited to design responsive constructs capable of buckling upon
stimulation Figure 1h). Environmental salinity was used to stimulate shapges in our hydrogels with
macrostructural anisotropy.

Cytocompatibility

To assess the potential of our hydrogels for biomedical applications, we investigated their cytotoxicity
properties. A live/dead assay was employed for this purpose, and cell proliferation was monitored using
fluorescence microscopy over 5 days. The resuim the live/dead assay revealed that cell viability
remained very high, consistently above 95%, throughout tHay5incubation period alongside the
hydrogels, confirming their cytocompatibilitiFigure 11).

Soft Robotic Applications

After demonstrating the shapbange programmability and biocompatibility of our hydrogels, we
proceeded to design miniature grippers that are responsive to pH and ionic strength asfacprampt

for untethered robotic applications. We fabricated atime robots that can be navigated magnetically to
transfer a very light cargo in a confined and flooded space resembling aFigaze ( j). When the robot
encounters a high pH environmefigure 1 k) or high ionic strengthRigure 11), it twists aroud the

cargo to securely grasp it. Conversely, lowering the pH/salinity causes the twists to open, thus releasing the
cargo. To enable remote navigation, we attached a patch of hydrogel containing MNPs to the robot, which
enables magnetic navigation of ttedot using a strong permanent magnet from outside of the workspace.
This innovative approach showcases the potential applications of our hydrogels in untethered robotic
systems.

Conclusion

In summary, we have successfully developed siagehing hydrogel nanocomposites by introducing
structural anisotropy within stimutiesponsive hydrogels at micro and macro scales. Through this process,
we introduced hydrogels that exhibit differentialetitng and anisotropic mechanical properties, which are
crucial for programmable shajgbange capabilities. These hydrogel systems have demonstrated sensitivity
to environmental changes such as pH and ionic strength, while also exhibiting high cytodtiypatib
making them a promising material system for applications in biomedical robotics. As a proof of concept
for their potential robotic applications, we designed and implemented-scadédl robots capable of
navigating and maneuvering in confined spac#sg a magnetic field. These robots are capable of remote
delivery of light cargoes. These advancements represent a significant step forward in enhancing the
adaptability of biomimetic soft robots. Furthermore, the unique characteristics of our hydexgekpr,
including its sheathinning rheology, photocurable nature, and low cytotoxicity, present exciting
opportunities for developing inks suitable for advanced manufacturing techniques such as 3D bioprinting,
stereolithography, direct laser writingycatwophoton polymerization at submillimeter scales.
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Figure 1. Stimuli-responsive, programmable, and dedfling hydrogels for smadicale robotic applications. a) Chemical
structure of the hydrogel copolymer. b) Schematic representation of stemptinsiveness of hydrogels. ¢) Schematic
representation of using whfectional shear force to introduce microstructural anisotropy in the hydrogel. d) Schematic

representation of using multilayering technique to introduce macrostructural anisotropy in the hydrogel. e) Investigation of

microstructural anisotropy using ogai analysis. f) Investigation of swelling and mechanical properties and inter layer adhesion
of different hydrogels used in multilayered hydrogel constructs. g) Sttepee programming of monolithic hydrogels with

microstructural anisotropy in responsechanges of the environmental pH. The scale bar is 10 mm. h)-Shapge
programming of heterolithic hydrogels with macrostructural anisotropy in response to changes of the environmental ionic

strength. The scale bar is 20 mmPipliferation of the ingbated Fibroblast cells witliydrogels on dayl, 3, and 5 of incubation.

The scale bar is 50m. j) Schematic representation of using stirneponsive hydrogels for cargo delivery. k) Demonstration of

the robotic functionality of the monolithic hydrogels through shasnge programming and magnetic navigation in a confined

environment. |) Demoration of the robotic functionality of the heterolithic hydrogels through shbhpage programming and

magnetic navigation in a confined environment.
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Formulation of Photocurable Resins for the Fabrication of Engineered Ferroelectrets

Engineered ferroelectretse polarized cellular polymer films with controlled internal micro
structures that show significant promise as fpghformance piezoelectric materials. Vat
photopolymerization (resin printing) is an attractive method to create engineered ferroelectrets;
however, commercial resins do not have the required electrical properties. The presentation will
discuss formulating resins for vat photopolymerization while balancing the competing
requirements of highesolution and suitable electrical properties. Fosilsbe placed on the
practical aspects of controlling the resolution of a resin and the elements which impact formulation
and performance. Several electrical characterization techniques will be highlighted showcasing the
tools and challenges associateithwinderstanding the electric properties of dielectric polymer

films at high electric fields.
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Titl e: Characterization of Polymer St at
Abstract

The glassy state is widespread in nature and te
bi ochemical stabilization, and preservation. EX
engineering plastics, metatllioc gphasses| taind aelb
l iquids is often necessary to achieve this stat
When a |liquid is cooled below its freezing poin
as cooling continues, mol ecul es rearrange mor e

sufficiently explore lhefdgievemtcaeaohifngurat ¢ otnis mev
out of equilibrium happens within a narrow temp
reaches around 100 seconds, and the rate of <cha
t emper at uyreet schoanrtpilnyuolusl y) decreases to a | evel
The resulting material is referred to as gl ass.
rearrangement in a |iquid, allfawilng gi toutto orfe a dte
equilibrium. As a resultg therghases wrahsstowar
By extrapolating therseaperedotbadtl i hepnKauogpmadn
slowly, one could cool it all the way down to t
l iquid is equal to the entropy of the crystal,

t emper atturwhi ch it happens i s kkabwwe agb&aluzmann
temperature), below that entropy of the superco
this is known as Kauzmaini lprmrowrd okea shehigd dslsagt
densest amorphous packing.

Physical aging is a common phenomenon in gl asse
gl ass towards the equilibrium configuration/ st a
introduced which is the phydiacsale svawhd wrh depo gihte
packing and high kinetic stability equivalent t
conventional way. Stable glasses are also a poi
gl asses.

The -heosnt ructi ve nature of AFM atépwsi uedtgl deser
supercooled |Iiquid, and ordinary glass from a s
understanding of the mechani cael, pArFoV eerntaibelsesat d
hi ghresolution spatial mapping of mechanical pr
modul us across thin films with nanoscale precis
OQur | ab has recently begun investigating the el
force microscopy (AFM). I n this study, we exami
function of mol ecul ar wei gshttab(iMni)t,y . fi Il m thickne
To assess the influence of mol ecular size on th
elastic modulus for films of approximately 100

214,000 kg/ mol. Our reswmbdsl usdwcahedacdeaseage
that | ower mol ecul ar weights result in softer f
entangl ements. Additionally, we studied PS film
anneal i ng t2i0nde. aAFM techndgserubeiwng, nainl owed us
modul itdeqppfosad ed gl ass, the supercooled |l iquid, a
providing insight into the i mpact of annealing



We al so explored the mechanical properties of s
vapor deposition (PVD) These glgg23B8ek andtibineft
stability down to depogsitUUitohizemgeeahaneedoBurf
enables the formation of highbyayparckkeadskaimomnphloa
denser and mechanically robust fil ms.

For PS gl as sgels6 pK,e pwmea eadx ammi nMfed t hd2@0 frerm)t of § hd
elastic modulus. Our findings reveal a signific
nm, which suggests that for films thtnonner than
Furthermore, we i-depsehidgatetethanstabi propertie
that modulus increases with increasing stabilit
We have also measured the young modulus as a fu
ofgiZO K, the modulus exhibited an approxi mately
indicating enhanced packing and mechanical resi
I n addition, we studied the rejuvemamndon of sta
monitoring the time it required to fully transf
the modulus of stable glass, as well as 20%, 40
results indicate that thasmotdel desrafisehabfehght
increases

This study provides valuable insights into the
highlights the capabilities of -dAdpVvo sint gd opd Inygmer
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EXTENDED ABSTRACT

Introduction

Paperbased packaging materials offer a promising solution for a circular economy and a sustainable
alternative to petroleurAbased packaging. However, their poor mechanical strength, limited durability,
weak barrier properties, and potential fire hazardsgent significant challenges. To address these issues,
researchers have explored various sustainable additives for reinforcing the paper fiber matrix. These
include polysaccharides (cellulose, starch, chitin, chitosan, and alginate), lignin, lipidsptmaspsuch

as whey protein, casein, collagen, and gelatin) [1, 2, 3, 4, 5]. These materials can either be integrated into
the paper matrix or applied as a surface coating to enhance performance.

In this work, we investigate the potential of nanocrystalline chitin (NCH) as an additive for enhancing the
mechanical properties of paper pulp, for developing advanced pbpsed packaging solutions. Chitin,

the second abundant polysaccharide after dele, is a key component found in crustacean shells, insect
exoskeletons, and fungal cell walls. It is isolated from underutilized fishery waste in the form of nanofibrils
and nanoparticles, through a mulitep process: purification, demineralization ®mmove calciurbased
minerals, deproteinization to eliminate protein complexes, and discoloration [6]. The chemical structure
of chitin closely resembles that of cellulose, consisting @icdtyl -D glucosamine linked by 14
glycosidic bonds. The primary difference lies in the C2 position, where chitin features an acetamido group
AyaiaSIR 2F OStfdzZ 245Q48 KeRNRE&f 3INRdzZI o1 8D ¢ KNP dz3
the complex interplay between nanochitin pigles and paper fibers, reating a duamechanism
interaction that combines electrostatic attraction with extensive hydrogen bonding networks. By
systematically varying chitin concentrations up to 5 wt% and characterizing the resultinBMNCfiber
architectures, we demonstrate hothese nanoscale interactions translate into significant mechanical
enhancements in the composite materials.

Materials and Methods

Canadian unbleached softwood kraft pulp vedained commercially, while nanocrystalline chitin (NCH)
was synthesized by Neptune Nanotechnologies (PCT/CA2023/051058) [8]. The dry pulp was hydrated
overnight, disintegrated, and filtered to form a wet pulp cakec¢l® fiber consistency). It was then
stored in a refrigerator for later use. To study N@Hp fiber interactions, a 50:50 NCH/Pulp composite
was prepared. Wet pulp was dispersed in water for 24 hours, while NCH particles were sonicated for 5
minutes. The NCH dispersion was then mixed wighghlp and stirred at 60C for 24 hours. For composite
handsheet preparation, the pulp cake was dispersed in 500 mL of water (0.3 wt%) and stirred for 24 hours.
Aqueous dispersion of NCH patrticle (1.5, 2.5, and 5 wt% relative to dry pulp) were added to the pulp, with
neat pulp (Owt% NCH) as a control. The mixture was stirred at®Bfbr 24 hours. Handsheets (60¢m

were prepared per TAPRED5. NCH/Pulp composite handsheets were prepared using a LABTECH
sheetformer(Model 3041) per TAPPI T 205. The NCHgRauspension (0.019 wt%) underwent agitation



(5s), settling (10s), and couching (5s) with blotting sheets. The wet handsheets were pressed at 667 kPa
for 10 minutes and dried using a speed dryer at 2@r 150C.

Results and Discussions

TEM imaging revealed that NCH particles have dikedstructure with a high aspect ratio (Figure 1(a)),
averaging 128 nm in length and 10 nm in width. The zeta potential at neutral pH was +28 mV, indicating
positive surface charges from amine group pration. Xray diffraction confirmed their crystalline

Figure 1: (a) TEM images of NCH Particles-8NE image of disintegrated paper pulp fibers.
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Figure 2: FIR spectra of (a) neat paper pulp, (b) neat NCH, and (c) 50:50 NCH/Pulp composite.

structure. Similarly, the -5EM observation shows the entangled network of disintegrated unbleached
pulp fibers, with millimetesscale lengths and approximately gt diameters (Figure 1(b)).



Chemical interactions
Figure 2(a) presents the #¥ spectrum of the paper pulp, exhibiting characteristic absorption bands of
cellulose. This spectrum reveals a prominent peak at 8838attributed to OH stretching vibrations.

Figure 2(b) shows the HR spectrum of neat NCH exhibiting the characteristics peaks of -tiatin
structure. A notable feature is the presence of two distinct bands in the amide | region at 1654 and 1619
cm. The higher wave number peak (166A™) corresponds to intermolecular hydrogen bonding
between two adjacent chitin molecules throughiH and-C=0 functional groups. The peak at lower wave
number (161@m) signifies the intramolecular hydrogen bonding within a chitin backbond\\rsand-

C=0 [9]The other characteristic peaks exhibited by NCH a#d:sfretching at 3430m™, N-H stretching

at 3258cmM and 3100cm™, GH symmetric and ansymmetric stretching at 2922875cmM, and amide

II (NH bending) vibrational mode at 15854n™.
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Figure 3: (a) TGA and (b) DTG curves of neat pulp, neat NCH, and 50:50 NCH/Pulp composite.

While, Figure 2 (c) shows the-HR spectrum of 50:50 NCH/paper composite. In the OH/NH stretching

region (around 35068000 cm™), highlighted in blue rectangle, the NCH/Pulp composite showed
AAAYATAOLI Yl aKATGA FNRY ¢t LT8eNaMipeaR dFIINGH/RGID tomposite LJ2 & A
O2y@SNHSR (246 NR OKAGAYQA bl LISIF] LRaAldA2yIX adza3as
YR OKAUGAYQa bl 3ANRdAzZLJADP ¢KS b/ | kt dzf Lien®@2indicagngA 6 S aK
GKS LI NIAIFE NBGSYGA2y 2F b/ 1 Qa 2NARAIAYEFEE hl Sy@aNe
LI LISNR A & LJSOG NHzY | LdoiSpodid(Rarked/withinked rettandles inJFiduie R)J With
NEALISOG G2 GKS ySHd b/1Qa FYARS L LISF{]T Fd KAITKSNI
significant shift. Whereas, the amide | peak at lower wavenumber showed a significant shittroftb§

the NCH/Pulp composite, while maintaining its characteristic shape. This signifies the changes in the
intramolecular Hbonding via theNH and C=0, as mentioned above, could be on the surface of the chitin
particles. Furthermore, the amide Il baeghibited peak splitting in the NCH/pulp composite, contrasting

with the single peak in neat NCH, indicating modified hydrogen bonding environments due to the
existence of different modes of-N bending from the partial retention of original OH environment

consistent with the trendin the OH region. However, th&C region (around 100€m™, highlighted in

pink rectangle) exhibited minimal peak shifts in the composites compared to neat paper. This evidence



indicates that interactions occur primarily through peripheral hydroxyl functionalities of cellulose and NH
and C=0 moieties of NCH particles, without significant alterations to the polymer backbone.

Thermal degradation characteristics

TGA and derivative thermogravimetric (DTG) curves of neat paper pulp, neat NCH particles, and 50:50
NCH/pulp composites are presented in Figure 3. For the 50:50 NCH/Pulp composite, the second and most
significant decomposition step or the active pyrolydiage appeared at 33&. The positioning of the
second peak of the NCH/pulp composites between those of neat pulp and neat NCH indicates interactions
such as hydrogen bonding and electrostatic attractions. Furthermore, the third degradation step of the
NCHPulp composite occurred at 51C exhibiting a broad and less intense peak at higher temperatures,
similar to neat chitin samples, contrasting with the sharp, intense peak of neat paper pulp. This indicates
that the alteration in char structure due to NCH incorporation, facilitated by hlydrogen bonding
network between NCH and paper fibers (as evidenced by FTIR), results in the formation of a more
thermally stable char residue. The modification of this Higimperature oxidation peak, influenced by
thesestrong interfacial interactions, suggests potential improvement in flame retardancy properties of
the composites, though further studies would be needed to confirm this effect.

Mechanism of interaction between chitin and paper fibers
Compiling the observations based onlRTanalysis and thermal degradation data presented, we propose
a duatmechanism interaction between NCH particles and paper fibers, as illustrated schematically

Figure 4: (a) Schematic showing the interaction mechanism between paper fibers and nanochitin particles.
(b) SEM image of NCH particles adhered to the surface of a paper fiber. The scale bar represents 100 nm.
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in Figure 4 (a). Through systematic morphological, thermal, and spectroscopic characterization, we
established a comprehensive interaction mechanism wherein initial electrostatic attractions between
oppositely chargedomponents facilitate the formation of dynamic, twinkling hydrogen bonds between
chitin nanoparticles and paper fibers in the aqueous environment, subsequently evolving into stable
hydrogen bonding networks.

Tensile properties of nanochitin/paper composite handsheets

Building upon the observed interaction between NCH particles and paper fibers, we proceeded to examine
how these interactions influence the mechanical performance of the NCH/pulp composites through
comprehensive tensile property testing. Figure 5 (a)tilaies the substantial enhancements in tensile
index achieved through the incorporation of NCH patrticles. The trend, shown by the shaded region in the
graph, clearly indicates that the tensile indices increased up to a concentration of 2.5 wt% ancghiin sli
decreased at 5 wt%. At a 2.5 wt% concentration, the NCH/Pulp composite yielded tensile index
augmentations of 46% and 85% at 120and 150C, respectively. Notably, concentrations exceeding 2.5
wt% led to either a marginal decline or plateau in tensile index values, probably due to the saturation
effect. Conversely, Figure 5 (b) showed a consistent but gradual decrease in elongation properties of the
NCH/Pulp composites, with increase in the naritictparticles, over the temperature range. At 2.5 wt%,

the elongation at break of the composite decreased by 8.7% at@2hd 4% at 15@. While tensile

index values are primarily reported for pageased materials, a representative stressain curve ér the
samples is provided in Figure S3 of the ESI to facilitate comparison with conventional polymeric materials.
The observed increase in tensile strength of the NCH/Pulp composites can be attributed to the interaction
between NCH particles and pulp filse enhancing the overall network strength. These nanoparticles
improve stress transfer between fibers, allowing for better distribution of applied forces.
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Extended Abstract:

In the domain of Liquid Crystal Elastomers (LCES), the effective downscaling of LCESs is
essential to unlocking their practical applications as soft robots and actuators in biomedical and
MEMS devices. Of equal importance, the alignmibtication strategs must be versatile, high
throughput, and cosdffective. In recent literature, stadé-the-art photeprinting equipment such
as DLW, DMD, and DLP coupled with patterned surfaces or external fields exemplify promising
alignment fabrication strategiesachieve downscaling*. However, they are tremendously
expensive and inaccessible to many. Henceforth, the inexpensive prototype developed in the
present work showcases an alignraafirication strategy that utilizes photolithography and
magnetic fields to obtain microscale LCE actuators and soft robots with high throughput. By
combining stepwise photopolymerization through a photomask with a variable external field, the
careful choice of mask design and director discretization demossteteatile
programmability. Herein, this straightforward approach is used to produce a variety of LCE
constructs with discretized alignment domains from the millimetre to micrometre scale,
exhibiting fast photothermal and photochemical actuatable sitapge.

Liquid Crystal Elastomers (LCES) are a class of shape changing polymers composed of
crosslinked liquid crystal (LC) units called mesogens, typically of the thermotropic class. LCEs
are characterized by their anisotropic, reversible, and untethered stspdinsive deformations
that are intrinsically related to the ordering of mesogens in the polymer network. Stimuli such as
heat or light induce disorder to the network, and consequently shape reconfiguration, which is
reversed upon removal of the stimubwing to the selbrdering nature of LCs coupled with
elasticity of a polymer network. These soft bodied materials have demonstrated elongations of
actuation up to 40098 and the ability to move objects hundreds of times their wélghtith
actuation speeds on the order of milliseconds to seconds. Numerous LCEs developed in the
literature exhibit actuations that can lead to locomotion or performing useful functions such as
cargo transport. The miniaturization of these constructs isoteg to unlockite future of LCEs
in applications such as minimally invasive biomedical soft robots, or flexible and tunable
actuators in microelectromechanical systems (MEMS).

An elastic network of LCs manifests its shape change based on not only its programmed
alignment and geometry, but also in the mechanism of stimulation. In the simplest example, a
thin film of LCE with uniform alignment of mesogens along the length, reféaas the
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nematic director fieldg), would demonstrate a contraction along this director when heated

above its nematicsotropic transition temperaturen|J. The disorientation of mesogens in plane
induces stresses along the director leading to bulk anisotropic-cbaaction. This is a

mechanism inherent to thermotropic LCs induced directly or indirectly by photothermal heating
of fillers. For the samel2 construct, the additional crosslinking of azobenzene moieties can
enable oubf-plane bending via cisans isomerization induced hght, referred to as a
photochemical mechanism. The reconfiguration of these molecules from linear-tikéent

induces stresses normal to the plane, and thus$fesakng. 3D deformation modes such as
twisting, bending, buckling, and shearing couladls realized in the thermotropic mechanism

by controlling the initial shape of the LCE and alignment in up to three dimensions via alignment
engineering. Typical variations of alignments are continuous (e.g. splay, twist), but could also be
made discontinous by creating discretized regions of alignment throughout the sample space.

Discretized alignment architectures demonstrate versatility in the programming of unique,
threedimensional deformations, as the boundaries of the discretized regions can be precisely
tuned throughout the sample space (limited only by the choice of alidifiafeication method).

The discontinuity, or mismatch, between alignment regions create elastic instabilities upon
actuation, realizing localized deformation modes such as buckling or bending. Therefore, the
sum of these regions introduces high degredéieetiom in the overall shajphange

programming of LCEs ranging from microscopic to macroscopic scale. A popular alignment
fabrication strategy for achieving discretized alignments, which is pertinent to the current work,
involves the stepwise photopolynmation of regions of LC that are exposed to external
magnetic fields. Thermotropic LCs which are-tda will rotate to orient with the direction of

the applied field to minimize magnetic energy density, owing to anisotropy of their magnetic
susceptibity. By inducing uniform alignment, but polymerizing discrete regions at a time, the
field direction can be varied between each fabrication step to obtain neighbouring regions with
distinct alignments.

Magnetic fields offer unique advantages over traditional alignment techniques.
Mechanical stretching or shear alignment is confined to uniform alignments coupled to sample
architecture. Command coatings or patterned surfaces, while capable of discretaatio
limited to thinfilm geometries and require expensive chemicals or equipment and can be time
consuming to prepare. On the other hand, a strong enough magnetic field is capable of aligning
mesogens on demand, on different length scales, decouphedhieosystem geometry.

Therefore, even without discretization, a high degree of freedom in-phage&mming can be
obtained from uniform magnetic field alignment aldhe

Two-dimensional microscale LCE freeforms with discretized alignments in two
dimensions are developed in this work, utilizing a straightforward lithography method. The
prototype device is capable of fabricating LCE actuators and soft robots on diffegght len
scales, with feature sizes (and discretized alignment regions) as small as 50 um. This approach
involves stepwise photopolymerization with collimated light through a photomask with
rotational symmetry, wherein the rotation of the photomask is couplée trotation of a
Halbach array, which generates the magnetic field to align LCs. Therefore, the alignment of LCs



varies in two dimensions, with each feature having a director field that differs from a
neighbouring feature, i.e., discretized, by a specific angle dictated by the rotation of the magnetic
field. By adjusting the angle between the photomask featurehamdagnetic field, one may

access theoretically infinite rotational degrees of freedom in the director fields. Subsequently,
using a doublghotomask approach, kirigafmspired actuators could be fabricated by first

printing hinges with desired alignmefu|lowed by printing of passive isotropic features.

Top view

Y

[ Mask holder

Mask

_Halbach K = 2 magnet
)

Sample holder

Figure 1: Prototype Overview and Printing Schemdo is the applied magnetic field direction)



Two light-responsive formulations, a photothermal LEEnd photochemical LCKN!,
were used in this development. The effects of different ppotding parameters were
characterized and optimized using the Taguchi method, based on preliminary information from
photorheological examination. Furthermore, the discretized domains ohadigt are
characterized visually by polarized optical microscopy (POM) and quantitatively Byi&JV
dichroism tests. To ultimat el lyetwdémalatisnsareat e t
used to print grippers, checkerboards, fans, cubes, and snakes witlrilrghtactuation.

500 pm Grain of sand
N

Tweezer tip

Figure 2: Scaling Down of LCE Grippers and their Light-Driven Actuation
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Figure 3. C-AFM micrographs of surfaces of conductive composite films in (a) (XSBR/8PPy), (b)
(XSBR/10PPy), and (c) (XSBR/15PPy)). The bright irregular domains represeotithective fillers that were

distributed in the noiwonductive XBSR matrix.

The composite latex can form uniform coating patterns on flat, curved, or rough surfaces,
depending on the application methods. As shown in Figurenductive pathways can be created
by dropcasting on soft polyethylene terephthalate (PET) and polyurethane (PU) substrates,
demonstrating excellent flexibility and adhesion of coatings even after many cycles of bending.
Interestingly, the antistatic character of the dried coating was compared between uncoated (i) and

coated (ii) substrates by approachingygbirene microsphere.



S O

/ \/\ UWAT ERLOO

2 cm 3 cm 5 cm

N
(c-i) (c-ii) (e-i)

~ Scm

(d-i)

“

Figure 4cagtagd Dpatpt erns on the PET and PU;, sulb)stDiap e s
writing pat-ftleroco aotne PEdiola{&®nd (sphpawynatur al rubber (c),

(f) showing antistatic properties treated by mechani



PROEME ®&ANROBERTS
Academic Presenter
Western

Nanocellulose for Precision Applications:
Combatting Challenges Using Intentional
Surface Chemistry Design



Nanocel |

|l ose for Precision Applications: Com

u
Chemistry Design

Cellulosic materials, and in part icular cel |l u
in many applications where synthetic pol ymer

their compatibility, stabi-ﬂndctlyficamtdl an sipercfithe
During this presentation, the design and care
di scussed within the context of two projects

about polymer surchaceri ceét actainadng 2Wi ahnovel

functionalization was used to disaggregate un
project concerningsthbi bptedcdciaati onl oémCNE€i on
i n or derhotw tehxehipboittenti al of such materials in
i ncreases once their chemical i nteractions at

Megan defended a Polymer C
Toronto in 2021 before mov
organic chemistry at Mount
the end of this sabbatical
took up asipgpdotndad gde Uni vy
Col umlsisaaci ated Bioproducts
Megan began her independen
at Western University wher
the structure otheki
intends to establi

bi omol ecul ar behav

bi omaterials for h
systems.

i
S
i

e

detailed biography
robermesdan . ca/ about



http://www.therobertslab.ca/about-megan

FRANKLHRM SCA
Chemistry
Waterloo

Probing the Encounter Dynamics between the
Side Chains of Small Multifunctional
Macromolecules by Pyrene Excimer Formation



Probing the Encounter Dynamics between the Side Chains of Small
Multifunctional Macromolecules by Pyrene Excimer Formation

Franklin Frasca and Jean Duhamel

INTRODUCTION

The ability of pyrene to fluoresce differently whether it exists either as a lone monomer or an
excited dimer, also known as an excimer, formed upon the encounter between astgtaiadd

an excited pyrene, provides a powerful tool for obtaining infaonatbout the dynamics and
conformation of macromolecules of any size in solution. Pyrene excimer formation (PEF) allows
for the characterization of many complex pyrdaigeled macromolecules (PyLMs) in solution
which would be difficult to characterize any other common techniques based on scattering,
viscosity, or NMR experiments. Due to the high molar extinction coefficient and fluorescence
guantum yield of pyrene, PEF also enables the study of PyLMs under extremely dilute conditions
(~ 17 10 mg/L) whch provides an unperturbed view of the PyLM of interest at concentrations
that are orders of magnitude lower than other characterization methods.

In earlier works, PEF was used to determine the rate otceadd cyclization Kcy) of
monodisperse linear chains with a pyrene appended to each end by usirestiimed (TRF) and
steadystate (SSF) fluorescen&é. These studies took advantage of a theoretical study by
Wilemski and Fixmart? that demonstrated that the slowest internal relaxation time of a polymer
described the rate constak, of endto-end cyclization, which was proportional to trae
constant for PEF determined through the analysis of the fluorescence decays of a pyrene end
labeled polymer. Furthermore, the limitation of having only two pyrenes per molecule restricted
the determination okcy to chains that were sufficiently short to enable PEF between the two
terminal pyrenyl labels. Following this preliminary work, the Model Free Analysis (MFA), which
makes no assumptions about the nature of PEF to detetin@reverageate constant of PEF
(<k>), was developed to describe the internal dynamics and conformation of any-jareled
macromolecule, including the short linear oligomers studied previously.

Because PEF is a bimolecular process, the rate of PEF depends on the local pyrene
concentration @yioc) of a pyrendabeled molecule in solution given by Equation 1. In Equation
1, npy is the number of grounstate pyrenes after excitation of one pyrene monomerand
represents the square root of the average squared-end distance between every pair of pyrenyl
labels attached to the PyLM, whose volurdey(wv) is proportional tol(py/1)°, wherel represents
a bond length. The general scheme of BadFthe associated SSF spectrum of a PyLM are shown
in Figure 1.

n n
[Pyl = —2 — 1)
Vo (Lpy/1)°
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Figure 1. Top: General kinetic scheme for PEF. Bottom: Stestdye fluorescence spectrum of
hexamethylen®is(1-pyrenebutyramide) (ByHexAm), normalized to the monomer peak at 377
N M;ex= 844 nm, [Py] = 2.5x10M in THF.

Integration of the SSF excimer and monomer emissions betweén3300and 372 378
nm yields the monomehy() and excimerlg) intensities, respectively, which are used to determine
the Ie/lm ratio as a gauge of PEF efficiency for the PyLM in solution. While useful for many
studies, the SSF spectra are affected by several artifacts due to solvent effects, aggregation of the
pyrenyl labels (right pathway for PEF in the reaction scheme shovagure 1), and/or the
presence of residual unreacted pyrenévetve used in the preparation of the PyLM which can
distort the spectra and greatly complicate the use dttheratio. On the other hand, MFA of the
monomer and excimer decays obtained through TRF measurements can yield both the molar
fractions of different pyrene species contributing to PEF dad the average rate constant for
PEF by diffusion (left pathway for PEF in the reaction scheme in Figure 1). The number average
lifetime (<t >) is obtained through the MFA and is used to determieas seen in Equation 2.
Both <> and thdg/Im ratio have been shown in previous work to be proportion&hiw{ based
on Equation J:ror! Bookmark not defined. -7 | ;. in Equation 3 is the bimolecular rate constant for PEF
by diffusion, and provides a measure of the dynamics of the PyLM in solution. Biyjce i
related to the conformation of the macromolecule thrdughso is «> according to Equation 3.

<k >=t L )
<t >

e .

=7 Ky [P =k )

The linear relationship betweerk>s thelg/ly ratio, and Py]ioc has thus far only been
demonstrated quantit at ilabeted gendfirenrs ang polymezic lbttleo f Py
brushes and randomly labeled linear ch&iftg Bookmark not defined. 89 Thjg work serves to extend t
he validity of this relationship established for PyLMs to pyriateled small multifunctional
molecules.

EXPERIMENTAL
A series of diamines, polyamines, diols, and polyols were labeled with pyrene to yield both pyrene
endlabeled linear diols (RPOs) and diamines (PPAs), and branched pyrei@beled polyols



(Py-POs) and polyamines (MAs) having more than 2 pyrenes, whose structures are shown in
Figures 2 and 3 respectively and are collectively referred to as the PySMs. Dilute solutions of each
PySM with [Py] = 2.5x18 M were prepared in THF, dioxane, DMF, and DMSO, a set of common
organic solvents which solubilize a wide range of both synthetic ardasied macromolecules.

Their SSF spectra were acquired to yield theif ratios, and MFA of the monomer and excimer
TRF decays yielded theirks values.

CER_ Q“Q f

_\_\_\_/_/_/' < N’VNV“N
() »-DodecAm () 1 I Py; DETA f f
'8 Py,-DodecA 80 Qg Py,- DETA QGQ 3 NNNWN’VN?"N
() - DecAm () Q 2-ButAm oN R
08 Py Py ‘(_/_’ H’\, V‘N;\» i ‘0‘ 0000
P ‘_\_/_' % N e Pys-TEPA
Py,-ED
Py,-HexAm ¥ ‘0
Py,-TETA
Figure 2. Chemical structures of the i3As & Py-PAs prepared for this study.
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Figure 3. Chemical structures of the i3Os & PyPOs prepared for this study.

RESULTS & DISCUSSION

Integration of the SSF spectra and MFA of the TRF decays yieldett/theratio and >,
respectively, for each PySM in THF, dioxane, DMF, and DM3$9}i{c was calculated for each
Py-PA and PyPO according to Equation 1 to generate plots lof-ws[Py]ioc in each solvent
studied, which are shown in Figure 4.

The <k> values for the PPAs and PyPAs in both DMF and DMSO seen in
Figure 4B exhibit a linear trend again®yoc, supporting the validity of Equation 1 for
determination of Py]ioc and in turn the internal density of these PySMs by assuming that their
internal segments obey Gaussian statistics.
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Figure 4. Plots of 4«>-vsnpy/(Lry/l)® obtained from the MFA of the monomer and excimer
fluorescence decays for BAs & Py-PAs acquired in A) THF and dioxane, and B) DMF and
DMSO, and the PYPOs & PyPOs acquired in C) THF and dioxane, and D) DMF and DMSO;
[Py] = 2.5x1C M.

The PyDOs and PyPOs span a wider range &%y]oc values in Figure 4 than the As
and PyPAs and thus reach highek><values. The RyAs in THF and dioxane however showed
a distinct breakpoint transitioning from the linearP#s to the branched P§As and a lessened
sensitivity to Py]ioc. The PyPOs showed the same trend &b<vs[Py]ioc in all 4 solvents, with a
breakpoint between the linear diol-BYDs and branched FROs.

It appears that the FROs in any solvent and the As in lesgpolar THF and dioxane
show a sensitivity toRY]ioc different from that of their linear PRO and PyDA counterparts. This
could be rationalized through a bias towards excimer formation among pyrenes being close to each
ot her, where steric hindrance in thesbeanghbed
each other pyrene in the 0 or PyPA constructs. The fast rate of pyrene side chain motion on
the PyPO or PyPA backbones coullle providing too little time for distant pyrenes to interact
before being bumped out of the way by a o6cl os
eliminated for the P¥As in polar DMF and DMSO through polar solvent interactions with the
amides wvhich favours morep’ character in a RPA backbone, slowing the sidfain dynamics
such that each pyrene can form excimer with each other pyrene in the PySM. A depiction of this
effect is shown in Figure 5, highlighting the lower number of ground syaengs available for
PEF and thus lower appareRy]ioc value for the PySMs.



Npy= 4 Npy= 4 Npy= 4

X % % .

NeyPP< 4 NpyPP< 4 NpyPP< 4

Figure 5. Depiction of reduced pyrene excimer formation usingA&gonitol as example.

Since both the RPAs and PyPOs have a similar mix of difunctional and branched structures, it
leaves the amide or ester groups, respectively, as the major difference between the two families,
although a difference in the sidbain spacing on the backlmbetween the two could also be at

play. It is worth noting that the pyrene groups are linked directly to amines in the backbone of the
branched PyPAs, whereas the ester linkages of theP@®s reside 1 atom away from the polyol
backbone, possibly providia greater degree of flexibility and higlkes value to the PYOs in
contrast to the RPPAs.

CONCLUSIONS

A series of PySMsvere synthesized and their SSF spectra and TRF decays were acquired and
analysed. Equation 1 was applied to deternmiygd for each PyDA, Py-PA, PyDO, and Py#O

before «> was obtained from the MFA of the monomer and excimer fluorescence decays and
plotted as a function oP}y]ioc in THF, dioxane, DMF, and DMSO. Thé><vs[Py]ioc trends were

linear for the PyDAs and PyPAs in DMF and DMSO proving the assumption that their internal
segments obeyed Gaussian statistics in calculatioRypf{was vaid. The PyDAs and PyPAs

in THF or dioxand along with the PyDOs and PyPOs in all four solvents showed a distinct
breakpoint transitioning from the linear B0s and PyDAs to the branched PRAs or PyPOs

which implied a lower number of ground stgtgrenes available for PEF, and thus lower than
predicted &> values rationalized through a reduced efficiency for PEF among distant pyrene
moieties.These results should open the door for future studies of the internal dynamics of more
complex PyLMs and ySMs in solution.
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Eco-Friendly, Highly Conductive, Electrochemically Synthesized Graphene/Sodium
Alginate Inks for 3D Printing Tough Hydrogels and Aerogels

Carlos Villafane, Rahin Ali, Ziyu Zhuge, Milad Kamkar*

*Milad.kamkar@uwaterloo.ca

Engineering applications are facing an egmwing list of performance and sustainability
demands as our sociatyolves. The need for sustainable materials that can be tailored for specific
applications is more urgent than ever. We are living in a time where it's no longer enough to design
for function alon® we must also consider what happens to our devices adieuteful life ends.
Sustainability is not just a current isui is an accelerating global challenge. For example, the
volume of electronic waste {gaste) has doubled over the past two decades, with more than 50
million tonnes produced annually. Asghrend continues, developing materials and technologies
that are not only higiperforming but also environmentally responsible is critical to ensuring a
more circular and resilient future [1]. At the same time the demand for consumer electronics is
expeced to grow steadily and reach USD 2.321 billion by 2035 [2].

In this regard, technological advances help us build society as requirements change and evolve.
More specifically, advances in materials design and engineering are responsible for delivering
solutions to societyo6s pr oBllskeomedthattefeldafsmart publ i
materials has been experiencing significant growth due to the features its advances bring in the
development of higiperformance products and applications [3]. In other words, the development

of more advanced materialsrettly enables the creation of better, more efficient, and more
versatile applications across a wide range of industries. For these reasons we present a formulation
of an ecefriendly, 3D printable, conductive hydrogel for the sustainable manufacturing of
electronics and electromagnetic shields. Herein, we showcase the potential application of these 3D
structures for electromagnetic interference (EMI) shielding. This study systematically identifies
the optimal ratio of sodium alginate and electrochemicajlgthesized graphene nanosheets
(EGNs) for 3D printing, featuring a high electrical conductivity and thus outstanding EMI
shielding efficiency of up to 27 dB.

To justify the selection of sodium alginate and EGN, we will consider them individually. Sodium
alginate (SA) is a natdmaahubioop el wyuéahicgdlmp an d
(G) and it can be extracted from kelp of algae or bacterial /. interest in this component is

related to its gelation capabilities and the ability to enhance the mechanical properties of composite



materials. The mechanical properties of SA are dependent on the molecular arrangement of its
structure [5]. This biopolymer can be easily degraded through enzymatic processegpigmon

and noncontaminating, and can be extracted from a variety of alasaurces, making it an
attractive candidate for sustainable material development.

On the other hand, EGNs confer electrical conductivity and EMI shielding capabilities to the
hydrogel by virtue of its appreciable electrical properties through different mechanisms, which will

be discussed in the following paragraphs. What makes EGNsralse is not the intrinsic nature

of the nanosheets themselves, but rather the synthesis process used to produce them. In the work
presented, sustainability is achieved through greenjrgyact fabrication methods, which reduce

the use of harmful chermats and minimize environmental footprint. The electrochemically
synthesized nanosheets arise after a process comp exfoliation and filtration described in detail
elsewhere [6] which bypasses the need for harsh chemicals and extensive energy processes that

threaten the environment.

Since the components are inherently ecofriendly and conductive, the next step consisted of finding
the optimal concentration and ratio of SA and EGNs to achieve a 3D printable hydrogel. This was
done by preparing 32 different combinations of concentra@oisgng from SA in four different

levels, i.e., 8, 10, 12 and 14 wt%, and EGNs in eight levels 0.15, 0.25, 0.5, 0.75, 1.00, 1.20, 1.40,
and 1.80 wt%. Figure 3 illustrates the shgpstep process for hydrogel preparation.

To reduce the number of candidates, a simple test was performed in which hydrogels were
transferred to a vial and inverted for 1 minute. Figure 1 presents the results of this preliminary
screening test. If a hydrogel flowed easily within the designated frame, it was deemed
ineligible for further assessment, effectively eliminating over 50% of the initial sample pool from

continued evaluation. Indeed, having yield stress is a prerequisite for a hydrogel to be printable.
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Figure 1. Results of 1 minute vial inversion test. A heatmap consisting of three colors. Red implies
a failed test, yellow implies the candidate held its position for 1 minute and flowed afterwards
requiring further assessment, green implies a passed test.

To further evaluate the behavior of the hydrogel, we conducted a filament formation test to narrow
down the sample set. This test consisted of loading each candidate into the Cellink BioX printer
and extrude each sample to observe whether a continuaueriidavith shear thinning behavior
could be formed. If a candidate formed the filament a green circle would be assigned to its
corresponding location in the heatmap. On the other hand, if no continuous filament could be
formed a red cross would be assignHue results are presented in Figure 2. This strategy yielded
six promising candidates which were evaluated and optimized for printing. From a research
strategy standpoint first, we focused on the validation of the concept followed by a systematic
identification of ideal ratio of concentration of materials. All samples were prepared following the

procedure shown in Figure 3A.
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Figure 2. Results of shear thinning filament test. Updated heatmap template from figure 1 we in

which we assign a red cross and green circle signifying failed and passed test, respectively.

Although all the filtered hydrogels demonstrated adequate printability, ionic crosslinking was
performed to enhance their mechanical properties, as well as to ensure shape retention and
improved handleability of the printed structures. To this aim, a 2@@ZIR3olution was sprayed

onto the printed construct immediately after the extrusion of each layer, initiating effective

crosslinking. This process is shown in Figure 3B.

As a proof of concept, a hydrogel containing the highest concentrations of both compdrts
SA and 1.8%EGNS was prepared and assessed for electrical conductivity and electromagnetic
interference (EMI) shielding. The formulation exhibited excellent printability (see Figure 3C) and
promising functional performance, reaching shielding efficiency values uf @B2 thereby

highlighting its potential for application in printed electronics.
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Electrochemical exfoliation Filtration process Pure graphene slurry Pure Sodium Alginate slurry Eco Friendly, Cond‘uc?ive
of graphene nanosheet hydrogel for 3D printing

The hydrogel is sprayed after

priting with CaCl;

Figure 3. Schematic and results of the investigatiod. Synthesis of the ecofriendly conductive
hydrogel for 3D printing. B. Printing and crosslinking processes. C. Results of printed structures
using the hydrogel with highest concentration of SA and G.
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INTRODUCTION

Endowed with a modular structure that can be adjusted to impart numerous properties, poly(amido
amine) (PAMAM) dendrimers are being investigated for their potential use in waste water
treatment, energy storage, and biomedical applications including treodesent of new
generation carriers for targeted delivery systéMewever, the use of PAMAM dendrimers in the
pharmaceutical field is hindered by the cytotoxicity of their numerous amino termRetently,
studies have shown that hydrophobic modifarabf these primary amines significantly reduces
cytotoxicity, which has led to a surge in research interest for hydrophobically modified PAMAM
dendrimers (HMPAMAM). To date, most studies on HMAMAM have focused on the imaging

of tissues or cells for ability tests and they would benefit from a molecular level understanding
of how HM-PAMAM interacts with cell membranes. For instance, determining the location,
conformation, and internal dynamics of HRAMAM in lipid bilayers is of great importance to
further develop druggecific delivery systems and for understanding the mechanism ef HM
PAMAM endocytosis. Unfortunately, no experimental technique can currently deliver this
information, which can only be obtained through molecular dynamics simulations.

Several techniques can be applied to probe the conformation of macromolecules in
solution. They include scattering such as static (SLS) and dynamic (DLS) light scattering and small
angle xray (SAXS) and neutron (SANS) scattering, circular dichroism (@@m)nsic viscosity,
and NMR. All these techniques have their pros and cons, but one common featureiislthe 1
g/L range of polymer concentrations typically needed to generate sufficient signal for analysis.
However, the characterization of individuaMHPAMAM in the hydrophobic microdomains
generated by 180 g/L aqueous solutions of surfactants or lipids would requireRAMAM
concentrations that are at least 100 times more dilute, bringing the ANVAM concentration
below the workable concentratiomge of the more conventional techniques thus preventing their
applicability. To address this problem, more sensitive techniques are needed. To this end,
fluorescence experiments based on pyrene excimer formation (PEF) were conducted in this study
to charaterize the HMPAMAM conformation at the molecular level as they interacted with
surfactant aggregates. Fluorescence can probe macromolecules inXBarig/L concentration
range, 3to-4 orders of magnitude lower than the conventional methods. Althodgiwdoack of
PEF is that the conformation of the macromolecule might be affected by the hydrophobicity and
bulkiness of the pyrene derivative used as a label, it should not be a concern in this study since
pyrene is similar in size and hydrophobicity to tikeigs commonly attached to PAMAM
dendrimers. In other words, the pyrdabeled PAMAM generation O dendrimers referred to as
PyCX-PAMAM-GO in this study, wher¥ (= 4, 6, 8, 10, and 12) represents the number of carbon
atoms used to link pyrene to the dendrimer, are excellent mimics ofPAMAM. The
conformation of the PyCORAMAM-GO samples was characterized as the dendrimers interacted
with surfactant micelles ppared from pure sodium dodecyl sulfate (SDS), pure dodecy! trimethyl
ammonium bromide (DTAB)and mixtures of SDS and DTAB in varying ratios. While pure SDS
and DTAB micelles are spherical in agueous solution, mixed micelles made of SDS and DTAB
adopt a rodike conformatioft where the central cylindrical region is tightly packed with both
surfactants in an approximately 1:1 ratio and the ends are hemispheres primarily composed of the
surfactant in excess. A change in surfactant fraction only affects the length of the cylinder



Examples of the structures generated by the surfactants and the conformation of the PAMAM
associated with these structures are shown in Figure 1.
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Figure 1. A) Structure of (top) an SDS micelle and (bottom) a mixed micelle composed of a 70:30
SDS:DTAB mixture. B) Conformation of PyCRAMAM-GO inside a spherical micelle.

In this study, the average rate constaktjfor PEF was determined by fitting with a sum
of exponentials the timeesolved fluorescence (TRF) decays of each REAXIAM-GO in
organic solvents and surfactant aggregates. The linear relationship found bekwesam<he
theoretical local concentration P{jioc) for the PyCXPAMAM-GO in organic solvents
demonstrated that the internal segments of the dendrimers obeyed Gaussian statistics. A similar
relationship was also obtained for the PYRAMAM-GO samplesvith shorter linkersX=4,6,8)
in all surfactant aggregates indicating that these three dendrimers adopt the same conformation in
organic solvents and in surfactant aggregates. Howekeryas found to significantly deviate
from the linear relationship for the Py@XAMAM-GO samples with longer linker¥£10,12) in
surfactant aggregates. Such drastic changes were attributed to a conformational change. Further
investigation revealed that this conformational change occurs because the decyl and do decyl
longerlinkers tend to interact with the relatively more hydrophobic core of the pure surfactant
micelles. In the mixed micelles, which adopted a-likel shape, this deviation was less
pronounced with increasing micelle size, which reflected a longer cylihdeicaon (see Fig. 1A).
This observation suggested that the conformational change of dendrimers with a longer linker does
not happen in the cylinder part which is sufficiently hydrophobic at the surface due to the close
packing of SDS and DTAB moleculesurther demonstration of this finding is provided by the
similar trends obtained from experiments with surfactant aggregates consisting of an 80:20
SDS:DTAB mixture at various NaCl concentrations. NaCl is found to induce an extension of the
cylindrical regon of the rodlike micelles, while the deviation ofks for the dendrimers with
longer linkers from the linearkz-vs[Py]ioc relationship obtained for the dendrimers with the
shorter linkers is attenuated with increasing NaCl concentration, indicataigtii PyCX
PAMAM-GO dendrimers experience an overall more hydrophobic environment.

EXPERIMENTAL

Chemicals Sodium chloride, sodium dodecyl sulfate (SDS), dodecyl trimethyl ammonium
bromide (DTAB),N,N-dimethyl formamide (DMF), dimethyl sulfoxide (DMSQO), and chloroform
were purchased from Sigasddrich and used as received. Té¢nthesis and characterization of
the PYyCXPAMAM-GO samples and the PAMAIB0 sample enthbeled with 1
naphthaleneacetic acid (Np®PAMAM -GO0) were described earlier.

UVi Vis Absorption Measurement§he absorption spectra were acquired on a Cary 100 UV
visible spectrophotometer with a 5.0 cm path length quartz cuvette. Compared to a traditional
cuvette with a 1.0 cm path length, the longer 5.0 cm path length yielded a larger absorbance for
the verydilute aqueous PyGRAMAM-GO solutions. The detection of sharp peaks in the
absorption spectra was taken as evidence that the highly hydropfmperalkanoyl derivatives

used to label the PyYCRAMAM-GO dendrimers were solvated inside the surfactarglhag



Fluorescence measuremerithiePyCX-PAMAM-G0Osamples were excited at 344 nm. First, their
steadystate fluorescence spectra were acquired by scanning the fluorescence intensity from 350
to 650 nm. The fluorescence decays of the pyrene monomer and excimePpCKR&AMAM -

GO samples were acquired with an emission wavelength set at 375 and 510 nm and with a cutoff
filter at 370 and 495 nm, respectively. The fluorescence decays of the pyrene monomer and
excimer were analyzed globally according to the ModeteFAnalysis (MFA), which
acknowledges that any fluorescence decay can be fitted with a sum of exponentials, to determine
<k> through Eq. 16 and t; represents the pmexponential factors and decay times of each
exponential used in the decay analysis, respectively.

2% 1 1 o1
<k > = - = = (1)
Aag <07

i=1

Local Concentration oPyrenyl Labels for a PyYCRAMAM-GO SampleThe local concentration
([Pylioc) of pyrenyl labels within the macromolecular volume generated by the FRANKAM -

GO samples was obtained by dividing the numbs)) 0f groundstate pyrenyl labels by the cube

of the average entb-end distancel{y). For the PyCXPAMAM-GO samples with four pyrenyl
labels,npy equals 3 since one of the four pyrenyl labels must be excited to be detected for
fluorescence measurements and is required for PEF. The expressigrhad been derived
mathematically for lowgeneration PAMAM dendrimers earlier and is givelEaqm 2°

. [ 22" N+ <23 p 2 er 2V 1)
PP D | ] 2
L, (\)=| 2a+ e %7 (2)

In Eq. 2,Nis the generation number equal to 0 for the PARKAMAM -GO samplesa is
the number of carbon atoms in the linker connecting the pynemnsty to the PAMAM
dendrimer and equal(= 4, 6, 8, 10, and 12, (= 7) represents the number of Amydrogen
atoms in the aminoethyl propionamide building block of the PAMAM dendrimerg énd) is
the number of noimydrogen atoms in the ethylene diamine core of the dendrimer.

RESULTS AND DISCUSSION

The conformation of the PyYCRAMAM -GO samples were first studied in the two organic solvents
DMF and DMSO at a concentration of 0.6 M. Th
of their fluorescence decays yieldekb<which increased linearly with increasir@y]ioc for both
solvents in Fig. 2B. This result suggests that all internal segments of the-FAKIAM-GO
samples linking every two pyrene pair obey Gaussian statistics. To probe thePRWNIAXM -GO
samples as they interacted with surfactant agges, each dendrimer was suspended with
surfactants in chloroform before the chloroform was evaporated under a gentle flow of nitrogen to
yield a film, which was dry for the samples with SDS but required that it be kept under vacuum
overnight for the sames with DTAB to remove residual chloroform. After adding the required
amount of water to the films, clear solutionslof 5 t o 1 .-FAMAMMGORamPles were
obtained in 50 mM surfactant aqueous solutions that yielded theegelved absorption bands
expected from the pyrenyl labels and a vdsgfined rise time in the fluorescence decays of the
pyrene excimer. Since the surfactant concentration of 50 mM was well above the critical micelle
concentration of 8 mM for SD&d 15 mM for DTAB the surfactarst formed micelles that were
hosting the PyCX¥XPAMAM-GO samples. The same linear relationship was observed betkreen <
and PY]ioc for the PyCXPAMAM-GO samples with shorter linker¥<4, 6, 8) as shown in Fig.

2C, indicating that the conformation of thesndrimers in the surfactant micelles was the same
as in pure solvents. Interestinglyk>=<obtained for dendrimers with longer linkgp$=10,12)
significantly deviated from the linear relationship observed for the samples with the shorter linkers



resulting in a characteristic check mark pattern. To further investigate the cause of this change,
FRET experiments were conducted wher&ipC2PAMAM-GO was mixed with thdyCX-
PAMAM-GO samples withX = 10 and 12 in the 50 mM surfactant solutions with an 80:20
SDS:DTAB mixture.

The fluorescence spectra of the NpC2/PyRXMAM -GO mixtures were compared to the
sum of the fluorescence spectra acquired for the 50 mM SDS and DTAB solutions with NpC2
PAMAM-GO only and PyCX¥PAMAM-GO only. The identical fluorescence spectra obtained for
the NpC2/PyCXPAMAM-GO mixtures and the sum of the fluorescence spectra of the individual
components of the mixtures ruled out FRET between the naphthaedepyrendabeled
dendrimers and confirmed that the surfactant micelles hosted isolated dendvieaahile Lpy
of the dendrimers with longer linkers equaled 1.47 and 1.54 nX=f® andX=12, respectively,
and was much smaller than the diameter of the SDS and DTAB micelles equal to 3.7 and 3.3 nm,
respectively. Consequently, the checkmark pattern observed in Figure 2C was not a result of
intermolecular interactions between dendrimers Etatside a same micelle or dendrimer size.
It was therefore concluded that it was caused by a conformational change of the dendrimer induced
by strong hydrophobic interactions betwdba longer linkers and the more hydrophobic core of
the pure surfactamhicelles. A schematic representation of the conformational change expected
for the PyCXPAMAM-GO samples witiX = 10 and 12 is shown in Fig. 1B.
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Figure 2. A) SSF spectra of PyYGRAMAM-GO in DMF. B) <k> for the PyCXPAMAM-GO
samples in DMF and DMSO and C) 50 mM SDS and DTAB aqueous solutions. Symbols: (empty
circles) DMF, (empty triangles) DMSO, (filled circles) SDS, (filled triangles) DTAB<EK for

the PyCXPAMAM-GO samples in a 50 mM aqueous solution of the (red) 100:0, (orange) 90:10,
(green) 80:20, (blue) 75:25, and (black) 70:30 SDS:DTAB mixtures.

Experiments were then carried out in mixed micelles prepared from SDS and DTAB
mixtures with the molar fractiorigrag) of DTAB ranging from O (pure SDS) to 0.30 to investigate
whether the geometry of the surfactant aggregates (sphesicglindrical) would affect the
conformational inversion observed for the Py€XMAM-GO dendrimers in the pure surfactant
micelles. «> for all the dendrimer samples was plotted agdPgioc in Fig. 2D. The dendrimers
bearing shorter linkers always yielded a straighe khat passed through the origin. For PyC10
and PyC1ZPAMAM-GO, the checkmark pattern was seen in all the experiments with different
SDS to DTAB ratios indicating that the conformational change always exists. However, the pattern
became significantly lesspronounced astas increased. The effect was quantified with the angle
f, which is the angleetween the k>-vs[Py]ioc Straight line formed by the short linker dendrimers
and the trend line formed by the PyCBC10, and PyC1PAMAM-GO samples. The increase in
f is attributed to a reduction in the dendrimer conformational change happening in the cylinder
part of the rodike mixed micelles. Because the cylinder part is closely packed with oppositely
charged SDS and DTAB molecules, its palisade is more hydroptiancthe palisade of pure



SDS or DTAB micelles. As a result, the hydrophobicity gradient from the center of the micelle to
the palisade region in the rdite micelles is much less pronounced and the drive for the longer
alkyl linkers to interact with the hydrophobic core is redlce an extreme case, the linear
relationship betweerk> and Py]ioc would be restored andwould equal 180°. This was not
observed in Fig. 2D probably because the PARKBMAM -GO samples are randomly distributed
in the rodlike micelles. Consequently, some dendrimers are located in the hemispheres at the ends
of the rodlike micelles, which are pnarily constituted of SDS molecules. The chemical
environment and hydrophobicity in this region are expected to be similar to those found in the
interior of pure SDS micelles where the check mark pattern is observed. Therefore, the check mark
pattern is Bvays observed but becomes less pronounced as the cylinder part grows longer with
increasing DTAB content. Another notable effect is the decrease in the slope k#t&[RY]ioc
straight lines for the dendrimers with a short linker. This is attributed to the higher viscosity in the
cylinder part of the mixed micelles due to the closer packing of the oppositely charged surfactants.
As foras increases and the cylinder part becomes longer, a larger fraction of the dendrimers resides
in the cylindrical sectin. These dendrimers experience a higher viscosity which leads to a lower
rate of excimer formation.

To further demonstrate these conclusions, an alternative way was implemented to adjust
the size of the cylindrical section of the flke mixed micelles by changing the NaCl
concentration.
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Figure 3. A) Change of <k> with NaCl concentration for Py®AMAM-GO samples in
40mMSDS and 10mMDTAB(20%DTAB). B) <k> of PyGRAMAM-GO in surfactant
aggregates.

The aggregation numbe{yg of the mixed micelles prepared from a 50 mM surfactant
mixture withfprag equal to 0.20 was determined at NaCl concentrations of 10, 20, 50, and 100
mM by conducting fluorescence experiments to equal 228+3, 25516, 30511, and 39517
respectivelyNagg 0f the mixed micelle increased with increasing NaCl concentration providing a
means to continuously adjust the size of the micellar aggregates by simply adjusting the NaCl
concentration.

<k> was then determined for all the Py@AMAM-GO samples in thBO mM surfactant
mixtures withfprag equal to 0.20 for the same NaCl concentrations of 10, 20, 50, and 100 mM
the prediction is true that the dendrimers distribute themselves between the more viscous
cylindrical section and the less viscous hemispherical ends of tH&eoahicelles, «> should
decrease with increasing micelle size, and the checkmark pattern should become less pronounced
as reflected by an increase fin The k>-vs[Py]ioc trends shown in Fig. 3B indicate that the
checkmark pattern becomes less pronounced for the 50 mM mixed surfactant mixtuipeawith
= 0.20 upon adding 50 mM NacCl. The trends obtained for the mixed micellekwighequal to
0.20, 0.25, and 0.30 are also presented in Figure 3B for comparison.



CONCLUSION

This study represents the first example in the literature where the conformation of a series of
hydrophobically modified PAMAM dendrimers (HFRAMAM) was successfully characterized
experimentally by PEF in DMF, DMSO, and in surfactant aggregates useddamémbrane
mimics.It was enabled bleveraging the high sensitivity of PEF with its ability to report®y]ihc

and the local density of a pyretabeled macromolecule through the paramelterabtained from

the global MFA of the fluorescence decays acquired with the F§&MAM-GO samples. Linear
trends of «>-vs-[Py]ioc passing through the origin were obtained for the five PFEMAM-GO
samples in DMF and DMSO, and for samples with short link¥rs1,6,8) in all surfactant
aggregates, which suggests that the internal segments of denafiegGaussian statistics under
these conditions. Theksx value for the dendrimers with longer link&=10,12) was observed to
significantly deviate from the linear trend. This is a result of a conformational inversion that
happens in pure micelles or similar environments because the long alkyl linker tends to interact
more strongly with the more hydropholinterior of the micelles. Such conformational change
was demonstrated to be absent in the cylindrical part of the mixed micelles formed by the close
packing of the SDS and DTAB molecules present in a 1:1 ratio by varying the DTAB content or
NaCl concentration. In both experiments where the length of the cylindrical section of the mixed
micelle increasing with increasing DTAB content or NaCl concentratite checkmark pattern
became less pronounced as reflected by an incredsdnirconclusion, PEBased experiments
presented herein provide a new experimental means to study at the molecular level the interactions
between HMPAMAM and surfactant aggregates used as lipid membrane mimics. Such
experiments would be extremely challemggto conduct with the conventional characterization
methods applied to probe macromolecular conformation.
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INTRODUCTION

The persistence length) of a polymer provides a quantitative measure of its ability to bend on a
molecular level, influencing the mechanical properties observed for the bulk maRwolginers
possessing a larger persistence length will adopt an extended conformation in solution, resulting
in a stiffer material with a larger modulus compared to polymers with a lower persistence length,
that adopt a more coiled conformatfrSimilarly to other physical quantities such as the glass
transition temperaturél¢) or modulus, monomer types and their molar fraction incorporated in a
copolymer determine thigexibility of the resulting polyme?. Structureproperty relationships,

such as that existing between the composition and flexibility of a copolymer are extremely useful
to better understand the behaviour of a material. One such instance pertains to engine oil additives
known as poupoint deressants (PPDs), which are typically random terpolymers of alkyl
methacrylate$.Below a threshold temperature known as the {pamimt? paraffinic wax crystal

growth takes place in the engine oil, which blocks thdl@miv and can result in engine failure.

PPDs modulate the viscosity of the engine oil at these lower temperatures by disrupting, and
redirecting crystal growth through long alkyl side chains that are purposely incorporated into the
PPD® These terpolymers also contain shorter alkyl chain segments that act as spacers, increasing
the flexibility of the macromolecule, so that it can more closely adhere to the contour of the wax
crystals, thus enhancing the effectiveness of the PPD.

Despite its importance in our fundamental understanding of macromolecules, the persistence
length of many polymers remains unknown due to many experimental challenges associated with
I, determination. Static light scatterifigntrinsic viscosity? or gel permeation chromatography
(GPC) experiments are the typical techniques employed to dbtHibut their application is
plagued with numerous experimental constraints. Light scattering and viscosity experiments
require polymers with a narrow moleculariglg distribution (MWD), typically generated by

living polymerization technique's. Unfortunately, not all monomers can be anionically
polymerized, leaving free radical polymerization and its associated broad MWD as the only viable
option. In this case, the polydisperse polymer samples may be analyzed using a GPC instrument,
equipped wih light scattering and viscosity detectors, that separate the sample into monodisperse
fractions!! However, the polymer must be soluble in the solvent used with the GP@nest to

avoid potential polymecolumn interactions that would prevent any further anakysiEhe
determination ofp with these techniques is based on the same physical principle consisting in
probing the local density of a macromolecule through either its radius of gyration or intrinsic
viscosity. Since a more flexible macromolecule with a shégteould pack a greater number of



structural units per unit volume than a more rigid macromolecule with a lpnges local density
of a polymer can be utilized to determinel jtby light scattering or viscosity measurements.

In this context, the photophysical phenomenon of pyrene excimer formation (PEF) between an
excited and a grounstate pyrene labels covalently attached onto a polymer appears particularly
appealing. The rate of PEF has been shown to be directly propbtodha local concentration
([Pylioc) of pyrenyl labels in the polymer coil and thus responds to the local density of the polymer
in solution in the same manner as light scattering or viscometry experiments do. Furthermore,
fitting the fluorescence decayf a polymer randomly labeled with pyrene according to the
fluorescence blob model (FBM) yields the numb¥iog) of structural units encompassed inside

the volume probed by an excited pyrene also calldda Since alobis the same for a polymer

with a flexible or a rigid backbone, the associabdgh, is larger or smaller, respectively.
ConsequentlyiNbiob reflects polymer backbone flexibility and thigs®

This correspondence has already been applied to detedmifee a series of poly(alkyl
methacrylate)s (PyGRAMAs)* and poly(oligo(ethylene glycol methyl ether methacrylate)s
(PyC4PEGMAS) that were pyrendabeled through copolymerization of a methacrylate monomer
with 1-pyrenebutyl methacrylaté Regardless of chemical functionality, an increase in side chain
length resulted in a substantial decreas8ldis, reflecting an overall loss in flexibility, and of
course, an increase lin However |, values for constructs with side chains longer than 18 carbon
atoms were obtained with significant error because the polymethacrylate backbone appeared fully
extended over the length scale probed by the pyrenyl label linked to the backbone vizaakfonr

long spacer and\wiob NO longer responded to changedgnThis lack of sensitivity for stiffer
polymethacrylate backbones with longer side chains would be further compounded in more
viscous solvents that would be typically obtained at lower temperaturesidfess this problem,

a series of PAMAs with the alkyl side chains made of 1 to 18 carbons, and thredA&RE @here

n=29, 16, and 19 were randomly labeled withyteneoctyl methacrylate (PyC8MA). The eight
carbonlong octyl linker was expected to increase the reach of the pyrenyl label, which should
probe a largeblob occupied by a larger numbéXuon) Of methacrylate units. The fluorescence
decays of the resulting polymers were acquired and analyzed with the FBM to retrieigisheir
values, which wre compared to analogous polymers labeled with {pgrdnebutyl derivative
affording a shorter four carbdang linker. For a same structural unit, those constructs labeled
with the PyC8MA derivative experienced a significant increadgmigh, demonstrating that the

FBM responded adequately to an increase in the length of the linker connecting the pyrenyl moiety
to the polymethacrylate backbone. Sild@n, decreases with increasing solvent viscosity, the
effect of solvent viscosity must be eliminatedvioyrking in a solvent whose viscosity approaches
0.74 mPa.s as determined eartfeFor this reason, thiiop values of the polymers labeled with
1-pyreneoctyl are currently determined ixylene whose viscosity equals 0.76 mPa.s in order to
extractlp.

EXPERIMENTAL

Chemicals Methyl methacrylatey-butyl methacrylaten-hexyl methacrylate, lauryl methacrylate,
stearyl methacrylate, oligo(ethylene glycol) methyl ether methacrylate wit ah500 and 950
g/mol, oligo(ethylene glycol) methyl ether with am d 750 g/mol, monomethyl suberate, oxalyl
chloride, pyrene, aluminum trichloride, triethylsilane, trifluoroacetic acid, lithium aluminum
hydride, dimethylaminopyridine (DMAP), methacrylic anhydride (MAA), tetrahydrofuran,
toluene, o-xylene, N,N-dimethylformamide, dichloromethane, hydrochloric acid, sodium



hydroxide, azobisisobutyronitrile (AIBN), diethyl ether, and methanol were purchased from
Millipore-Sigma and used as received unless otherwise noted.

Synthesis of-pyreneoctyl methacrylat®istilled dichloromethane (DCM, 50 mL) and 2 mL of
monomethyl suberate (11.1 mmol) were added to a 100 mL round bottom (RB) flask. The
headspace was purged with nitrogen for 15 minutes before addition of 1.2 mL oxalyl chloride (14.5
mmol, 1.3 eq.). AfteBO minutes, the excess DCM and oxalyl chloride were gently removed by
evaporation with air. The activated acid was then redissolved in 50 mL of DCM, followed by the
addition of 6.8 g of molecular pyrene (6.8 g, 38wol, 3 eq.), and 5.4 g of aluminum trichloride
(17.9 mmol, 1.6 eq.). The reaction was left to proceed at room temperature for 30 minutes before
being cooled to 0 °C in an ice bath. The excess aluminum trichloride was quenched by slow
addition of 1 M HCI.The precipitate was removed from the filtrate by suction filtration and it was
then dissolved in 100 mL of trifluoroacetic acid, followed by the careful addition of 5.8 mL of
triethyl silane (36.1 mmol, 2.5 eq.). After 2 hours at room temperature, thgngguoduct was
washed thrice with 50 mL additions of cold hexane. The product was then dissolved in 100 mL of
tetrahydrofuran (THF) before being added very slowly into a 250 mL RB flask filled with 4.5 g of
lithium aluminum hydride (120 mmol, 10 eq.)@&C in an ice bath. The reaction then proceeded

at 70 °C under reflux for 2 hours before neutralizing unreacted lithium aluminum hydride with 1
M NaOH in an ice bath. The filtrate was then separated from the precipitate using suction filtration,
with thesolvent being removed by gentle air flow. Thpyteneoctanol product was then dissolved

in 50 mL of DCM in a 100 mL RB flask, with 0.037 g of DMAP (0.3 mmol, 0.2 eq.). The headspace
was purged with nitrogen for 15 minutes before careful addition of L.@friMIAA (11.4 mmol,

5.0 eq.). The reaction was left to proceed overnight at room temperature. Any unreacted material
was removed by a series of ligtliquid extractions in a 125 mL separatory funnel (1 M NaOH, 1

M HCI, 1 M NaOH) with the product dissolgen the organic DCM layer. The-dyreneoctyl
methacrylate (PyOcMA) product was then purified by column chromatography using toluene as
the solvent.

Synthesis of poly(ethylene glycol) methyl ether methacrylate witdf K60 g/mal Using 50 mL

of DCM in a 100 mL RB flask, 2 g of poly(ethylene glycol) methyl ether witheljual to 750

g/mol was added with 0.15 g of DMAP (1.2 mmol, 0.2 eq.). The headspace was purged with
nitrogen for 15 minutes before careful addition of 6.8 mL of MAA (45 mmol, 5.0 eq.). The reaction
was left to proceed overnight at room temperature. Amgagated material was removed by a
series of liquidiquid extractions in a 125 mleparatory funnel (1 M NaOH, 1 M HCI, 1 M NaOH)

with the monomer being dissolved in the organic DCM layer. Excess solvent was removed under
a gentle air flow.

Synthesis of poly(alkyl methacrylate)s randomly labeled with PyC8M\Aries of PyC&PAMAS

with side chains afi=1, 4, 6, 8, 12, and 18 carbons were prepared by free radical copolymerization
of the corresponding alkyl methacrylate and PyC8MA in toluene at 65 °C, using AIBN as the
initiator. Preferential incorporation of either the monomer or PyC8MA, otherwiseagf® as
compositional drift, was avoided by stopping the copolymerization before the conversion reached
20%. The conversion was monitored Hy NMR, and once an appropriate conversion was
achieved, the reaction was terminated by exposure to air. The resulting polymer was then purified
by several precipitations in chilled methanol, followed by centrifugation. After completing the
purification, residual solvent was removed by keeping the polymer sample in a vacuum oven at
room temperature overnight. For each homopolymer, several polymer samples were prepared with
varying amounts of PyC8MA to generate a series of polymer samples with severalqomts.



Synthesis opoly(oligo(ethylene glycol) methyl ether methacrylate)s labeled with PyC@MVA
series of PEEMA polymers with side chains of Mequal to 500, 750, and 950 g/mol were
prepared in a similar manner to the Py@8MAs with a few adjustments to account for the
difference in chemical composition. The free radical polymerization was conducted at 90 °C in
THF, and the polymers were prec¢gied in chilled diethyl ether.

Characterization of molecular weight distribution and chemical composition of the-PHE®Rs

and PyC8PEGMAs The numbe{M,) and weigh{{Mw) average molecular weights of the
polymers were obtained by gel permeation chromatography (GPC). A Viscotek GPC instrument
equipped with three 300 x 8 MmolyAnalytik Superes linear mixdaed columns (PolyAnalytik,
London, ON, Canada), and a 305 triple detection system comprised of a differential refractive
index, viscosity, and light scattering detectors was uséd THF as the eluent for the PAMA
samples. A TOSOH GR®/S instrument equipped with a refractive index, viscosity and Wyatt
DAWN HELEOS multiangle lightscattering detectors and with two TSKgeM 13 mm mixed

bed columns running with DMSO as the eluent at 70°C was used for thidVIRESamples. The
pyrene contents of both Py@8AMA and PyC8PEGMA samples were determined using a
Varian Cary 1 Bio UV Vis spectrophotometer. The concentration of PyC8MA was measured from
the absorption of a PyGBAMA or PyC8PEGMA solution at 344 nm determined with a 1 cm
pathlength cell, and using a molar extinction coefficient of 42,250cktr ! in THF.X® Through
applicationofBee.. amber t 6s Law, t he-labetd nethacfylateaunitsinthea o f |
homopolymers was determined through Equation 1, wkesethe molar fraction of PyC8MA

units incorporated in the copolymer, avicandMpy are the molar mass of the repeating structural
unit and PyC8MA, respectivel§. The pyrene content in terms of mole of pyrene per gram of
polymer is denoted dsy, obtained from an absorbance measurement carried out for a solution
prepared with a known mass of polgr.

x=MI(MT MpyH py2) (1)

Fluorescence AnalysisFluorescence measurements were conducted for solutions of the
homopolymers in THF with a pyrene concentration ofrfdVd Samples were degassed under a
gentle nitrogen flow for 30 minutes prior to measurement to eliminate oxygen, a known
fluorescence quencher. Steagtgte fluorescence spectra were obtained from 350 to 600 nm with
the excitation wavelength set at 344 nrheTmonomer and excimer fluorescence decays were
acquired using a timeesolved fluorometer from HORIBA to exciteetlsolutions at 344 nm and
monitoring the emission at 379 nm and 510 nm, respectively. The FBM was then applied to
globally fit the monomer and excimer fluorescence decays to deteNnigecalculated through
Equation 2, wheréusee is the molar fraction of unquenched monomer detected in the fluorescence
decay of the pyrene monomen>is the average number of grousidte pyrenes within lalob,

andx is the pyrene content of the sample determined with Equatfion 1.

Nbiob = (1-fmfree)® <N>/X (2)
RESULTS AND DISCUSSION

A series of poly(alkyl methacrylate)s with side chains of 1, 4, 6, 8, 12, and 18 carbons and
poly(oligo(ethylene glycol) methyl ether methacrylate)s with side chains of 9, 16, and 19 ethylene
glycols randomly labeled with a-gdyreneoctyl derivative were g@pared by free radical
polymerization. For each side chain length, several polymers were prepared with pyrene contents
ranging between 2 and 12 mol%, in addition to a model compound with a pyrene content of less



than 1 mol% to determine the monomer lifetime. The pyrene contents were determined by UV
Vis absorption. The fluorescence decays were obtained byréisodved fluorescence and
analyzed with the FBM in order to determiNgo» for the samples, which was then plotted as a
function of the pyrene content in Figure 1A. The constancWNsh with pyrene content
demonstrates that the incorporation of the largpyreneoctyl group does not affect the
conformation of the polymer, dsmop would drift to higher vales if the large -pyreneoctyl
derivative would significantly slow down backbone diffusion. Thidge, values were plotteth

Figure 1Bas a function of the molar mass of a structural uMitVéu) for the PyC4 and PyC8

labeled polymers to demonstrate that, increased when the length of the linker connecting the
pyrene moiety to the polymethacrylate backbone increased from 4 for 8 carbons. The increase in
Nbiob reflected the sensitivity of these fluorescence measurements to changes in the linker length
used as a molecular parameter to adjushtg value.
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Flgure 1. (A) Plot of Nuiob @s a function of the PYIEIE CULIEIIL I 1A UL UIE §-YBIVIA and
PyCs-PEGMA samples with varying side chain lengthsN@, ( = )), (GMA, ( O )), (GMA,
(® ), (GMA ( A ), (GaMA, ( ), (GsMA, ( A ), (PEGMA, (& ), (PEGEMA,

( @), (PE&MA, ( O )). (B) Plot ofNwiob as a function of repeating unit structural unit
molecular weight for homopolymers in THF labeled witpyteneoctyl methacrylatc ), and
1-pyrenebutyl methacrylate A ).

The homopolymers labeled with ap¥reneoctyl and -pyrenebutyl derivative both exhibit a
decrease iMNbiob With increasing backbone rigidity and increasMWvsy as indicated in Figure

1B. The increased extension of the polymethacrylate backbone induced by steric hindrance
between the longer side chains led the excited dyes to probe a smaller volume within the polymer
coil associated with a smallbko, value. Furthermore, both traces displayed a plateau region for
MWsy values greater than 500 g/mol, winis indicative of a fully extended chain. Tgo, values
recovered with the PyGBAMA and PyC8PEGMA samples are consistent with an increased
reach of the “pyreneoctyl derivative inside the polymer coil, which should improve the
determination of, from theNbios Values.

CONCLUSIONS

A key parameter for assessing the flexibility of a polymer is its persistence length, but the stringent
requirements associated with the more traditional techniques used to chardgtinmzeits
widespread determination, and as a result)tloé many polymers remains unknown. Previous

work has demonstrated that PEF is a viable method to determine the persistence length of randomly



labeled, polydisperse, linear polymers based on the FBM analysis of fluorescence decays acquired
with pyrenelabeled polymers. This research furthers this work by extending the length of the
pyrene linker to probe a larger voluneprder to assess the persistence length of stiffer polymers

in higher viscosity solvents typically observed at lower temperaturesNddaevalues retrieved

from the FBM analysis were compared to those obtained earlier with the same homopolymers
labeled with a dpyrenebutyl labl with a short four carbelong linker to illustrate how the
increase in linker length is associated with an increase ibldlesolume and the numbeNfjon)

of structural units inside it. PEF, in tandem with other characterization techniques may allow the
determination of, for macromolecules of industrial importance such as the PAMASs investigated

in the present study.
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Abstract
Biobased polyesters, synthesized from renewable biological resources, offer a sustainable
alternative to conventional petrochemical plastics, helping to mitigate environmental impact.
These materials, such as polybutylene succinate (PBS) and polybutglipate @erephthalate
(PBAT), are increasingly used in biodegradable packaging anéfiendly products [1,10]. In
this study, we focus on thermosetting biobased polyesters designed with a crosslinked structure to
improve thermal and mechanical propertiegking them suitable for demanding applications
[11]. One promising area for biobased polyester application is in wood modification. Wood,
despite its many advantages, suffers from low dimensional stability and susceptibility to
environmental degradatiolmniting its durability and performance. Recent advancements in wood
modification using biobased polyesters aim to chemically link these materials with wood,
improving its dimensional stability, fungal resistance, and overall durability [5].

Furthermore, the use of dairy industry-fmpducts, such as whey ultrafiltration (UF) permeate,
provides a sustainable resource for producing biobased polyesters. Whey UF permeate, rich in
lactose and minerals, has been successfully utilized in the production -ofahighchemicals like
5-hydroxymethylfurfural (HMF) [8]. This research leverages the potential of UF permeate to
create innovative wood stabilizers through in situ polycondemsatiactions with organic acids,
aiming to enhance the environmental stability of wood. Preliminary experiments using malic acid,
citric acid, and lactose from whey permeate are explored to optimize the polymerization process
for improved wood properties.

The primary objective of this study is to investigate the use of biobased polyesters, synthesized
from organic acids and whey UF permeate(alcohols), as a method to enhance the dimensional
stability of wood. The specific goals include: (1) studying the tidgeeof biobased polyester
formation through polycondensation reactions involving malic and citric acids with lactose and
Whey permeate, (2) evaluating the impact of these polyesters on wood's moisture uptake and
dimensional stability, and (3) optimizingé process conditions using thermal and spectroscopic
analyses (DSC, FTIR, and TGA) to enhance wood's resistance to environmental changes and
degradation. Through these efforts, the project seeks to develop a sustainabiendiyosolution

for improving wood properties, contributing to the circular economy by utilizing dairy industry
by-products.
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Differential Scanning Calorimetry (DSC) was utilized to study the kinetics of polycondensation
reactions, focusing on various combinations of Malic acid, Citric acid, lactose, and whey permeate.
The samples were analyzed under controlled thermal cyctifeaent heating rates to capture

the thermal transitions, such as melting points and enthalpy changes, critical for determining
reaction kinetics. Thermogravimetric analysis (TGA) further complemented the study by assessing
the thermal stability of the amomers across a broad temperature range, under nitrogen flow, to
identify decomposition points and support the understanding of thermal behavior in the
polycondensation process. These combined techniques provide comprehensive data for optimizing
the polyondensation reactions for enhanced wood modification.

The moisture content of the monomers was carefully assessed as it directly influences the
efficiency of polycondensation reactions and the polymerization process for wood modification.
Excessive moisture can lead to incomplete polymerization, affectingdtiermance of the
modified wood. Therefore, effective moisture control is essential for achieving optimal
polymerization and ensuring the sustainability of the modification process. FTIR analysis of the
monomers provided valuable insight into their malac structure and functional groups. The
spectra revealed that each monomer exhibited distinct functional group characteristics, including
C=0 stretching for carboxylic acids in malic and citric acids, artd €retching for alcohols in
lactose and whey ggmeate. Temperatutependent changes in the FTIR spectra of these
monomers were observed, particularly in their functional group vibrations. For example, in malic
acid, peaks associated with hydrogen bonding diminished at higher temperatures, indicating
reduced intermolecular interactions. Similarly, thédQtretching bands of citric acid and whey
permeate weakened with increasing temperature, signifying disruption of hydrogen bonding.
These thermal effects were consistent with the TGA findings, whimlvesth degradation starting

at temperatures of 152°C for malic acid and 172°C for citric acid, providing further understanding
of the monomers' stability during thermal treatments.

The thermal behavior of the monomers was thoroughly investigated using thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). The TGA curves revealed that each
monomer had distinct degradation temperatures, which informed the@®lafctippropriate DSC
conditions. For instance, malic acid began degrading at 152°C, guiding the DSC temperature
settings to avoid decomposition. The melting behaviors, identified through DSC, revealed that
malic acid had a melting point of 132.6°C, whal&ic acid melted at 155.8°C, lactose at 218.4°C,

and whey permeate at 146.4°C. These findings offer valuable insights into the thermal stability of
the monomers and their suitability for polymerization reactions. The temperature conditions used
in the DX experiments allowed for an-aepth understanding of the monomers' thermal
transitions, ensuring that the reactions proceeded under optimal conditions without exceeding
degradation thresholds. These thermal analyses also provide essential data fandmdgitsow

these monomers interact during thesitu polymerization process within wood modification,
guiding future research into improving material properties through controlled thermal and
chemical treatments.
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Fig. 1 DSC records of monomers

Differential Scanning Calorimetry (DSC) was used to analyze the thermal behavior of reactions
between lactose or whey permeate and biobased acids (malic acid and citric acid), aiming to
determine optimal reaction temperatures and quantify enthalpy chamgeh, reflect energy
absorbed or released during the reactions. The optimal reaction temperatures were found to be

150°C for Lactose & Malic Acid and Whey Permeate & Malic Acid, 170°C for Lactose & Citric
Acid, and 155°C for Whey Permeate & Citric Acidiserring complete reactions and avoiding
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under the DSC peaks, revealing higher energy release for Lactose & Malic Acid (175.6 J/g)
compared to Lactose & Citric Aat (159 J/g), and greater energy release for Whey Permeate &
Malic Acid (118 J/g) than for Whey Permeate & Citric Acid (87.53 J/g). These variations indicate
differences in the energy profiles of the acid types and alcohols used. The analysis proiwgded crit
insights for optimizing the reaction conditions and further developing sustainabpelpester
systems. Notably, the absence of endothermic melting peaks in the second heating curve confirmed

that the reaction was complete during the first heagingpiring no leftover reactants and no further

reactions in the examined temperature range.
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These reaction kinetics of Lactose and Whey Permeate with biobased acids (Malic Acid and Citric
Acid) are analysed at varying heating rates of 5°C/min, 10°C/min, and 20°C/min, highlighting the
importance of heating rate optimization in understanding tHeements and reaction kinetics.
Slower heating rates provide higher resolution of thermal events, enabling accurate identification

of onset, peak, and endset temperatures, whereas faster rates accelerate reactions but reduce

resolution, making precise panater determination more challenging. The results showed that at
lower heating rates (5°C/min), reactions proceeded gradually with better resolution, while higher
heating rates (10°C/min and 20°C/min) led to earlier reaction initiation and a higher endset
temperature, demonstrating the impact of heating rate on reaction kinetics. For example, the endset
temperature in the Lactose and Citric Acid system increased from 151°C at 5°C/min to 158°C at
20°C/min, reflecting the temperatudependent nature of theaction kinetics. These findings
were visually represented in the Conversion
curves, further illustrating the influence of heating rate on the reaction behavior.

In conclusion, this study highlights the significant role of temperature, heating rate, and reaction
kinetics in the development of biobased polyesters for wood modification. The FTIR and DSC
analyses revealed critical insights into the molecular behawidrenergy profiles of biobased

acids and dairy byproducts, underscoring the influence of heating rates on the thermal behavior
and reaction efficiency. The Lactose & Malic Acid system exhibited the highest energy changes,
while the Whey Permeate & Citricid system showed the lowest. These findings provide a solid
foundation for optimizing polymerization conditions, ensuring the sustainable development of bio
based polyester systems that enhance wood stability and resistance for various applications,
paticularly in construction.

This research contributes to the advancement of sustainable wood modification technologies,
promoting the use of renewable, ddendly materials. By refining the reaction kinetics and
thermal control parameters, this study offers valuable insightsaghdéad to more efficient, bio

based alternatives for improving wood properties, ultimately supporting environmental
sustainability and the development of greener construction materials.
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INTRODUCTI ON
Apt amer s -sarreandiemlglod i gonucl eoti des that are sy

developed to bind target | igands YWinteh aa etai ghf
applications bei ng ascetnisvoerlsy tionviedsetnitgiaftye dt hies pir
ions. One such Iligand is tetraectyrcelatnnee n(tT C)o rwhl
and ani mal i nf eeptriommost i ain dH aseeseeocrkadvii dd t o it s v
TGresistant bacteria haveTobelciomet awn nienccersesaasriyn
reduce the risk of bacterial resistance, tech
bindi ngr ap@@2) modi fied to contain an interna
of TC enables the detection of Pbwe TICl comeznd
response i s al most excbuateelfy uompestened (8
fluorescence spectra acquired before and afte
equilibrium constant WwWas abeen tadporctoad. or imat ik
which is usually -genferatedd fgstorm t he Mfol d

To characterize the TC/ OTT@&X od wstde i [iurmo rgrsea
was applied. TRF monitors the emission of the
used to characterize the conf°Ar metriicers ooff ntihme
aptamers consisting of the native aptamér, an.

or 'M@cl eoti de with tahispmerihdrfd caHldlyc pme btatileal n)
Th6ln dye was selectedtam tact T@swiat FRtEWe apur
sensitivittywhileetbetiabdel | ing sites were cho
a strong FRET r es plohnes es tartu ctthuorsee ogifp aTiCh, I eannsdh otwhne
Figure 1, along with the Mfol# predicted stru

HO ' \N/
o
/S
T | A
OH

OH OH O OH O (o]
FiguBertcture of (A) tetracybbHRET uscecae mtso rF,R Ea
t he Mfreeldd cted structure of the OTC2 aptamer
sites identified by red and blue, respectivel
Three TRF experiments were conducted: 1) TRF ¢
of the mixture constituted of TC | igamRET r ee



to probeespensiemef TC bound to OTC2 as it wund
#40; 3) TRF anisotropy to characterize the OT
These experiments take advantage of the abi
bound to OTC2) and amo daicfcieepdt obra s(etsh ei nt wT CT2h)6 Itno
Ruler reporting on the dPBRF nacrei sbhoett rweepeyn ydioenlod s
timfe WwWhich is proportional to thel'Wmygdreftlygnami
smal | mol ecul e Iis expected to tufmbadleuguilkt yu)
binding to a |l argeéegi scenpecuetd, ttohe ncaltaseot o
tumbling of the combined complex. Therefore,
binding and binding site of TC to the OTC2 ap

EXPERI MENTAL
TC was purchased from Sigma Aldrich and wused
commer ci al sourXTeh6Mhn |seamphlee SOTwar A Bp 3@ pa D&NA / (RS

synthesizer in the Manderville Lab from the I
50: 50 water:ethanol solution to generate a so
10 mMHTti duffer toogeOmbraoe ahgTE&€{il ution stud
solution cowtTaG namiYf 0OF ©D amvatsanperrepar ed. By mi
solutions, I ndi vi dual samples were prepared

bet ween OM02 Bad 4Bi sotropy experiments on t he
prepared7 a2 @MA@CgAgE [ OTC2] mE tlo5 .eon s(uNOe. 17a) 2. 1 ( N
OTC2 aptamer pefFin@l mg| etolrteani sotr-bpgeewpsr.i
excited to act as a fluorescenxTeh&mldo]l®@és (NOmMOI3.
mi with or winvhodtATEX.. 2|1 uNMO.ex3)cence decays were
Del t aFlrexotlivead fl uorometer. The dyes were exc
maxi ma at 336 nm and 479 n for TC and The6lIln
acquirefO®@i tbugo at the d 1
3

BOs e y maxiprahma morvelr
of 51.4 ps at 535 nm or 0.1

m
ca

02 ns at 580 nm fo
RESUL&DI sScuUsSs!I ON

The fluorescence decay fits for mi xtures of
concentr at i3 ndse craeyy Tthienedd 12(g e sfs= dée.clanyé N licnéeh,t r i b u
l ess than 1 (N1) % to the decays and remained
concentrationsth=A1l. AlghNPOUER] nsadecay ti me w;
to the aptamer, whilethatOld® [QUCR¥) asmdebagygh

to the TC free in solution. These decay ti mes
TC bound and!f®dsengnEgohtutbonl, reghewavecalgeul
it was found to match the 1.71 ns |nMf evthii mé of
corresponded to a 1:1 OTC2: TC m&l decratbsed t B
the 0.43 ns |ifetime of unbound#d@Cweréhel owoe
a function of concentration odx@Odarcenti inalFifgaia!
shown in Figure 2B.
<t >8md [1]

a._a
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<tre with dashed |lines indicattet ng Q.b4ddBotmdsg ohfadirailpz

dashedbi md) 72<-@spo(8ht @pae Ohiaa,c ta@yasr €(t ri eved fr
the analysis of the TC fluorescence decay as
[ TE] OTC2] ratio plotted as a function of [ OT

equi mol ar point were [TC] = [OTC2].

The -exrpeonent i al factors from the TRF deca
concentration of TC pppuwhkdi ¢lo whe @apteamen (§ac
[ TE] OTC2] , as shown i n HRN,gutrree 2 énarrdeogra afli @T C 2
[ TEZ] OTC2] which was to be expected due to the
Bel omM,1t he wWdtOTEC2[] TC]s | arger +shpa@emciIiwhibcmds g
to the aptamer.

The-FIRET experiments were conducted by exci
esponse of TC atmobd3 5 inend abnads etsh eatT h568I10n nm. Si n
inetics between the donor and acecceapyt osrh o ua dd e
irrored by -tai meaticrhitnlge rlitsel n fl uorescence de
ontribution of 71 (N6)% in the TC decay was
owever no such mirrordencgay iosfe Tth 6ren wahsi cf ho uwmaodu
RET between T@Bo@&aindi ¢edhebadhéd&d n I nstead, the de
wo decay times of 2.5 (NO.4) ns and 4.5 (NO.

i t he ppeenenotrisaloff ac® (N10) % r egamadiefsise do fb anshee -
ocated at position RPp8was ¢&4d0er3mhda enth? theyt eagsuseaub
ori entkst i2dn3.f alchteorabsence of a 3.5 ns rise
gested that FRET occurred instantaneously
arated from TC by & diTdeasde®r imudh 5s mer tdesrc
orescence decay could be attri-bonsednt @aneao L
T, wi-thmetberngevery difficult to detect I
h -FRET S6Bdkespuilcttsed i n Fi gad et L&t wthhe hbasugg e# ]
se to the TC binding site. A TRF anisotrop
N .

T

COSTM™VWULY —S~*TT03 X"

s § B ¢ I el

in more details.
ani sotropy decays were fit according t
ar

e aptamer s
e
v{ decays e both acquired to the same

Iv (1)



i mprove -thei sée gnaliHt)o dfeocrayt hbeef or e being fitte:
rotatiopabntdi mei (rp)aFomniseerd@Py 4gdnd TC bound

a single 9t aaisom etgiume e@d t o Afiotr tThGe aal noinseo tirno |
equaled 0.17 ns. Upon biimdri emags eedo ftrhoem OOT.C127 ampst
reflecting the much | arger hydrodynamic volum
ti me was then compared t6>)t reecaowerraegle froat aat isS
dupl®@ases hown i n faingdter<ewed ewtlpdroga t ed as a funct
number -poafi rbsa sief al | nucl eoti des -bwe r@T G2n vaod ovpetde
rigid conformation in solution, It was -expect:
bp duwphliecxh, was supported by the fact that the
buil t v tvhaltuhee ocf t he DNA dupl exes. Tloabhelltdckr

aptamers were also investigated with and with
TC was used as the fluorefsareft werrebe,e qtuwa erdot
lvt) dm@ decays. The Fieng. 7o( H0i 6habk,tivme, at tr
of the aptamer due to the good agreement with
probe. The shdr=t 1r. &t gtNi0arRg!| ntsi, mevas attri buted
dye with respect ttoomndeamgplteamer within a 15
12 | f1h=0.00491 Ny, 2 + 0.294 N, + 0.0747

X

14 - Helix I

12 -

f/h, and <f>/h,1 106 Pat

; Helix 111

0 10 20 30 40
Npp

Figufd) 3RotatiDinaC i ssooldaud/@doinCnbound to the apt
as a fluor ®@ceR@F Hpwobéd, aglyy WTADZOHI twiTtChh &and wi
TC, compared to the 3vedNaAg ed urpd teaxteisqg n gll ottit med ¢
number of base pairs. Onemaonkiafsiueg dk memtta heroan hea:
by 0.2 bp for clarity. ( B) Proposed structurt
experi ments wie hanrFdREFRETensnsensitive sites i
respectiVhked yproposed site of TC binding is defj

The results of the fluorescence anisotropy e
closed, rigid structure regardless of whether
gl eaned f-FBERTtaepdmRi ment s, t hnei nFeRIETbye fSS K i @ mu
interpreted to further r ef ipnree dtihcet eadp tsatnreurc tcuornel

aptamer, shown in Figure 1C, is comprised of
compl ementary base pahes dydopemnéobedregi eact
to the <cl osed, rigid structure-FREBEfGggespedi mgn

conducted at the University of Guelph which d



showed energy transfer from the TC donor to t
were very close to the site of TC binding. |
|l ocated in the | oop regionsevhoasway lfexomitheyt
Hel i x | which must be physically c¢close to the
pairing in that | ocati on. |l nstead, the FRET
3B which sati ®fi e9ptthheé heeJ RIFt ani sotropy, whi cl
and tFHhRETSSwhich reqoisi ¢s vehei FRETto be |l ocate
TC binding pocket, sSshown I n purpl e. I n t |
G2k €Cosz3scome together to form Helix 111 whic!
with the ATTT |l oop. This nepa sciotnifvoer nsaitti eosn d rooc
bet ween Helix | and 111 -pmhdkeent ,i swhiihlge pahlespod & &d
inactive sites away from the binding pocket.

CONCLUSI ONS
The MBoblrdcture predicted for t hepalTrCe2d ahpet|aince
connected by a disordered | oop r eFgREoIn .a n dH olvRerv
ani sotropy, challenge this structure.ed BY oBRE
to bases #4, 28, 32, 36, and 40, three of wh
Li kewi se, fluorescence anisotropy demonstrat e
aptamer with or without htalde aTC olmpg@and sttriuet@T G
with the | oops constituted of an unpaired str
presented here satisfies both the FRETI wad
nucl eoti des i nbycl gsaerpartoxnigma iairyetdhi mael | xas®on s
CE228 €636535 subsequently reducing the number of
a moreohdghég structure consistent with the si
The work presented here also represents t
structure of an aptamer has been prokbBe&ETusing
and anisotropy presented herein sheul dppamer s
either confirm or challenge the structure pr e
consider all the information collected about
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Introduction
High efficiency air filtration is a critical
di verse fields. From the maintenance of gl oba
remediation to the production of microelectro
filtration contributels Ummensehgt ébby momesn op:
efficiency fiblitordetgirardalbde moamd unsustainabl e
polypropylene or fibreglass. As an abundant n
material for designinrgs.suRn@adeasadd e ibrutid dn armgo dr
particles, cellulose can be integrated with i
media to i mprove particulate removal B.er f or ma
Cellul ose nanocrystals (CNCs) are an excel
mul si ons as Pickering emul si f reesrtsa.b|dNC eRdi cikne
iterature and have been used to construct hi
uper hyliropdhwr faces. Expanding on the engineert
ombinati occmnaf npaanrotr ioc l-esst amébobwod t o prepare r
iodegradabl e porous materials with effective
irfl ow raemsibset areoveloped. Natur al materials su
urable substrat® for such coatings
Additionally, nanofibrous electrospun mat e
ossess excellent air filtration performance
ellul osic material to the electrospinning pr
amfe bgener ated. Nanoparticulate additives <can
s well as increasing the productivity of el e
onsiderati on -sicnalteh ep riondduucsttiroinalof nanomateri al
of fers strategies to introduce new functions,
photocatalysi s.

o 9 T O W — O

O 9 O O T

Experimental

Emul sion preparati:oml prad addgn ay waxati inngvat er Pi
used for spray coating. The aqueous phase was
and 0.5 wt% NacCl into water and heating to 80
el ectrostatic inteoactci €NE patrweehetshei apir ovi



of the Pickering emulsifier which reduces the
paraffin wax was added at a 1:9 wax to aqueou

sufficient time to melt. -A,  m8&charrsesah Mambgae
Logpmeadow, MA, USA) was used to emulsify the s
The emul sion was finally probe sonicated at 8

For the spray application off etdh e paoaat igrum,
(22032 118 Siphon Gun; Critter Spray Products

| ocal hardware store was used. For consistent
error haamimead apparatus built from a 3D printe
precisely control the spray application param

AC el ectrospi ARCONCOn @ LoefAdppool lyynveirny | butyral (K
B60H) model system with technical grade (96 %)
testing with electrospinning techniques due t
the system. AC electwesppedi by tethabquasods
University of Liberec (Liberec, Czech Republi
as a nanofibrous sheath yarn, or into a pure
is reproduced frompPi(Magheswhran, 2021

Preparation of nanpbpyHowekoimplbset embi pheksg!
enabled by the preparation of nanofibre yarns
yarns on a scaffold, hierarchical mor phol ogi e
benefici al i n producingurae rdrfop.t eAtsyclaei ttfildtgesr u
taking the form of a permeable cylindrical bo
was prototyped. Composite nanoyarns were dire
production, then | ater rtewodugneds aurstion gt hae cfuislttorm
device. The winding density, spacing between
ot her parameters, are continuously adjustable

Mechani cal t rengtThh & etsetnsnigl eo fs tyraeemgst h of ¢
sample was tested using a mechanical strength
pl atform which moves vertically relative to a
clamp to hold the drmrdtwistabmpute lni pppadcder A | oac
measures the vertical force on the c¢clamp and
controlled, stretching the sample at a contro
recorded by the | otaidngel éngfThef oargleée sampl es

—“+ »nw = S O



Figure 1. Schematic (a) showing the production of nano!

nanofibre plumes (2) collected onto the core thread

Reproduced from Madheswarar. et al. ( Madheswar an, 20

Air fil:teAirefsitlitngr testing was conducted
Filter Tester manufactured by TSI Il nc. (Shor e
are generated and classified to produce a str
virtuall ermenpairspcle size distribution. The
sample and the difference in particle count u

measured using condensation particle counters
al so r eTchoer duesde. of condensation particle counte
particle concentrations and precise character
99.999999% efficiency-ptyFerfiésersg af spectal
tairect airflow through the sampl e.

Results and Discussion

Spray coated textiles present an interesting

efficiency air filters with very simple equip
talk demonstrates i mproved air filtrattiucre cha
of the filter medi um, as Fivg Wreeh 2 iam dmit c ooms ¢ @p
benefits demonstrated in the work to date, th
the addition of functionalized cellulose, whe
are | everaged to modify and eionucso rpg rpaetrd i a sv asru

charge, antimicrobiality, photocatalytic acti



Fi gureCoz2nfocal mi croscopy showing wax emul sion coated t

Results of the mechanical strength testing of
that the addition of CNC into electrospun nan
el ectrospinning parameters can withstand mor e
t@&ir processing into stronger and more compl e:
braiding, which is difficult with unreinforce
withstand the braiding process. The mechanica
yielded afptension force of each sample again
sample. The results were then analyzed by det
fibre before failure and the deformation at w
sampl ewerestcompi | edFi gu)o,eowdhei cphh ostho(lws a gener ¢

increasing toughness with the addition of CNC

Cumulated Plot

150

1254

— 100

Force [g

754

50

25

Figur eMechani cal str erngitrhf arecsead nmga mdy aCrNnCs .

The filter properties of c-aeinfogeedi hae@aosipr
al so drastically i mproved compared tdapluee PV
1. While the mechanisms remain to be explored,
will be worthwhile to pursue. This difference
being much | ooser with the addition of <charge
electrostatically repel one another during th

the quality factor (QF) is increased by 109%



i mportant measure of filter performance and a
nanoparticle additive.

Tabl e Cbnfocal mi croscopy showing wax emul sion coated t
Property Pure PVEH 0. 3% CNAQ( % Change
Resistan®g [ mmH 41. 17 100. 4 +144
Penetration [ %] 30. 73 0.2472 -99. 2

QF [ nOrH 0.029 0.060 +1009

Mass of NF [ g] 0.598 0.572 -4 .35

Filter Thicknes 1.49 1.64 +9. 73
Conclusions

This work has shown pr dleivreil mgprme nstt rodt esguisgd saifna
alternatives to ecologically persistent plast
performance air filters.-b&agdematbnbguasadsbotiv

in the produtbtisendd o&f |t e€xdsiduert hf intotdreartaiton per f ¢
providing a quick and simple route to upgrade
without requiring industrial infrastructure.
additional functionali phoitonchudiggiantamdcgahb
through the use of modified CNC.

El ectrospinning in particular is a valuabl
nanofibrous materials with excellent air fildt@t
mechanical and filtering properties of the re
areat wdy swhich needs further exploration. | n t
explore the use of sustainable polymer system
polycaprolactone, and cellul ose acetate inste
butyral
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