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Abstract

Laser tissue welding (LTW) is an alternative, suture-less wound closure technique. It involves
positioning opposite wound edges in close proximity, followed by near-infrared laser irradiation
until a temperature of approximately 60°C is reached. At this temperature, protein interdigita-
tion and tissue coagulation occur, resulting in a re-homogenized continuous tissue matrix. Heat
localization at the site of joining is essential to produce strong tissue bonds while minimizing
thermal damage to the surrounding region. One method to achieve heat localization is through
the administration of photothermally responsive biological solders (biosolders).

For the presented work, nanocomposite gels (NCGs) were developed as biosolders. They
were prepared by dissolving hyaluronic acid (HA) and guar gum (GG) to a final polymeric con-
centration of 3% w/v in aqueous solutions with up to 1.4 nM gold nanorods (GNRs). The addition
of GG was found to stabilize GNR dispersion through the gel and enhance their heat generation
under laser irradiation. To assess the clinical relevance of the gel formulations, a simplified
photothermal characterization scheme was developed. The method relies on a custom-built mea-
surement system that can confine gel samples to clinically relevant thicknesses as thin as 100 um.
This setup was used to measure temperature increases (A7) of gel specimens with and without
GNRs, with a repeatability of AT = 0.123°C.

A plasmonic heat amplification factor, &, is proposed as a new safety metric for assessing
the clinical relevance of a biosolder formulation. It is defined as the ratio of AT for an NCG by
AT of its corresponding control gel. A subset of the developed NCG formulations were found
to possess & >1.3, indicating their thermal suitability for safe LTW. The presented method aims
to establish a new standard foundation for the temperature monitoring of laser-irradiated gels in
isolation, allowing for the cost-effective screening of preliminary NCG formulations for eventual
administration to tissue models.

The developed photothermal characterization system was further used to determine the pho-
tothermal conversion efficiency, or fraction of heating power per absorbed light, 1, of developed
NCGs. Although a standardized method for determining 7 in liquid photothermal solutions has
been previously proposed, it is unsuitable for semisolid materials such as viscous gels that are
considered for medical applications like LTW. As such, a simple, yet robust approach is pro-
posed for estimating 1 of viscous photothermal gels via the direct determination of thermal con-
ductance. The method allows for more confident reports of 1 for optimizing the photothermal
response of photoresponsive materials.
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Chapter 1

Introduction

This chapter provides the necessary background information for the laser tissue welding process,
as well as an overview of biological solder components, examples and formulation considera-
tions. Discussions of tissue joining mechanisms are also provided. The derivation for photother-
mal conversion efficiency, 1 is described. The objectives of this thesis are highlighted, and a
statement of contributions is provided, which lists the sections of this thesis that contain content
from a manuscript submitted to a journal.

1.1 Laser Tissue Welding (LTW)

Wound closure devices employed in the current standard of care include sutures, staples, and
adhesives. These devices work by bringing the wound edges in close proximity (i.e., appo-
sition) to one another and providing mechanical support for wound healing. Although these
devices—sutures, particularly—have been a historical constant for post-operative tissue repair
[1], they possess several shortcomings that have inspired research towards the development of
alternative methods.

Since conventional wound closure methods merely appose the wound edges to one another,
the resulting bond is not always fully watertight. The major consequences of this are increased
risks for bacterial infection and wound dehiscence or reopening of the wound [2, 3, 4]. More-
over, the surfaces of sutures and staples can promote bacterial adhesion, thus increasing the risk
of infection to the patient [5]. Furthermore, medical adhesives can suffer from low bond strength,
as well as inconsistent application by the physician [6]. Sutures and staples prove to be disad-
vantageous for the closure of softer tissues, like liver tissue which are susceptible to tearing.



Inadequate suturing of the liver can result in massive and intractable blood loss, while stapling
the liver may result in bile leakages [7]. Even for sturdier tissues, the act of repeatedly inserting
sharp implements, like sutures and staples, can increase trauma to the surgical site. For externally
visible wounds, sutures are also known to create unsightly scars [1]. In addition to addressing
the practical and functional shortcomings of conventional closure techniques, patients consider
the improvement of the cosmetic appearance of a healed wound to be important [1].

Laser tissue welding (LTW) is a “suture-less” alternative wound closure technique that can
address each of the aforementioned shortcomings of conventional techniques. LTW was first
proposed in the 1970s [8] and has shown potential for accelerated healing, increased wound
strength, faster procedural time, reduced scar formation, decreased infection, reduced inflamma-
tory response, higher suitability for soft tissues, and instantaneous water-tight sealing when com-
pared to sutures [9, 10, 11, 12]. The LTW technique involves bringing the edges of an incision
or wound in close proximity, followed by laser irradiation. Typical irradiation times range from
2 min—7 min, while laser power densities range from 2 W/cm?-35 W/cm? [9, 10, 13, 14, 15, 16].
Across these reports, the tissues reached temperatures of 60°C or higher. At these temperatures,
protein denaturation and disassembly, and tissue coagulation occur, re-homogenizing the wound
site to create a continuous tissue matrix and water-tight seal [10]. A more detailed description of
these mechanisms is provided in Section 1.2.4.

To assist with heat amplification and heat localization during the LTW process, exogenous
materials called biological solders (biosolders) can be applied to the apposed wound edges prior
to laser irradiation (Fig. 1.1). Biosolders contain photoabsorbing agents that transduce incident
laser light into heat in an amplified manner. When biosolders are selectively applied onto a
tissue surface, the covered region heats under irradiation to a greater extent than the uncovered
surroundings. This permits the use of a lower laser power to achieve the same level of heating
as a bare laser operating at higher power, essentially localizing the heat to a specific area. The
benefit of this strategy is the minimization of thermal damage to peripheral or surrounding tissue
and confinement of the weld to the desired site of joining [17]. Biosolders are discussed in further
detail in Section 1.2.3.

122222, IRRE; IRRE;

.__AIE..40

Direct laser heating Direct laser heating Biosolder heat localization

(high laser power) (low laser power) (low laser power)

Figure 1.1: Visualization of the heat localization effect on tissue by biosolders during LTW.



1.2 Literature Review

1.2.1 Protein Architecture and Denaturation

Proteins are one of the key biological macromolecules that are necessary for life. There exist
thousands of different proteins in the human body, all of which perform complex and individ-
ual biological functions. A protein is a polymer composed of monomeric amino acids, which
then assemble into a functional structure through a series of hierarchical molecular interactions
(Fig. 1.2). The primary structure is formed through covalent linking of amino acids in a chain-
like sequence. Following this, the secondary structure is formed into a series of &-helices and
B-pleated sheets. These secondary structures then undergo complex folding into the tertiary
structure through an abundance of intermolecular interactions, such as hydrogen bonding, ionic
forces, hydrophobic interactions, and van der Waals forces [18]. For some proteins, the tertiary
structures self-assemble into a superstructure called the quaternary structure.
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Figure 1.2: The orders of protein structure include the (a) primary structure, (b) secondary struc-
ture, (c) tertiary structure, and sometimes (d) quaternary structure. Adapted from Genetics Glos-
sary: Protein (genome.gov).

The structural conformation of a protein is imperative to protein function since it influences
the accessibility of functional groups on the surface of the protein and thus determines how it
interacts with other biomolecules in the body. The process of destabilizing the tertiary struc-
ture of a protein is known as denaturation or unfolding. Denaturation occurs due to changes
in the environment of the protein, such as temperature, pressure, pH, and salt concentration, or
the application of chemical denaturants or microscopic forces [19, 20]. A delicate balance of
these parameters is required for a protein to assume its native conformation, or the most stable
conformation with the lowest free energy.

A free energy landscape, or folding funnel, is used to illustrate the conformational behaviour
of a protein (Fig. 1.3) [20]. Troughs in the landscape correspond to local free energy minima



of different protein conformations (i.e., locally stable states), with the native protein state occu-
pying the absolute free energy minimum. In a stable environment, it is thermodynamically less
favourable for proteins to assume denatured, or unfolded states, as this would increase their free
energy. However, if a disturbance is applied (e.g., high temperature during LTW), the favourabil-
ity of unfolded states increases. This effectively “traps” the protein in a non-native state within a
free energy local minimum, even after environmental conditions return to normal. Depending on
the denaturant used, unfolded states occupy distinct regions of the free energy landscape [20].

Free Energy

Native
Conformation

Unfolded
Conformations

Figure 1.3: Free energy landscape, or folding funnel, of a protein. Troughs in the landscape
indicate unfolded conformations. Distinct regions of unfolded conformations are categorized by
denaturant type. Obtained from Lapidus [20], under a Creative Commons Attribution (CC BY)
license.

1.2.2 Role of Collagen and Hyaluronic Acid in Connective Tissue

Connective tissue is important for providing mechanical support, movement, tissue fluid trans-
port, cell migration, control of metabolic processes, and wound healing in all other tissues in the
body [21]. Collagen, the most abundant protein in mammals, plays a key role in maintaining
the structure of the extracellular matrix (ECM) in connective tissues [22]. Healthy and intact
collagen matrices assume a quasi-crystalline, densely packed, rope-like structure. As with other
proteins, the formation of the final quaternary structure of collagen requires a series of inter-
molecular interactions (Fig. 1.4). Briefly, three peptide chains entwine into a triple helix, called
tropocollagen, via hydrogen bonding [23]. These helices then aggregate, or self-assemble to
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form fibrils [24], which then assemble into fibers. Glycosylated proteins, called proteoglycans,
further fortify the alignment of collagen fibers within the ECM [25]. With respect to wound

healing, the synthesis and deposition of collagen is vital for restoring the physical strength of the
wound site [26].
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Figure 1.4: Hierarchical assembly of collagen fibers. Graphics from Freepik.

Hyaluronan or hyaluronic acid (HA) (Fig. 1.5) is ubiquitously distributed in mammalian
tissues, including connective tissue [27], acting as a structural and functional support network
between other tissues. HA performs critical functions during the inflammatory, proliferative and
remodelling phases of wound healing. Large HA fragments couple with fibrinogen to induce clot
formation at the site of injury. In addition, the abundance of large HA fragments creates a porous
network by which immune cells can migrate to the wound. Conversely, small HA fragments have

stimulatory properties that promote fibroblast migration and collagen production during wound
healing [28].
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Figure 1.5: Chemical structure of hyaluronic acid. Obtained from Wikipedia (public domain
image).



1.2.3 Biological Solders (Biosolders)
Biosolder Classification

In traditional soldering, the function of the solder is to act as additional filler material to bridge a
connection between separate metal entities. The ideal solder is inert and has a melting tempera-
ture well below that of the joining base metals to avoid damage.

Biosolders require an altered definition. Although biosolders also act as additional filler
material in the LTW process [29], they undergo interactive mechanisms with the interfaces of
the biological material, making them distinct from traditional solders. To briefly describe these
interactive mechanisms, the following accepted definitions of a ’biosolder” from literature are
provided:

1. A proteinaceous material that undergoes denaturation to form bonds with the adjacent
tissue [30].

2. An exogenous (proteinaceous or polymeric) paste that coagulates on heating to form an
artificial solid clot [29].

3. A topically applied semisolid material that is activated by laser light to induce thermal
modifications within tissue [17].

4. A material that is interposed between wound edges to selectively absorb laser radiation
and prevent thermal damage to adjacent tissue [11].

The joining mechanisms are described and illustrated in more detail in Section 1.2.4. Following
laser irradiation, all biosolder material, including residual non-irradiated biosolder, is eventually
broken down and cleared away by immune cells such as neutrophils through phagocytosis (the
engulfing and digestion of foreign materials) [31]. This process incites the eventual resorption
and clearance of the biosolder material from the body [29].

Matrices for Biosolders

The purpose of the matrix is to act as a vehicle for administering photoabsorbers to the site of
joining. Natural biopolymers like proteins or polysaccharides are selected as biosolder matrices
owing to their biocompatibility, biodegradability and lower likelihood of eliciting a strong im-
mune response [32]. Moreover, it is important that the matrix material be chemically inactive to



avoid unintended reactions with the exposed tissue. Miscibility of the embedded photoabsorber
within the matrix is also of importance.

Due to the key functions of collagen and HA in wound healing (as described in Section
1.2.2), these specific biomolecules have been employed in several biosolder formulations [9, 29,
33, 17, 34]. Other reported biosolder matrices include proteins such as silk fibroin and albumin,
and chitosan, a polysaccharide. A summary of previously reported biosolder formulations with
details on composition is provided in Section 1.2.3.

Several biosolder form factors have been previously explored, such as liquid solution [35, 36,
29], spreadable gel [33, 17, 13], thin films [37, 13], and solid and semisolid discs [10, 9]. Non-
solid formulations offer procedural versatility and fabrication scalability, whereas solid formula-
tions provide application uniformity. To elaborate, the administration of non-solid formulations
is not limited by wound topography, geometry or size, as they can be spread over and into the
tissue. In contrast, thin films and solid or semisolid discs have a fixed geometry, with typically
small dimensions (diameter <12 mm). However, their rigid form allows for easier handling and
placement to the wound site. Non-solid formulations can be susceptible to uniformity issues
or inconstant application, similar to medical adhesives. These tradeoffs should be considered
depending on the target tissue or organ for LTW.

Photoabsorbing Agents for Biosolders

As mentioned in Section 1.1, the purpose of the photoabsorbing agent in a biosolder is to convert
incoming laser light into heat. Selecting an appropriate photoabsorbing agent for a biosolder
formulation first requires selecting an appropriate laser wavelength. Several constituent materi-
als within biological tissue possess unique absorption peaks. The absorption of light by these
materials reduces the amount of light that can be readily absorbed by the photoabsorbing agents
within the biosolder. Fig. 1.6 shows the absorption coefficient spectra for the major absorbing
tissue components [38]. Within the near-infrared (NIR) region (A ~ 600 nm to 1000 nm), the
light is minimally absorbed by these tissue components and thus, the penetration depth of light is
largest [39]. Because of this, the NIR region is also called the “therapeutic window” or “optical
window” [40] as these wavelengths are well-suited for biomedical laser applications.

Indocyanine green (ICG) is an example chromophore that can achieve NIR light transduction
into heat. It is a water-soluble tricarbocyanine dye with a peak spectral absorption at around 800
nm [42]. Although it has been widely used for biosolder formulations [35, 43, 36], it suffers from
slow heating, limited efficiency, poor stability and chemical inflexibility [13, 29]. Since the ad-
vent of plasmonic metallic nanoparticles, which also possess a photothermal conversion property,
ICG has been increasingly replaced by metallic nanoparticles for LTW biosolder formulations.
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Figure 1.6: Absorbance spectra of different tissue components. The NIR region (between 600
nm and 1000 nm) is termed the optical window since light penetration is highest. HHb = deoxy-
hemoglobin, O,Hb = oxyhemoglobin, CtOx = cytochrome oxidase. Obtained from Scholkmann
et al. with permission [41].

Metallic nanoparticles exhibit strong photothermal conversion due to localized surface plas-
mon resonance (LSPR), in which incident photons of a characteristic wavelength induce a collec-
tive oscillation of the free electrons surrounding the nanoparticles (i.e., a plasmon is generated)
[44]. Non-radiative decay of the plasmon then results in the localized generation of heat [45, 46].
Although spherical gold nanoparticles (AuNPs) are popularly used in biomedical applications,
their LSPR band exists in the spectrum between A ~ 500 nm to 600 nm, thus overlapping with
the absorption band of hemoglobin species in blood [47, 48] and limiting the amount of light that
can be absorbed by the spherical AuNPs. On the other hand, gold nanorods (GNRs) possess both
a longitudinal and a transverse plasmon mode due to their >1 aspect ratio [49]. As the particle
aspect ratio increases, the longitudinal LSPR peak shifts to longer wavelengths in the NIR region
and the oscillation strength increases [49]. An illustration of the LSPR mechanism in GNRs is
shown in Fig. 1.7. The position of the longitudinal plasmon band in the absorbance spectrum of



GNRs can be directly tuned by adjusting the aspect ratio (AR) of the GNRs. A larger AR results
in a shift of the longitudinal band towards longer wavelengths [50].

GNRs are the preferred class of plasmonic nanoparticles for photothermal therapies since
they possess the strongest LSPR peak in the NIR region. Other gold nanostructures such as
nanoprisms and nanocages also possess LSPR bands within the NIR region, but their absorbance
is weaker or broader compared to that of GNRs [48]. GNRs have been incorporated into nu-
merous LTW biosolder formulations. Section 1.2.3 provides specific literature examples of these
formulations.

Incoming light w

Incoming light
(A = SPR wavelength)

(A = SPR wavelength)

Longitudinal SPR mode
(SPR wavelength = 650 to 850 nm)

Transverse SPR mode
(SPR wavelength = 520 nm)

Figure 1.7: LSPR phenomenon responsible for GNR photothermal property: (a) Transverse
plasmon mode, (b) Longitudinal plasmon mode.

Existing Biosolder Formulations

Table 1.1 provides a summary of a subset of previous studies that developed novel biosolder
formulations for LTW. In the earlier biosolder formulations of the 1990s, ICG was the photoab-
sorbing agent of choice. However, beginning in the early 2000s, research has trended toward
the usage of GNRs instead, for the reasons cited in Section 1.2.3. Proteins and polymers have
remained the matrix material of choice owing to their useful properties and functions, as pre-
viously described in Sections 1.2.2 and 1.2.3. Although the variety of biosolder formulations
presently described have demonstrated success in literature, this thesis focuses on the devel-
opment of biosolders consisting of a spreadable gel matrix with embedded GNRs, also called
nanocomposite gels (NCGs).



Table 1.1: Summary of prior biosolder formulations and the tissue models on which they were

applied.

Authors, Year

Biosolder Format
(Dimensions, if applicable)

Matrix
(Optimal Concentration)

Photoabsorber
(Optimal Concentration)

Tissue Model

Oz et al., 1990 [43]

Solid mixture

Human fibrinogen from plasma(None given)

ICG (None given)

In vivo rabbit carotid artery

Schwartz et al., 1998 [35] Liquid Human albumin (50% w/v) ICG (0.83 mg/mL) In vivo rat skin
q g
Liquid; Bovine serum albumin
McNally ef al., 1999 [36] Solid strips (25% wiv for liquid); 1cG Exvivo bovine
(3x1x0.15 mm) Bovine serum albumin (0.25 mg/mL) thoracic aorta
: (60% w/v for solid strips)
) - Collagen GNR Ex vivo porcine
Ratto et al., 2009 [29] Liquid (<10% wiv) (0.1 nM) eye lens capsule
Hyaluronic acid
L. from Streptococcus equi, GNR In vivo rabbit
Matteini ef al., 2010 [33] Spreadable gel MW ~ 1000 kDa 0.9 nM) carotid artery
(3% wiv)
.. Thin films Chitosan GNR Ex vivo arterial
Madeini et al., 20101371 g nm, h ~ 40 pm) (<3% wiv) (<0.2 nM) tissue
Hyaluronic acid
- . from Streptococcus equi, GNR In vivo rabbit
Esposito et al., 2012 [17] Spreadable gel MW ~ 1000 kDa (1.6 M) carotid artery
(=~ 11.1% wiv)*
Elastin-like polypeptide
’ Solid disc with 12 repeating GNR Ex vivo porcine
Huang et al., 2013 [10] (2 ~ 10 mm, h ~ 247 pm) cysteines (=~ 614.4 nM)** intestine
(0.2% wiv)
. Semisolid disc Collagen GNR Ex vivo porcine
Urie et al,, 2015 [9] (% ~ 12 mm, h <2 mm) (0.4% wiv) (= 568.9 nM)** intestine

Thin films

Silk from Bombyx mori,

Ex vivo porcine intestine

Urtie et al., 2018 [13] (2 ~ 10 mm, h ~ 200 pm); MW = 100 kDa ~ GNR » (for thin film);
Spreadable gel (~ 6.38% wiv)* (= 239.3 nM) In vivo mice skin
P . (for spreadable gel)
Semisolid disc Collagen GNR Ex vivo porcine
Zhang et al., 2024 [34] (% ~ 6.5 mm, h ~ 1 mm) (0.4% wiv) (1.126 nM) skeletal muscle

* These protein/polysaccharide concentrations were originally reported in wt%. Conversion calculations wt% to % w/v are provided in Section A.1 (Appendix).
" These GNR concentrations were originally reported in wt%. Conversion calculations from wt% to nM are provided in Section A.2 (Appendix).

Biocompatibility of GNR Biosolders

Despite the attractiveness of GNRs for photothermal therapies, an enduring challenge to their
application in biomedical settings is the cytotoxicity of the cetyltrimethylammonium bromide
(CTAB) surfactant which is used to direct anisotropic growth during synthesis and to stabilize
the formed GNRs [51].
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Management strategies for the cytotoxicity of CTAB include chemisorption methods, such
as displacement with thiolated alkanethiols [52], and physisorption methods, such as gum en-
capsulation or replacement [53, 54, 55, 56]. Gum-based strategies are of particular interest due
to the low cost, accessibility, biocompatibility, biodegradability, and low antigenicity of plant-
derived gums [57]. Furthermore, their inherent mucoadhesive properties make them suitable for
maintaining tissue contact in wound healing and drug delivery applications [57].

A previous cytotoxicity study found that gum arabic-coated GNRs applied to non-tumorigenic
fibroblasts resulted in 80-90% cell viability up to a GNR concentration of 1.8 mg/L (or on the
order of 10° pM) [54]. This suggests that gum-GNR materials, such as the formulations reported
here, have the potential to possess low cytotoxicity and reasonable biocompatibility potential.
Furthermore, in another study reporting on HA-coated AuNPs [58], a 90% biocompatibility was
found for nanoparticle concentrations of 0.01 mg/mL (or on the order of 10° nM). The study fur-
ther indicates that the presence of HA may prevent reactive oxygen species pathways that cause
cell death.

1.2.4 LTW Tissue Joining Mechanism

The LTW joining mechanism is illustrated in Fig. 1.8. For simplicity, only collagen within the
connective tissue ECM is depicted. After cleaving a network of collagen fibers, the matrix be-
comes permanently separated. The process of LTW involves bringing the disjointed ends into
close proximity and then applying the biosolder. Under ambient conditions, the biosolder is pas-
sive and does not provide any joining capability. It is only by irradiation of NIR laser light, that
the LSPR effect creates a substantial thermal response. The increase in temperature causes the
collagen fibers in the connective tissue to loosen and the proteoglycan bridges to break, thereby
creating separation between collagen fibrils. Once ambient temperatures are restored, new hy-
drogen bonds form between the collagen fibrils on the opposite wound edges, and the water in
the surrounding medium [59]. The result is protein interdigitation or the re-homogenization of
the tissue matrix. As mentioned in Section 1.1, this process typically unfolds at or above 60°C.

Interestingly, the heat generated during LTW causes the proteoglycan bridges between col-
lagen fibers to dissociate well below the temperature threshold for collagen denaturation [60],
inducing the dissociation of collagen fibers. At laser surgery temperatures up to 65°C, thermally
induced alteration of collagen fiber alignment was observed while the individual collagen fibrils
themselves remained intact [60]. This is noteworthy as it implies that as long as similar tempera-
tures are maintained during LTW, the extent of collagen degradation can be minimized. From an
immunological perspective, the degradation of collagen upon injury is known to enhance the en-
suing inflammatory response [61]. Therefore, minimizing the extent of this degradation has the
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Figure 1.8: Joining mechanism of the LTW process: (a) A discontinuity in the connective tissue is
created by surgical incision or injury. The LTW procedure begins with (b) wound edge apposition
then (c) application of a gel biosolder containing GNRs dispersed in a polymeric or protein
matrix. (d) NIR laser irradiation induces amplified and localized heating mediated by the LSPR
effect, resulting in protein interdigitation, and consequently (e) the formation of a tissue bond.
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potential to lessen inflammation and improve healing outcomes. However, since non-collagenous
components in the tissue ECM are still damaged below 65°C, it is important to confine the laser
heating as much as possible to the site of joining during LTW (e.g., with a biosolder).

1.2.5 Photothermal Conversion Efficiency (1)

A material property of interest for the development of NCG biosolders is the photothermal con-
version efficiency, 1. After LSPR is established, the generated plasmons can decay either ra-
diatively (through photon re-emission) or non-radiatively (in the form of heat) [62]. Discussions
of photon re-emission are beyond the scope of this project. 1 is defined as the ratio of laser
power the NCG transduces to heat divided by the total absorbed laser power. It is effectively
a measure of how well a photothermal material can convert absorbed light into heat. The in-
cident laserRoper et al. were the first to report the definition and quantification of 1 [63] and
7N has since been reported for a wide range of photothermal nanomaterials in aqueous solutions

[64, 65, 66, 67, 68] and gel media [69, 70].

In [63], n is determined by first stating the thermal power balance equation for a solution
of colloidal gold nanoparticles fixed in place using supporting objects (e.g., glass cell) at room
temperature and heated under laser irradiation starting at time, t =0 s,

dTr
ZmiC iy = Qint Qo Qext (W] (1.1)

where m; represents the masses of the gel sample and supporting objects in contact with the
gel sample, C),; represents the specific heat capacities of the gel sample and supporting objects,
T is the temperature, and ¢ is time. The source term Qg represents the power dissipated by
the supporting objects and gel medium without the presence of GNRs. The source term Q;,
represents the power generated by plasmon decay of GNRs under irradiation,

Qi =Ip(1—-1074)n (1.2)

where Ij is the incident laser power at the longitudinal plasmonic peak wavelength A and A is
the absorbance of the GNR solution at the same wavelength A. By the Beer-Lambert Law, A, is
dimensionless and specific for a certain wavelength, GNR concentration, and photon path length.
The source term Q,,; represents the power dissipated to the external environment, as described
by Newton’s Law of Cooling,

Qext (t) = hA[T(l) - Tamb] (13)
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where % is the thermal transfer coefficient [W-m2-°C~!], A is the cross-sectional area through
which heat transfers, and 7, is the ambient temperature. Furthermore, a dimensionless driving
force temperature,

T(t)—T,
9 = ( ) amb (1.4)
Tmax - Tamb
and system time constant,
Zim.C 7.
T, = # [s] (1.5)

are defined in [63] to be used in what follows. Equations (1.1) and (1.3)—(1.5) can be combined
and rearranged into the differential equation

% _ l Qin + QO
dt T hA(Tmax - Tamb)

-0 (1.6)

In the cooling regime, 7y = Ty ., the laser is off, and Q;, + Qo = 0. Therefore, (1.6) can be solved
with the initial condition 7" = T, at t, = 0 s and rearranged to give

1
—In6 =—1, (1.7)

Ts,c

where 7. is the time after which the laser has been turned off. Within the heating regime, 7y = 7, 5,
and (1.6) can be solved with the initial condition T = T,,,;, at t;, =0 s,

- Qin+ Qo . B —1y,
OONR = A e — Toms) {1 P ( rhﬂ (1:8)

where 15, is the time after which the laser has been turned on.

Temperature curves that contain both laser heating and cooling data are then fitted to Equa-
tions (1.7) and (1.8) to obtain 7, and 7; ., respectively. From this, hA, or the thermal conduc-
tance, is calculated using the fitted 7, value(s) and an assumed value for ) ;m;C, ; by (1.4).

When steady state is reached, Qg + Qi = Q.. Substituting (1.2) and (1.3), and rearranging
for ) gives the photothermal conversion efficiency equation

hA(Tmax - Tamb) - QO

I(1—10-42) (1.9

n:

14



Despite the widespread determination of 11 for NCG heating evaluation and optimization,
there are inconsistencies across literature as to how 1 is calculated [71]. In Chapter 5, these
inconsistencies are described in detail and addressed using a novel, yet simplified method for n
determination.

1.3 Objectives

The scope of this work is to develop gel biosolder formulations and assess their thermal suitabil-
ity towards effective and safe LTW. In alignment with this scope, the specific objectives of this
thesis are as follows:

1. Synthesize GNRs with a longitudinal plasmon mode tuned to the NIR region
2. Develop a spreadable gel biosolder formulation which incorporates the synthesized gnr

3. Build a photothermal characterization setup that is suitable for gel analyses, is simple to
use and can provide repeatable temperature measurements

4. Characterize the developed gel biosolders using the developed photothermal characteriza-
tion setup

5. Devise a scheme for analyzing the clinical relevance of gel biosolders in terms of heat
localization and safety, such that it can serve as a preliminary screening process of gel
formulations for future administration to tissue models

6. Further apply the developed photothermal charaacterization setup to determine the pho-
tothermal conversion efficiency of developed gel biosolders

1.4 Statement of Contributions

Project conception, setup design and project directions were carried out by Prof. Michael Mayer
and me. I developed the gold nanorod synthesis protocol with initial assistance from Kai Zhang
and Dr. Shazia Tanvir. I developed the gel biosolder formulation containing hyaluronic acid,
guar gum and gnr. Mishi Groh obtained the TEM image in Fig. 2.7. All other TEM images used
for size distribution analyses were obtained by me. Rheological characterization was carried
out by Dr. Charles Dal Castel and Dr. Faten Salim at the Chemical Engineering Analytical
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Facilities. The method for determining thermal conductance was devised by Prof. Michael
Mayer. I carried out all remaining experimental work, temperature data collection, and analyses.
The laser system utilized in the photothermal characterization setup was developed by Jansen
Zhou, and I integrated it with the microcontroller and RTD temperature sensor. All referenced
Python scripts and CAD were created by me.

The following thesis sections contain content from a submitted manuscript, Huynh, M.,
Zhang, K., Tanvir, S., Mayer, M. “RTD-Based Approach for Evaluating the Thermal Aspect
of Clinical Relevance of Nanocomposite Gels as Heat Localizers in Laser Tissue Welding”: Sec-
tion 1.1, Section 1.2.3, Section 2.2.4, Section 2.3.1, Section 2.3.2, Chapter 3, Chapter 4, Section
6.1, Section 6.2.1, and Section 6.2.2.

The following thesis sections contain content from a manuscript in preparation, Huynh, M.,
Mayer, M. "Robust Assessment Scheme for Photothermal Material Efficiency Using an RTD-
Based Method”: Section 1.2.5 and Chapter 5.

1.5 Summary

Laser tissue welding is a promising alternative technique that can potentially address the short-
comings of conventional wound closure methods. Biosolders can be administered prior to weld-
ing to assist with heat amplification and localization. Considerations for biosolder development
include form factor, choice of gel matrix and photoabsorber, and biocompatibility. The definition
of photothermal conversion efficiency was provided. Objectives for this thesis were also stated.
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Chapter 2

Development of a Nanocomposite Gel
Biosolder

This chapter provides details on the synthesis and characterization of GNRs, as well as their
incorporation in a HA-guar gum matrix to produce NCG biosolders.

2.1 Summary of Seed-Mediated Growth

The seed-mediated growth method was developed by Nikoobakht and El-Sayed [50] and is the
most widely used technique for preparing GNRs. The procedure involves the reduction of the
salt, gold (III) chloride trihydrate (HAuCly-3H,0O). Two solutions called the “seed solution” and
“growth solution” are prepared in a cetyltrimethylammonium bromide (CTAB)-rich solution.
The seed solution is prepared by the strong reduction of HAuCl4-3H,O (or Au*) into elemen-
tal gold “seeds” using sodium borohydride (NaBHy). These seeds serve as nucleation sites to
catalyze GNR growth. To successfully form the rod morphology, seed sizes 2 nm or smaller
are generally required [72]. The growth solution is prepared via the weak reduction of the gold
salt Au** into Au*, using L-ascorbic acid (AA). Upon mixing the seed and growth solutions,
the reduction of Au* into elemental gold Au® is catalyzed on the surface of the seeds. In the
presence of silver nitrate (AgNO3), CTAB preferentially binds to the {110} and {100} facets of
the growing GNRs, which causes gold reduction to mainly occur on the ends (or {111} facets).
This leads to anisotropic growth in the longitudinal direction [73, 74, 51] and the formation of
a nanorod. The precise role of the Ag* ions in solution is still debated, though silver-bromide
interactions may be at play, assisting with rod shaping [51].
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2.2 Colloidal GNR Synthesis

This section describes a synthesis procedure modified from that described in [50] to produce col-
loidal GNRs in phosphate buffered saline (PBS). Reasoning for protocol deviations are provided.
A post-processing procedure for size tuning and follow-up GNR characterizations are described
as well. A detailed procedure for GNR synthesis is provided in the internal SOP Protocol -
GNR Synthesis - Version 3.1” included in Appendix Section F.1. For GNR stock concentration
determination, the concentration curve in 2.8 should be used, as the concentration curve in the
aforementioned SOP is outdated and does not include path length correction.

2.2.1 GNR Synthesis Procedure

The reagents required for GNR synthesis were gold (III) chloride trihydrate (HAuCly-3H>0,
>99.99%), cetyltrimethylammonium bromide (CTAB, >98%), sodium borohydride (NaBHy4,
>98.0%), silver nitrate (AgNO3, >99.0%), L-ascorbic acid (AA, 99%), and 1X phosphate
buffered saline (PBS, pH 7.4, sterile). They were procured from MilliporeSigma®, Oakville,
Canada.

Five stock solutions were prepared from the reagents. Table 2.1 summarizes the five stock
solutions that were required for the synthesis of CTAB-capped GNRs dispersed in 1X PBS.
The AA stock, AgNOs stock, and HAuCl,-3H,O stock were prepared by adding the necessary
powder amounts to ultra-pure water and mixing them under ambient conditions. To prepare
the CTAB stock, a combination of microwave heat and bath sonication were required for full
dissolution of the powder in ultra-pure water. To prepare the NaBH, stock, the powder was
added to ice-cold ultra-pure water in a chilled glass vial.

Table 2.1: Composition overview of reagent stock solutions and how often they are prepared.
Ultra-pure

Concentration  Powder Required Water Volume

Stock Solution Frequency of Preparation/

M) €9 (mL) Shelf Life
AA 0.0788 0.0139 1.00 Must be prepared fresh
Can use the same batch for up to
AgNO3 0.0040 0.0102 15.0 10 months
HAUCl,-3H,0 00127 0.0200 400 Can use the same batch for up to
10 months
CTAB 0.2000 1.4578 20.0 Must be prepared fresh
NaBH4 0.0300 0.0045 4.00 Must be prepared fresh
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Fig. 2.1 shows an overview of the GNR synthesis procedure. A modified protocol, adapted
from Nikoobakht’s method [50], was carried out. Further descriptions and justifications for pro-
tocol deviations are provided in Section 2.2.2.
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Figure 2.1: Overview of modified seed-mediated growth method for the generation of GNRs,
adapted from Nikoobakht and El-Sayed’s method [50]. (a) Preparation of seed solution, (b)
Preparation of growth solution, (c) Addition of seed solution to growth solution and incubation.
Graphics produced with BioRender.

The required stock solution volumes that were used to prepare 5 mL of seed solution and
30 mL of growth solution are provided in Table 2.2. The seed solution was prepared by first
gently mixing the CTAB stock, ultra-pure water, and HAuCl,-3H,O stock until the solution
turned a golden orange colour. Following this, the ice-cold NaBH, stock was added, and the
solution was vortex-mixed for 2 min. Successful seed solutions had a characteristic reddish-
brown colour. The growth solution was prepared by first gently mixing the CTAB stock, ultra-
pure water, HAuCl,-3H,0 stock, and AgNOj stock until the solution turned a golden orange
colour. Following this, AA stock was added and gently mixed until the solution turned colourless
and transparent. Finally, 35 pL of seed solution was added to the growth solution. The combined
seed and growth solution was incubated in a sealed vial at 25°C-26°C for 24 h. The resulting
solution is a crude mixture containing GNRs and larger spherical gold nanoparticles. Further
purification and GNR size selection was carried out, as described in Section 2.2.3.
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Table 2.2: Required stock solution volumes to prepare 5 mL seed solution and 30 mL total GNR

growth solution.
Ultra-pure 0.0127 M 0.0040M 0.2000M 0.0788 M  0.0300 M Seed

Solution Water HAuCly-3H,0 AgNO3 CTAB AA NaBHy4 Solution
(mL) (mL) (mL) (mL) (mL) (mL) (mL)
Seed
(5 mL) 2.266 0.0929 - 2.358 - 0.283 -
Growth
(30 mL) 13.440 1.149 0.584 14.589 0.209 - 0.035

2.2.2 Synthesis Procedure Deviations and Justifications

The following modifications were applied to the GNR synthesis method originally reported by
Nikoobakht and El-Sayed in order to repeatably obtain the desired GNR population (AR =~ 4):

1. The concentration of NaBHy stock was increased to 0.030 M, from the original 0.010 M.
2. Additional AA was added to the growth solution prior to adding the seed solution.

3. Incubation was carried out at 25°C-26°C for 24 hours, instead of at 27°C-30°C due to
equipment limitations.

To successfully and repeatably generate Au seeds, it was necessary to triple the NaBH, con-
centration. The originally reported concentration of 0.010 M NaBH, resulted in a colourless
solution (Fig. 2.2a), indicating only the partial reduction of Au** to Au*. Using a higher NaBH,
concentration of 0.030 M resulted in a reddish-brown solution (Fig. 2.2b), which is character-
istic of elemental Au seeds. To further confirm the presence of Au seeds, UV-vis spectroscopy
was performed (Fig. 2.3). The broad absorption band in the UV region is characteristic of gold
nanoparticles with <2 nm diameter [75], therefore confirming the presence of Au seeds suit-
able for GNR generation. Fig. 2.2c shows a GNR solution successfully prepared using a seed
solution containing the tripled NaBH, concentration (0.030 M).

The second procedure deviation was the addition of excess AA to the growth solution prior
to injecting the seed solution. As described in Section 2.1, AA is a weak reducing agent that
only partially reduces Au** to Au*. The chemical equilibrium between the Au oxidation states
is described by

Au?t +2 A0 — 3Au* (2.1)

The forward reaction, referred to as comproportionation involves the combining of two oxidation
states to form another. The reverse reaction is referred to as disproportionation [76]. In (2.1),
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Figure 2.2: Comparison of seed solutions prepared with (a) 0.01 M NaBH, per the original
protocol [50] and (b) 0.03 M NaBHy. (¢) The resulting GNR solution using the seed solution in
(b).
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Figure 2.3: Absorbance spectrum for seed solution prepared with 0.03 M NaBH, (obtained
with the Biotek Epoch microplate reader, path length ~ 5.26 mm). Optical density (OD) is
synonymous with absorbance.
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comproportionation is more favourable due to the stability of the Au™ species. It is therefore
necessary that the growth solution contains a saturation of Au™ in order to prevent the compro-
portionation, or loss, of Au® seeds when they are injected into the growth solution [51]. The
presence of Au* is visually confirmed when the growth solution turns colourless. However, it
was occasionally observed that the originally reported AA volume did not yield a fully colourless
growth solution. This ultimately led to no GNR generation due to the premature destruction of
Au seeds. This work’s introduction of excess AA (i.e., an additional 5 pL. AA per 30 mL of total
solution) prior to seed solution addition produced a fully clear growth solution and, as a result,
the repeatable generation of GNRs.

2.2.3 Post-Processing Procedure

The purpose of post-processing is to (1) Remove the spherical nanoparticle population, and (2)
Isolate the GNR population with an average AR of approximately 4. The product of the syn-
thesis procedure described in Section 2.2.1 is a heterogeneous solution of AuNPs with various
morphologies. To separate AuNP populations, centrifugation is commonly used. The procedures
used for GNR purification and size selection are summarized in Fig. 2.4.

GNR Size Selection
(AR=4.0+1.0)
A A

Spherical Particle Removal

GNR Solution

Reserve Resuspend pellet

supernatant N in 50 uL 1X PBS
Nanoparticle Solution : . . .
(contairf)s rods and spheres) 6500 rpm, 15 min Predomlnar)tly rod 10000 rpm, 10 min GNR Stock Solution
(2x) population (>4 nM, A =808 nm)

Figure 2.4: GNR purification and size selection procedures. Graphics produced with BioRender.

The 30 mL nanoparticle solution obtained via the synthesis procedure was evenly divided
into two 15 mL conical vials. These were centrifuged at 6500 rpm for 15 min. The pellet, which
contained predominantly spherical nanoparticles, was discarded. The supernatant (remaining
liquid following centrifugation) contained predominantly GNRs and was reserved and divided
evenly among two new 15 mL conical vials. These were then subjected to a second cycle of
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centrifugation at 6500 rpm for 15 min for further removal of spherical particles. Fig. 2.5a shows
the absorbance spectra for the as-synthesized AuNP solution prior to any centrifugation, the
pellet and supernatant following Cycle 1 of centrifugation, and the supernatant following Cycle
2 of centrifugation. The spectrum for the Cycle 1 pellet is characteristic of spherical AuNPs
[48]. The dual plasmon bands that are characteristic of GNRs are most present in the supernatant
following Cycle 1 and Cycle 2 of centrifugation. Cycle 2 possesses a lower magnitude transverse
peak relative to the longitudinal peak, indicating higher yield [77].

Following this, the Cycle 2 supernatant was divided into 1 mL aliquots and centrifuged at
10000 rpm for 10 min. At similar centrifuge speeds, the extracted pellet contains a GNR pop-
ulation with a longitudinal LSPR peak at roughly 800 nm [78], or a rod AR of roughly 4 [50].
As confirmed in Fig. 2.5b, the third round of centrifugation resulted in a shift of the longitu-
dinal band to be centred around 800 nm (blue dashdot data corresponds to 10000 rpm). The
pellets were redispersed in 50 pL. of 1X PBS, combined and stored in a sealed vial under ambient
conditions. This GNR stock solution was stable under these conditions for up to 5 months.

(a) (b)
12l — As-synthesized Spherical particle removal 12l — Cycle 2 Supernatant GNR size selection study
. Cycle 1 Pellet 6500 rpm for 15 min . 8000 rpm (10 min)
Cycle 1 Supernatant —-= 10000 rpm (10 min)

Cycle 2 Supernatant === 12000 rpm (10 min)

-
o

-

o

S o
3 0.8 z 0.8
N N
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[e] [e]
Z04 Z04
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)
<]
N

400 450 500 550 600 650 700 750 800 400 500 600 700 800 900
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Figure 2.5: Absorbance spectra of GNR solutions following (a) the first and second rounds of
centrifugation at 6500 rpm for 15 min (obtained with the HP 8452A Diode Array spectropho-
tometer), (b) the third round of centrifugation at various speeds (obtained with the Biotek Epoch
microplate spectrophotometer).

Other centrifugation speeds (8000 rpm, 12000 rpm) were tested, as shown in Fig. 2.5b.
The longitudinal peaks for GNRs centrifuged at 8000 rpm, 10000 rpm, and 12000 rpm were all
positioned at A &~ 796 nm. Therefore, these centrifugation speeds provide similar size isolation.
However, the yield was highest at 10000 rpm. As such, 10000 rpm was selected as the speed for
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the third centrifugation cycle. Only one round of size selection at 10000 rpm was performed as
any further centrifugation of the GNR solution was found to result in aggregation, rendering the
solution unusable. This is due to the removal of CTAB in the discarded supernatant. Successive
centrifugation cycles continually deplete the CTAB concentration, therefore destabilizing the
GNR dispersion.

2.2.4 GNR Characterization

The final GNR stock solution is shown in Fig. 2.6. Transmission electron microscopy (TEM)
was performed on aqueous GNRs using the Hitachi HT7830 TEM at 30000 x magnification and
an accelerating voltage of 80 kV (Fig. 2.7a). The darkened ends of the GNRs in the TEM
micrograph can potentially be attributed to diffraction contrast [79]. Diffraction can occur when
the particle is appropriately oriented relative to the incident electron beam such that the Bragg
condition is satisfied [79, 80]. The crystallographic arrangement of Au atoms at the GNR ends is
distinct from that of the GNR sides [81]. Thus, it is expected that diffraction contrast can present
differently at the GNR ends compared to the remaining body of the GNR.

The size distribution of aqueous GNR AR was determined using ImageJ analysis (where AR
= rod length / rod diameter) on micrographs captured with the Philips CM10 TEM (Fig. 2.7b).
The Image] analysis procedure is described in Appendix Section B. The average AR + standard
deviation was approximately 4.0 + 1.0 (n = 144), which is commensurate with the measured
plasmon band position at ~800 nm, as previously related [50].

Figure 2.6: Photograph of ready-to-use GNR stock solution (=4nM-5 nM) in 1X PBS.

To determine the concentration of purified and size-selected GNRs, a standard curve was
generated and used. UV-vis-NIR absorbance spectra was obtained for commercial GNRs of a
similar AR = 4.0 and a known concentration of 1.126 nM (Nanopartz, Colorado, USA). The
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commercial GNR stock was serially diluted 2-fold and measured with UV-vis spectrophotom-
etry to obtain the absorbance values of the commercial GNR dilutions at A = 808 nm. These
absorbance values were then used to generate a linear calibration curve according to the Beer-
Lambert Law (Fig. 2.8). The regression equation shown in Fig. 2.8 was used to extrapolate
the concentration of GNR stock solutions synthesized in-house. Two GNR stock solutions with
different concentrations were used for this thesis. For data reported in Chapters 4 and 5, the GNR
stock concentrations were determined to be 4.40 £ 0.09 nM and 5.97 + 0.12 nM, respectively.
The method for calculating the uncertainty in these stock concentration is presented in Appendix
Section A.3.
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Figure 2.7: Size characterization of prepared GNRs in 1X PBS. (a) TEM micrograph, obtained
by Mishi Groh, (b) GNR size distribution by aspect ratio based on collected TEM micrographs
(n=144).

2.3 Gel Biosolder Development

This section describes the composition, preparation and cost breakdown for developed HA-guar
gum (GG) GNR gels. A detailed procedure for its preparation is provided in the internal SOP
”Protocol - Hyaluronic Acid Guar Gum GNR Gel Preparation - Version 1.0” included in Ap-
pendix Section F.2.

2.3.1 Composition and Preparation

Large-molecular weight (MW) hyaluronic acid (HA) was selected as the matrix material owing to
its biocompatibility and prior success in LTW literature [33], as well as its usefulness for wound
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Figure 2.8: Standard curve of commercial GNRs (AR = 4.0, Nanopartz) for A = 808 nm (n = 3).

The OD values were obtained using the Biotek Epoch microplate reader.

healing as discussed in Section 1.2.2. Colloidal CTAB-capped GNRs (shown in Fig. 2.6) were
incorporated as the photoabsorbing components responsible for amplified heat generation. GG
(Fig. 2.9; MW range between 50,000 and 8,000,000 Da [82]) was added as a thickening agent
to adjust viscosity, as well as to improve the stability, and therefore photothermal conversion, of
the dispersed GNRs (as will be discussed in Section 4.1.2).

OH OH

0}
HO
OHO
OH
-0
HO ~0
OH OH
n

Figure 2.9: Chemical structure of guar gum. Obtained from Wikipedia (public domain image).

Nine formulations of biosolder were prepared (Fig. 2.10) with varying concentrations of GG
(0.00, 0.10, 0.25% w/v) and GNRs (0.0, 0.7, 1.4 nM) in 1X PBS. HA sodium salt (from Strep-
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tococcus equi, MW =~ 1500-1800 kDa), 1X PBS (pH 7.4, liquid), and GG were procured from
MilliporeSigma®, Oakville, Canada. Gel preparation involved three simple steps, as visualized

Gum Concentration (% w/v)
0 0.1 0.25

0.7

GNR Concentration (nM)

1.4

Figure 2.10: Photographs of all nine gel formulations with varied GG and GNR concentrations

in Fig. 2.11: (1) Pre-mixing of liquid materials (GG stock solution, GNR stock solution, and 1X
PBS to a final volume of 1 mL), (2) Addition of pre-mixed liquid materials to solid HA pellets,
and (3) Sonication and manual mixing until homogeneity is achieved. Further descriptions of
these steps is provided in what follows.

Solid HA pellets were added to a glass vial. In a separate vial, a GG stock solution of 0.4%
w/v was prepared by dissolving and vortex-mixing 40 mg of solid GG powder in 10 mL of 1X
phosphate buffered saline (PBS). In a new microcentrifuge vial, the GG stock solution (0.4%
w/v), GNR stock solution (4.40 nM or 5.97 nM), and 1X PBS were added for a total volume of
1 mL with the desired GG and GNR concentration provided in Table 2.3. This is referred to as
the ”pre-mixing” step. Note that the volumes listed in Table 2.3 pertain to the usage of the 4.40
nM GNR stock solution. The liquid contents of the microcentrifuge vial were then vortex-mixed
for 10 s, or until fully combined, and then transferred to the vial of HA pellets. The solution was
vigorously mixed with a micro-stainless-steel scoopula until visible gelation occurred. The gel
vial was then bath-sonicated for 10—15 min and then mixed manually with a micro-stainless-steel
scoopula. This cycle of sonication and manual mixing was repeated until the gel was visually
homogeneous—typically after a total of 40-60 min. Gel samples were left in a sealed vial at
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Figure 2.11: Overview of biosolder gel preparation with constituent material interactions high-
lighted. The final gel is comprised of an interpenetrating network of GG and HA chains. Graph-
ics produced with BioRender.

ambient temperature overnight to allow further GNR diffusion and bubble removal. The step of
pre-mixing GG with the GNRs is crucial, as it was found to aid in the stabilization of the GNRs
in the gel matrix. Fig. 2.12 shows that the omission of this pre-mixing step results in GNR
aggregation.

For the two GNR stock solutions used (4.40 nM and 5.97 nM), the corresponding GNR dilution
concentrations used for gel preparation were (0.7 = 0.01 nM, 1.4 £+ 0.03 nM) and (0.7 £ 0.02
nM, 1.4 £ 0.04 nM), respectively. The uncertainties in the GNR dilution concentrations were
calculated by standard uncertainty propagation methods, as described in Appendix Section A.3.
Optical micrographs of control and GNR-containing gels are shown in Fig. 2.13. A decrease in
gel transparency is evident for the sample containing GNRs, due to the hue of aqueous GNRs.
As illustrated in Fig. 2.11, the final gel containing HA, GG and GNRs is comprised of an
interpenetrating network of GG and HA polymer chains with GNRs dispersed throughout. Gels
were stored at room temperature in a sealed vial and tested within 1-3 days of preparation.
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Figure 2.12: The importance of pre-mixing GG and GNRs prior to addition to HA. There is vis-
ibly more aggregation (i.e., a greyish purple hue) in the gel where pre-mixing was omitted. The
pre-mixed gel retained the pale pink colour of the GNR solution indicating dispersion stability.
Middle and right gels contain 0.4 nM GNRs, 0.25% w/v GG.

Figure 2.13: Optical microscopy of gel specimens on stainless steel substrate without GNRs
(left) and with 1.4 nM GNRs (right).
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Table 2.3: Composition overview of all nine biosolder formulations with varying GG and GNR
concentrations. The provided amounts produce 1 mL of each formulation and are based on a
GNR stock concentration of 4.40 nM.

GNR GG HA to GG stock GNR stock 1X PBS
. add, to add, to add, to add,
Concentration Amount
(nM) (% wiv) MHA Vstock,GG Vstock, GNR VPBs
(mg) (uL) (uL)* (uL)*
0.00 30.0 0 0 1000
0.0 0.10 29.0 250 0 750
0.25 27.5 625 0 375
0.00 30.0 0 159 841
0.7 0.10 29.0 250 159 591
0.25 27.5 625 159 216
0.00 30.0 0 318 682
1.4 0.10 29.0 250 318 432
0.25 27.5 625 318 57

* The volumes in these columns are subject to change when different GNR stock solution concentrations are
used. The pertinent calculations are described in detail in the Gel Preparation SOP, provided in Appendix
Section F.2.

2.3.2 Rheological Characterization

Rheological testing was performed using the TA Instruments Discovery HR 20 rheometer with a
25 mm parallel plate geometry, with the methods described by [83]. To determine the viscoelas-
tic behaviour and dynamic viscosity of control gels (0 nM GNRs) and NCGs (1.4 nM GNRs)
containing 0.25% w/v GG. Pertinent viscoelastic parameters are determined via oscillatory shear
tests. The oscillatory or sinusoidal stresses applied induce a lag or phase shift between the stress
and resulting strain [84]. This behaviour can thus be defined using complex variables in what
follows [84]. The complex modulus G* is defined as

G*=G +iG" (2.2)

where G’ is the storage modulus (an indicator of elastic behaviour), G” is the loss modulus (an
indicator of viscous behaviour), and i is the imaginary number v/ —1. The loss factor is defined
as

1/

tan () = — (2.3)



For tan (0) < 1, a material is considered more solid-like, whereas for tan (6) > 1, a material
is considered more liquid-like [84]. The complex viscosity and its magnitude are respectively
defined as

n=— 2.4)

and

G* G/2 G//2
:!w\: ( )w+( ) (2.5)

|

In

where @ is the angular frequency (rad/s).

First, an amplitude sweep was performed to determine the maximum allowable strain such
that the material remains within its linear viscoelastic region [85]. All rheological characteriza-
tion must be performed within this region to ensure that measured viscoelastic parameters are
strain-independent [85]. Fig. 2.14a shows the storage and loss moduli over angular frequency
for the control gels and NCGs, Fig. 2.14b shows the complex viscosity and loss factor over
angular frequency, and Fig. 2.14c shows the dynamic viscosity over shear rate.

The 1.4 nM GNR gel exhibited predominantly elastic behaviour (G’ > G” in Fig. 2.14a) for
the frequency range of 0.4 to 100 rad/s, respectively. This, coupled with a decreasing loss factor
with increasing angular frequency (Fig. 2.14b), indicates overall stability of the GNR-containing
gel matrix [86]. This retention of elastic behaviour can be advantageous for LTW as it ensures
there is minimal liquid-like outflow of the gel material after it has been spread across a tissue
surface. In Fig. 2.14c, the dynamic viscosity of control gels (0 nM GNRs, 0.25% w/v GG)
was found to decrease from 35398 mPa-s to 4619 mPa-s over a shear rate range of 10 to 100
s~!, respectively. For NCG samples (1.4 nM GNRs, 0.25% w/v GG), the viscosity decreased
from 84537 mPa-s to 3258.9 mPa-s over a shear rate range of 10 to 100 s~ !, respectively. The
decrease in NCG viscosity with increasing shear rate (i.e., shear-thinning behaviour) highlights
the “workability” of the gel for clinical application. That is, they can be easily spread over a
tissue surface with a scoopula tool. These findings align with a previous study which reported on
the rheological properties of hydrogels embedded with either gold nanorods or gold nanospheres
[86]. They reported that the addition of GNRs with various surface modifications, at concentra-
tions from 1.0 to 6.0 nM, increased the low-shear rate viscosities when compared to control [86].
This effect was also observed in Fig. 2.14c¢ for the developed HA-GG gels reported here.
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Figure 2.14: Rheological characterization of control gel (0 nM GNRs) and NCG (1.4 nM GNRs)
containing 0.25% w/v GG. (a) Storage modulus (G’) and loss modulus (G”), measured at a
constant shear strain of 1%. (b) Complex viscosity (|1*|) and loss factor (tan(8)), measured at
a constant shear strain of 1%. (c¢) Dynamic viscosity over shear rate. All rheology curves were
obtained by Dr. Charles Dal Castel and Dr. Faten Salim at the UW Department of Chemical
Engineering’s Analytical Facilities.

2.3.3 Cost Breakdown for Developed Biosolder

Table 2.3.3 shows an example cost breakdown for 1 mL of a gel biosolder. As an example case,
the cost of biosolder can be compared to that of sutures for a 5 cm incision in tissue. From
experience, 0.5 mL of biosolder is sufficient to coat a 5 cm incision. The cost for 0.5 mL of
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biosolder is $1.80. For suturing, the general rule is to achieve a suture length-to-wound length
ratio (SL:WL) of > 4, especially for abdominal closures to reduce the risk of incisional hernias
[87]. The price of e.g., 4-0 Ethilon sutures is approximately $0.14/cm. Therefore, for a 5 cm
incision (20 cm of suture), the cost of suture material is $2.79. This is a strictly materials cost
comparison. Additional suture kit and labour costs are incurred [88]. As well, for LTW, there
is the added cost of the laser system. The custom laser system used for the presented work
(described in Chapter 3) had an estimated cost of ~$996 (see Section 3.5 for breakdown).

Table 2.4: Cost breakdown for 1 mL of gel biosolder (1.4 nM GNRs, 0.25% w/v GG).

Component Cost/mL of gel
$)
AA 0.003
AgNO; <0.001
HAuCly-3H,0 0.276
CTAB 0.257
NaBH, <0.001
HA 2.998
GG 0.001
1X PBS 0.069
Total 3.60

2.4 Summary

Gold nanorods were synthesized and tuned using a repeatable method adapted from literature.
The GNRs possessed an aspect ratio of approximately 4.0 and a longitudinal plasmon mode at
A = 800 nm, thus enabling their utility for heat localization in NIR-based LTW procedures. The
GNRs were then incorporated into gels containing various concentrations of hyaluronic acid and
guar gum to produce nanocomposite biosolders. The viscosity of the biosolders were tuned such
that they remained stable and workable, and could be easily spread over metal, glass and tissue
surfaces using a scoopula tool.
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Chapter 3

RTD-Based Photothermal
Characterization Scheme

This chapter discusses of a resistive temperature detector (RTD)-based method employing a cus-
tom laser-temperature sensor apparatus. The developed system addresses the shortcomings of
existing methods for the photothermal characterization of NCGs. The development of the cus-
tom apparatus is also described. The content of this chapter overlaps with that of my co-authored
manuscript submission named in Section 1.4.

3.1 Motivation and Current Methods

Successful LTW with NCGs can be predicted if they exhibit sufficient heat amplification and
localization shown using a thorough characterization scheme. To assess the readiness of an NCG
formulation for future administration to tissue models, it is important and resource-effective to
first characterize their heating behaviour in isolation. Several schemes exist for measuring the
temperature of irradiated gold nanoparticles in aqueous solution [89, 63, 90, 91]. However, these
methods can be costly, highly involved, or possess little suitability for gel analyses.

For the temperature measurement of laser-irradiated gels, the most popular sensors employed
are infrared cameras, fiber Bragg grating (FBG)-based sensors and thermocouples. The monitor-
ing of NCGs in isolation via infrared (IR) thermometry has been previously reported as secondary
analyses within larger LTW studies [9, 13]. However, IR cameras come with an inherent level
of uncertainty due to emissivity effects and require calibration with e.g., a blackbody source.
Moreover, quantifying the heating localization is not usually reported.
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FBG-based methods reported for the photothermal characterization of NCGs and tissue-
mimicking gel models provide the advantages of multiplexing and accuracy [92, 93]. However,
FBG sensors require complex fabrication if custom-made. Furthermore, commercial models like
that used in [94] with its highly involved procedures can be more complicated to use than an
RTD.

Thermocouple-based approaches reported the submersion of a thermocouple into a quartz
cuvette containing the gel sample [70, 95, 69]. Due to the standardized size of the cuvette, this
setup possesses an inherent laser path length of 1 cm, which is unrepresentative of the typically
micron-scale layer of NCG that would be administered during the LTW procedure.

To address these shortcomings, an RTD-based photothermal characterization method for
NCGs is proposed. It aims to be faster, simpler, more repeatable, more economical, and overall,
more suitable for gel samples. The thin film RTDs used are more economical than FBG sensors
and are unsusceptible to the emissivity effects inherent to IR thermometry. Furthermore, they
have lower mass and volume than wire-based RTDs and therefore possess a comparatively fast
response rate. A photothermal characterization scheme is proposed whereby the heating perfor-
mance of biosolder formulations can be reliably assessed in isolation prior to administration to
tissue models.

3.2 Laser-Temperature Sensor System Design

The Pt100 RTD sensor (Fig. 3.1 left) was used for the photothermal characterization setup ow-
ing to its high-temperature stability and repeatability. Its sensing area consists of a resistive Pt
serpentine (Fig. 3.1 right). Pt100 RTDs exhibit a near-linear relationship between temperature
and resistance, as described by the polynomial

Rerp(T) = Ro(1+AT + BT?) Q] 3.1

where Ry = 100 Q, A =3.9083 x 1073 °C~! and B = —5.775 x 1077 °C~2 [96]. A detailed
schematic of the laser-temperature sensor system connectivity is shown in Fig. 3.2. A Raspberry
Pi 2 Model B (RPi 2B) served as the microcontroller. The RPi operating system, a derivative of
Debian Unix, was loaded onto the RPi via a 32 GB micro-SD card. The RPi 2B was configured
to have Wi-Fi connectivity using the TP-Link AC600 Nano Size Wi-Fi dongle, enabling remote
control of the system from any other desktop, laptop or mobile device, and seamless data file
transfer via Teamviewer. The Pt100 RTD was interfaced with the RPi through the MAX31865
RTD Temperature Sensor Amplifier (Adafruit, New York, USA) using the four-wire configura-
tion. This configuration was employed to eliminate the effect of wire or connector resistances
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Figure 3.1: Photographs of commercial thin film Pt100 RTD. From submitted manuscript.

and thus improve accuracy. The amplifier board outputs a small measuring current (<5.75 mA)
across one pair of Pt100 wires and measures the voltage drop across the other pair in order to
determine the RTD resistance. Using the available Adafruit MAX31865 Python library, this re-
sistance value was converted to temperature by solving the established polynomial relationship
in (3.1). Temperature sampling was carried out at 0.14 s intervals. The custom laser system can
be programmed to output optical power between 0.25 W and 3.78 W. It employs a fiber-coupled
808 nm 5 W diode laser (Box Optronics, China) under continuous wave (CW) operation. The
diode laser is driven by a high-power laser driver (Lasertack, Germany) with integrated tem-
perature monitoring and cooling by a negative temperature coefficient (NTC) thermistor and a
thermoelectric cooler (TEC), respectively.

To vary the laser diode output power, a modulation voltage can be applied to the laser driver
across the MOD+ and MOD- terminals (see Fig. 3.2). This was done using the pulse width
modulation (PWM) functionality off the RPi 2B microcontroller. Briefly, PWM is a technique
for varying output voltage in digital circuits or for emulating analog outputs via digital outputs.
In digital circuits, only two states exist: ON or OFF (e.g., 5 V output or 0 V output from the
RPi 2B). To achieve intermediate output voltages, one can vary the ratio of time ON versus time
OFF for successive square pulses such that the average perceived output is lower than 5 V (see
Fig. 3.3a for operating principle). The percentage of time ON within a cycle is referred to
as the duty cycle. A general-purpose input/output (GPIO) pin on the RPi 2B was connected to
the MOD+ terminal on the laser driver and configured for PWM output using a Python script
(Listing D.2, Appendix). The duty_cycle variable in the PWM script can be modified to set a
constant output voltage, and therefore, constant laser power. To determine the appropriate duty
cycling for a given laser power, a calibration curve (Fig. 3.3b) was generated with power mea-
surements obtained via a commercial power meter (Laser Pointer Store, China). The equation
for the calibration curve is provided in Fig. 3.3b. When approaching 0% or 100% duty cycling
(Fig. 3.3c and 3.3d, respectively), the relationship exhibited stepwise behaviour, thus limiting
the linear region between 0.25 W to 3.78 W laser output.
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relationship exhibit stepwise behaviour.

An overview of the major components in the photothermal characterization system is shown
in Fig. 3.4a. The process zone of the gel-sample holder system based on a sandwich of glass
slides and wire spacers is illustrated in Fig. 3.4b. A photograph of the full benchtop photothermal
characterization setup is shown in Fig. 3.5. The end of the laser-coupled fiber was mounted to
a lens tube with internal threading (SMOS5SL20C, Thorlabs, USA). An aspheric collimator lens
(CM110TMD, Thorlabs, USA) was mounted 1.1 mm from the fiber end via a threaded lens cell
adapter (SO5TMO09, Thorlabs, USA). The lens tube was clamped in place using a custom 3D-
printed stand (Fig. 3.4b) at a working distance (WD) of 66.25 mm overhead the Pt100 RTD.
CAD drawings of the lens tube clamp are provided in Appendix Section C.1. The selected WD
allows for comfortable loading of samples on the stage and ample heat generation upon laser
irradiation. The resulting laser spot has a fixed diameter of 2.72 + 0.070 mm and a covered
area similar in size to that of the Pt100 resistor serpentine. The method for estimating the laser
spot size is provided in Appendix Section E. The Pt100 is affixed onto a lower glass slide on a
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micro-stepper stage using Kapton tape. Two wires of the same gauge are secured on either side
of the Pt100 sensor. A chassis fan was affixed adjacent to the work surface to provide continuous
air circulation and promote steady-state conditions. The laser spot (Fig. 3.4b inset) is observed

\

Laser Output, USB Microscope

and Sample Measurement
Assembly

Laser Driver/Cooling Assembly

Figure 3.5: Photograph of the full benchtop photothermal characterization setup with microscope
and attached glass filters for observing laser spot.

using a NIR sensitive USB microscope combined with stacked antireflection-coated coloured
glass filters (Thorlabs, USA), which provide ~ 1% transmission of 800 nm light. The glass
filters were positioned directly against the head of the microscope using a custom 3D-printed
attachment (Fig. 3.6). The CAD schematic for the glass filter attachment is provided in Fig.
C.4 (Appendix). For the laser alignment procedure, a live microscope feed on a nearby laptop is
used in tandem with the PWM code (Listing D.2, Appendix). The duty_cycle variable in the
PWM code is set to a low value (e.g., 12%) for a clear visual of the laser spot in the microscope
feed. Usage of higher laser duty cycles is avoided as it can cause image overexposure. Precise
alignment of the Pt100 RTD beneath the laser beam is achieved using micron-sized manual
adjustments enabled by the stage.
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Figure 3.6: Photothermal characterization setup with microscope and attached glass filters for
observing laser spot: (a) Front view of glass filter attachment on microscope head positioned
overhead the Pt100 (b) Side view.

3.3 Achieving Measurement Repeatability and Stability by De-
fined Geometric Arrangements

The photothermal characterization method involves first applying a small amount (= 15 L) of
gel specimen to the Pt100 RTD surface. The gel was then compressed to a fixed thickness defined
by the distance from the top of the Pt100 RTD to the bottom of the top glass slide. The placement
of two weights (/15 g each) on the top glass slide above the wire positions encourages even
compression and gel thickness uniformity. The top glass slide further acts as a heatsink to draw
excess heat from the lased sample and therefore can provide an assessment of heating behaviour
that is minimally affected by the insulating nature of air. The transmission of soda lime glass
substrates at 800 nm has been reported to be roughly 90% for a thickness of 1 mm [97] (i.e.,
the same glass thickness used in the presented setup). Therefore, it is expected to reduce the
amount of irradiation that reaches the sample. As well, the gel sample itself actively absorbs and
dissipates heat within the setup (Fig. 3.7).

The usage of wire spacers allows for repeatable and controlled laser-induced heating of the
gel specimens. The standard error of the mean of AT for an example set of ten sample measure-
ments was 0.123°C, highlighting the repeatability of the reported method. To select a suitable
gel thickness for future temperature testing, a preliminary study involved implementing different
wire diameters, resulting in different gel thicknesses (0.1, 0.4, 0.6, 1.1 mm), under 2.4 W laser ir-
radiation. Fig.s 3.8a-d show the temperature curves obtained for control gels and gels containing
0.4 nM GNRs for each gel thickness (n = 3). It was found that heating performance (AT") did not
increase as the gel thickness increased, despite the increase in material volume (Fig. 3.8e). More-
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Figure 3.7: Comparison of temperature curves when a gel sample (0 nM GNRs, 0% w/v GG) is
absent versus present under 2.4 W (41.3 W/cm?) laser irradiation. The gel plays an active role in
dissipating heat from the setup. Curves were obtained using the dual glass slide setup depicted
in Fig. 3.4.

over, for LTW, NCGs are typically applied as thin coatings. Therefore, a nominal gel thickness
of 0.1 mm was selected as a relevant use case. It should be noted that in this preliminary study,
the distance between the collimator lens mount and fiber end was 0 mm, resulting in a smaller
laser spot size (<1 mm) and therefore much larger power density (>305 W/cm?) than what was
reported in Section 3.2. Under these conditions, carbonization, or the full thermal degradation,
of gel samples was observed in certain gel thicknesses as charring or blackening. The onset of
carbonization is reflected in the abrupt changes in heating dynamics visible in 3.8c-d.

To eliminate the occurrence of carbonization, the distance between the collimator lens mount
and fiber end was increased to the final distance of 1.1 mm (as depicted in Fig. 3.4b), giving a
laser spot size of 2.72 £+ 0.070 mm, as reported in Section 3.2. With this setup configuration,
stable temperature readings were repeatably obtained under continuous lasing of up to 150 s,
without gel carbonization (Fig. 3.9).
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Figure 3.8: Comparison of temperature curves recorded with laser irradiation commencing at ¢
= 0 s for various nominal gel thicknesses (a) 0.1 mm, (b) 0.4 mm, (c) 0.6 mm, (d) 1.1 mm. (e)
Summarized. All curves were obtained using the dual glass slide setup in Fig. 3.4, except the
distance between the collimator lens mount and fiber end is O mm, instead of 1.1 mm.
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Figure 3.9: Long-term measurement stability for 150 s of continuous lasing. There were no
observations of carbonization.

3.4 Temperature Collection Scheme

With the finalized photothermal characterization setup (Fig. 3.4), the following laser-RTD work-
flow was used to measure the temperature of gel specimens over time:

1. Baseline ambient temperature collection for 5 s

2. CW laser irradiation at a constant power of 0.98, 1.7, or 2.4 W (power densities of 16.9,
29.3, or 41.3 W/cm?, respectively) with temperature collection for 30 s

3. Laser off and cooling temperature measurements for 30 s

A Python script (Listing D.3, Appendix) was written for semi-automation of this workflow. Ex-
ample heating curves obtained with this setup for a typical NCG specimen and a control specimen
without GNRs are shown in Fig. 3.10a. Example heating curves for specimens containing differ-
ent GG concentrations are shown in Fig. 3.10b. The value AT was extracted from these curves
as the difference between the average baseline temperature over 5 s (7,,,,) and the final temper-
ature prior to laser shut-off at t = 30 s (7;—=30) and is used as a characteristic value of heating
performance.
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Figure 3.10: Example curves characterizing the heating behaviour of gel samples using the cus-
tom setup: (a) Gel specimens with 1.4 nM GNRs and without GNRs, (b) Gel specimens with
increasing GG concentration. Laser power was 2.4 W (41.3 W/cm?). Duration of irradiation was
30s.

An irradiation dwell time of 30 s at maximum 2.4 W was selected as it was rationalized
that this time frame is narrow enough to allow for rapid and convenient operation, but still wide
enough to accommodate procedure flexibility and safety. A visual summary of the full RTD
measurement scheme is provided in Fig. 3.11. This measurement scheme can be applied to
control and GNR-containing gels to determine their AT values. As will be discussed in later
chapters, these AT values can be further used to evaluate clinical relevance via the plasmonic
heat amplification factor, & (Chapter 4) and photothermal conversion efficiency, 11 (Chapter 5)
of NCGs. The photothermal characterization scheme is visualized in Fig. 3.12.
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Figure 3.11: Overview of RTD measurement scheme for a gel sample.
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Figure 3.12: Overview of photothermal characterization scheme for control and GNR-containing
NCG biosolders. From this, biosolder-relevant properties can be determined, such as the plas-
monic heat amplification factor, &, and the photothermal conversion efficiency, 1.

3.5 Cost Estimation for Characterization System

Table 3.1 shows the estimated cost breakdown for the photothermal characterization setup from
Fig. 3.4. The majority of the cost is for the laser components. Given the repeatability and
usefulness of this custom system for NCG evaluation, the price point is reasonable. In a clinical
setting, only the laser components and microcontroller will be implemented; in that case, the
expected price point is ~ $996.

Table 3.1: Cost breakdown for photothermal characterization system.

System Aspect Included components Totazl$)Cost
Laser laser diode, laser driver, fans, heat sinks, TEC, NTC, 942 64
lens tube, collimator lens, lens adapter,fiber, end adapter ’
Temperature Sensing Pt100, Pt100 amplifier board 20.26
System Integration RPi 2 Model B, RPi fan, wi-fi dongle 110.88
Repurposed XY stage, glass slides, spacer wires,
Sample Stage USB microscope, glass filters, stand for laser clamp 32331
3D-Printed Parts laser clamp, glass filter holder 0.60
Total 1397.69
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3.6 Summary

A photothermal characterization system with integrated laser power control and continuous tem-
perature measurement via a Pt100 RTD, was developed. The setup enables repeatable and stable
measurements of AT for gel biosolder samples over time (see Fig. 3.13). The proposed char-
acterization method can be used to determine biosolder NCG properties, such as the plasmonic
heat amplification factor, £, and the photothermal conversion efficiency, 7).
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Figure 3.13: Example data set for 10 gel samples prepared from the same batch (1.4 nM GNRs,
0.1% w/v).
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Chapter 4

Assessing the Clinical Relevance of
Developed Biosolders

This chapter reports the main effects on NCG heating performance using a 3x3x3 design of
experiments (DOE) and ANOVA. As well, a plasmonic heat amplification factor is proposed as
a design metric to assess the thermal suitability of developed NCG biosolder formulations for
LTW. The content of this chapter overlaps with that of my co-authored manuscript submission
named in Section 1.4.

4.1 Main Factors for LTW with Biosolders:
Quantifying Effects on Heating Performance (AT) using
DOE/ANOVA

4.1.1 Design Space Selection and DOE/ANOVA Methods

The three main factors influencing AT that were considered are laser power, GNR concentration,
and GG concentration. There is an established linearity between input laser power and the re-
sulting temperature change [63]. It is also well-known that GNRs exhibit plasmon decay under
laser irradiation, which can provide enhanced temperature increases when they are incorporated
into a given matrix material [9, 10, 33, 98, 99, 100, 101]. It is proposed that the presence of guar
gum in the developed NCG enhances GNR stability, particularly when the GNR concentration is
increased. Poor GNR stability notoriously results in aggregate formation and a resultant loss of
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their desirable photothermal property due to the change in average particle size. Two proposed
mechanisms for the gum stabilization effect are physical interference following gum adsorption
on particle surfaces, and decreased GNR diffusion due to increased viscosity. These mechanisms
were reported for iron micro- and nanoparticles [102] but have since been inferred to extend to
gold nanoparticles [55].

The design space was selected through initial probing of the three factors: GNR concentra-
tion, GG concentration, and laser power. Laser exposure time is a fourth main factor that was
kept at 30 s and not varied. NCGs were prepared with GNR concentrations (0.7 nM and 1.4
nM) similar to that successfully used in [33, 17] to control nanomaterial exposure to potential
patients. Following this, a range of GG concentrations (0.00% w/v-0.75% w/v) were probed
for the selected GNR concentrations. The GG concentrations 0.1% w/v and 0.25% w/v were
selected since they provided distinct differences in GNR stabilization in NCG specimens, as ev-
idenced by their differences in colour (Fig. 2.10). Furthermore, at these GG concentrations, the
gels remained “workable” (i.e., they could be easily spread across a surface). GG concentrations
higher than 0.25% w/v made the gel too solid without further GNR stabilization. Specimens
without GG were prepared as negative control. Finally, a range of laser power levels (0.6 W-2.8
W) were used to irradiate NCG samples and 2.4 W with the presented laser configuration in Fig.
3.4 was sufficient to achieve the target temperature of around 60°C. A summary of the design
space for the 3x3x3 DOE is shown in Fig. 4.1. All 27 conditions were randomized, each re-
peated 10 times, and the setup reported in Fig. 3.4 was used with the temperature collection
scheme described in Section 3.4 to obtain AT at the end of laser irradiation. A three-way Type |
ANOVA was carried out to evaluate the extent to which GNR concentration, GG concentration,
laser power, and two-way interactions thereof influence AT . This was followed by Tukey’s HSD
post-hoc test [103] to determine which groups are statistically different from their corresponding
control group (0% w/v GG, same GNR level).
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Figure 4.1: Design space containing DOE factors and levels. The nine unique gel formulations
with varied GNR concentration and GG concentration correspond to those photographed in Fig.
2.10. Graphic produced with BioRender.
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4.1.2 DOE/ANOVA: Results and Discussion

For each of the 27 conditions summarized in the design space, the mean AT and standard de-
viation for each sample set (n = 10) were calculated using standard methods. These results are
visualized in Fig. 4.2 alongside box and whisker plots of AT under all 27 conditions. The
ANOVA results are reported in Table 4.1.
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Figure 4.2: Box and whisker plots of average AT of gel specimens irradiated under (a) 0.98 W,
(b) 1.7 W, and (c) 2.4 W laser power, n = 10. Baseline temperatures ranged from 22.2°C —24.8°C.
The asterisks indicate statistically significant differences from the corresponding control group
(0% w/v GG, same GNR level) based on Tukey’s HSD test; p < 0.05 (*),p <0.01 (**), p <0.001
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Table 4.1: Three-way ANOVA to evaluate the effect of GNR concentration, GG concentration,
laser power, and two-way interactions thereof on AT of NCG samples irradiated for 30 s.

Factor Df Sum Sq Mean Sq F p
GNR 2 104.50 52.25 57.33 1.81 x 1072
GG 2 13.81 6.90 7.57 0.014
Laser Power 2 1378.93 689.46 756.52 7.65x 10710
GNR:GG 4 22.28 5.57 6.11 0.015
GNR:Laser Power 4 8.82 2.21 2.42 0.13
GG:Laser Power 4 2.40 0.60 0.66 0.64
Residual 8 7.29 0.91 — —

At a laser power of 0.98 W, the incorporation of 1.4 nM GNRs increased AT by almost 50%
when compared to negative control samples. Similarly, the addition of 1.4 nM GNRs resulted
in an increase in AT of ~ 44% under 1.7 W laser irradiation and ~ 36% under 2.4 W laser
irradiation at a constant GG concentration of 0.25 % w/v. The ANOVA results confirms that
GNR concentration has a significant effect on the AT of gel specimens (p < 2 x 1077), however
the direct effect of laser power is more substantial (p < 1 x 1079).

The role of GG as a GNR stabilizer is herein confirmed by the significant increase in average
AT as GG concentration is increased for NCG samples containing 0.7 nM and 1.4 nM GNRs
(Fig. 5b and Fig. 7). Increasing the GG concentration from 0 % to 0.10 % w/v increased
the average AT by roughly 6.089 °C in samples containing 1.4 nM GNRs under 2.4 W laser
irradiation for 30 s. As well, for samples containing 0.7 nM GNRs under 2.4 W laser irradiation,
a saturation in AT was observed for formulations with only 0.10% w/v GG, indicating that under
these conditions, a lower GG concentration is sufficient for GNR stabilization. Furthermore,
visual confirmation of gum stabilization is provided by Fig. 2.10, in which the characteristic
purplish-grey hue of aggregated gold nanoparticles is only visible in gel samples without GG.
From the ANOVA results (Table 4.1), GG concentration (p = 0.014) is proved to be significant
in influencing NCG heating performance. Moreover, multiple linear regression analysis was
performed with and without an interaction term between GNR and GG concentrations. When
the GNR:GG interaction is considered in the regression model, the adjusted R? value increases
from 0.963 to 0.978, indicating the importance of GNR:GG interaction as a predictor of heating
performance.
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4.1.3 Comparison of New Laser-NCG Configurations to Prior Literature

Due to the positive correlations established between the three DOE factors and heating perfor-
mance, the largest average AT = 34.953°C was obtained for specimens under maximum level
conditions (1.4 nM GNRs, 0.25 % w/v, under 2.4 W laser power), a value sufficiently high for
LTW. LTW relies on heat generation of NCG materials to at least 60°C, or AT = 23°C, assuming
ambient body temperature is 37°C. In the present study, moderate heating to a maximum tem-
perature of approximately 60°C was attained in under 30 s of irradiation at 2.4 W power and a
fixed spot size of 2.72 & 0.070 mm (41.3 W/cm?). This temperature was achieved using a low
GNR concentration of 1.4 nM (which is relatively low compared to those reported [9, 10, 13])
and a setup with a relatively low thermal resistance of <55°C/W. Details for the determination
of thermal resistance are provided in Section 5.4. Previous work in the field of LTW reported
the heating of a collagen-based NCG up to 60°C over a similar timeframe, however this was
achieved with a lower laser power density of 1.50 W/cm?~1.83 W/cm? and a GNR concentra-
tion of 5 wt%, or roughly 569 nM, which is two to three orders of magnitude larger than our
GNR concentrations [9]. Gum-stabilized GNR dispersions have also been reported to achieve
temperatures of 40°C—60°C under laser irradiation over a longer dwell time of 300 s and a lower
laser power density of 0.5 W/cm?—1 W/cm? [53]. In general, administration of a low laser power
density necessitates longer irradiation times due to lessened photothermal activation of GNRs.
Furthermore, reducing the laser power density restricts the maximum A7 that can be attained,
due to the linearity between input power and the resulting temperature change [63].

4.2 The Plasmonic Heat Amplification Factor (£) as a Design
Metric

4.2.1 Thermal Damage Considerations for LTW

Fig. 4.3 summarizes the thermal damage effects expected in skin tissue for surface temperatures
over time. The boundary defining regions of no thermal effect and hyperthermia (threshold func-
tion 1) were determined experimentally by Williamson and Scholtz in 1949 [104]. The bound-
aries defining the occurrence of partial thickness and full thickness burns (threshold functions
2 and 3) were both determined by Moritz and Henriques [105] and Sevitt [106] in the 1940s,
and consolidated by Bull some decades later [107]. Similar regimes have been reported by
[108, 109, 110]. In the hyperthermia region, the surface of the tissue can present with reversible
reddening or raised lesions called papules [104]. As the temperature and duration of heat expo-
sure increases, partial thickness burns (also called second-degree burns) manifest. Beyond this
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point, the process of coagulation necrosis takes place [109], in which cell death and protein de-
naturation occurs. The severity of partial thickness burns and the need for enhanced treatment
increases with the depth of damage [111]. Full thickness burns (also called third-degree burns)

are the most severe cases in which damage extends through the entirety of the epidermis and
underlying dermis of skin.
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Figure 4.3: Thermal effects expected to occur in skin tissue based on temperature and exposure.
Threshold functions 1, 2, and 3 define the minimum conditions for which hyperthermia, partial
thickness burn, and full thickness burn occur, respectively. (a—f) LTW process parameters from
literature ([14], [15], [10], [9], [13], [16], respectively).

In order to maximize the benefits of LTW as a wound closure procedure, it is important to
confine the thermal damage, as much as possible, to the site of joining. Such heat localization
also accelerates wound healing by keeping the temperature of the tissue surrounding the site of
joining predominantly within the no-effect region of Fig. 4.3. Also shown in Fig. 4.3 are typical

reports of successful LTW in ex vivo and in vivo models (points a—f) currently which fall mostly
within the domain of full thickness burns.
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4.2.2 Predicting Clinical Relevance of Developed Biosolders for LTW

To assess the heat localization capability, and therefore, clinical relevance of an NCG biosolder
formulation, the plasmonic heat amplification factor (§) is proposed. It is defined as the ratio of
the temperature-increase in a given NCG with GNRs divided by that in its control gel:

_ ATGnr

= 4.1
Alcrre

where ATgyg is the average Ty, — T, measured for NCG samples and 7}, is the maximum or
steady-state temperature. ATcrgy is the average T4 — Tymp for the corresponding control gels.
Assuming the thermal conductance is the same in both the NCG and its control gel, & appropri-
ately quantifies the heat amplification solely due to the addition of GNRs. In the context of LTW,
ATgnr clinically approximates the temperature increase available for the welding process, and
ATcrgrr 1s the increase experienced in surrounding irradiated tissue where the GNR is absent,
assuming equal tissue heating with and without control NCG.

The desired amplification factor, &, represents the minimum amplification factor for which
sufficient tissue welding is expected at an incision site with no thermal damage sustained in the
surrounding tissue. It is the proposed design metric for LTW and is defined as

ATweld . Tveta — Tstart

gmin -

where T,,.;4 1s the typical required temperature for tissue welding (60°C) [9], T4 1s the initial
temperature (e.g., skin temperature at 32°C), and Ty, fe (fexpose) i the maximum tissue tempera-
ture, for a given heat exposure duration, #,,pose, at which no negative thermal effects take place.
The value of T}, fe(texpose) is estimated using threshold function 1 (blue) in Fig. 4.3. If an NCG
achieves & > &,,;, while reaching a sufficiently high 7,,.;; and maintaining its surroundings at
a safe temperature within the no-effect zone, then it is considered clinically relevant and safe.
Essentially, it has the potential to provide reliable tissue welds in a confined manner, such that
peripheral and underlying tissue, where the gel is absent, do not experience undesirable ther-
mal effects. Since the maximum temperature or AT experienced by tissue is the determining
factor for thermal damage regardless of heating dynamics, the proposed metric, &, is assumed
suitable for the thermal safety aspect of a NCG formulation. Factors describing temperature in-
crease have been previously reported in the context of photothermal cancer therapy (PTT) (e.g.,
[112]). However, these metrics only pay focus to the temperature required for cell necrosis and
tissue death. Conversely, the proposed safety benchmark, &, is specific to LTW and considers
both the required target temperature for positive procedure outcome and the maximum allowable
temperature to mitigate unnecessary thermal damage.

= 4.2)
ATsafe Tsafe (texpose) — Tstant
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Applying the proposed methodology for 30 s of laser irradiation, Ty, fe(fexpose = 30 s) is ap-
proximately 53.7°C. Assuming an initial temperature 7g,,; of 32°C and a weld temperature 7.4
of 60°C, the value of &in(fexpose = 30 s) = 1.29.

Experimental values for & were determined for each of the six GNR-containing NCG gels
as shown in Fig. 4.4 (n =5). The sample size was reduced compared to the DOE since it was
found that sample sizes of 5 and 10 possessed similar maximum standard deviation values for AT
(0.988°C and 1.047°C, respectively). Under laser irradiation at 2.4 W, three out of the six tested
formulations met the & > &,,;, criterion (i.e., 0.7 nM GNRs with 0.25% w/v GG, 1.4 nM GNRs
with 0.1% w/v GG, and 1.4 nM GNRs with 0.25% w/v). For a GNR concentration of 0.7 nM,
the addition of GG at a concentration of 0.25% w/v provided a clinically relevant formulation
for LTW. Similarly, so does a GNR concentration of 1.4 nM, with a GG concentration between
0.065% w/v and 0.25% w/v.
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Figure 4.4: Effect of guar gum on plasmonic heat amplification factors for GNR-containing
NCGs (n =5).
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Additional work is suggested to fully predict clinical success of LTW for wound closure,
including correlating these findings to what is observed in ex vivo and in vivo models, as well
as studies of biocompatibility, cooling by blood perfusion, or radii of thermal events (such as
hyperthermia, partial and full thickness burns). While NCGs reported here are predicted to fulfill
the & > &, criterion for safe LTW, the following are suggestions for additional performance
improvements:

1. Increase GG concentration to determine if concentrations above 0.25% w/v continue to
increase & linearly.

2. Decrease exposure time as it increases the no-effect threshold.

3. Reduce the start temperature.

4.3 Summary

Positive correlation between AT and three main factors (GNR concentration, GG concentration,
and laser power) were confirmed. The interaction between GNR concentration and GG con-
centration was found to be a significant contributor to gel heating performance. This is, to my
knowledge, the first report on the direct influence of additive gums on the heating performance
of highly viscous photothermal GNR-containing gels. The incorporation of GG in the tested gel
biosolders improved the stability of the dispersed GNRs, therefore enhancing their plasmonic
heating under laser irradiation.

With the proposed methodology, it was possible to confirm the sufficiency of plasmonic
heating to allow for potentially safe LTW. As well, a metric to determine clinical relevance and
safety is now available for that purpose (i.e., a plasmonic heat amplification factor). A subset
of the developed NCG biosolder formulations was found to be clinically relevant. The work
presented here is a useful framework to assess the readiness of biosolder formulation for future
administration to tissue models and can improve precision and speed for testing of biosolder
materials toward their intended application.
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Chapter 5

Alternative Method for Determining
Photothermal Conversion Efficiency (1) of
NCGs

This chapter proposes an alternative method for determining 1) to address the inconsistencies in 1
determination methodologies reported in literature. 1 is determined for the six GNR-containing
gel biosolder formulations developed and reported in Section 2.3.

5.1 Motivation and Current 1) Determination Methodologies

As briefly mentioned in Section 1.2.5, there are inconsistencies across current 7) estimation
methodologies. Specifically, there is no consensus as to how key variables, such as the time
constant and mass, are calculated [71]. In response, [71] proposed a standardized method for
determining 1) which involves the use of a thermal camera to monitor the temperature of a sus-
pended droplet of aqueous gold nanoparticles under laser irradiation and humidity-controlled
conditions [71]. Their method is quick, eliminates the need for mass correction and avoids dis-
crepancies in the placement of point temperature probes (e.g., thermocouples). However, such
a setup still requires close attention to laser alignment on the droplet. As well, this method is
restricted to a temperature change, AT, of no more than 10°C to minimize evaporation, which
limits the relevant applications for which it can used. For example, a AT of 10°C is sufficient
for photothermal cancer therapy, but for LTW, a AT of about 23°C is required. Furthermore,
the suspended-droplet method was not used for gel materials that may not form into the desired
droplet shape necessary for repeatable laser heating.
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The presented work describes an alternative and simple method for determining 17 of highly
viscous NCGs. The method bypasses the determination of time constants and mass, reducing the
need for assumptions and standardization. To achieve this, the same RTD-based photothermal
characterization setup described in Section 3.2 was used. This further underscores the relevance
and usefulness of the reported setup as it finds utility for both the evaluation of clinical relevance
and the determination of 7 for gel biosolders.

5.2 Steady-State Simplification of 17 Definition

The heating regime solution for 6 of a laser-irradiated photothermal material was provided in
Section 1.2.5, Equation (1.8). To reiterate,

O = Qin+ Qo {1 —exp (_ —fhﬂ
hA<Tmax - Tamb) Ts,h

where 7, 1s the time after which the laser has been turned on. For a control gel, where GNRs are
absent, Q;, = 0 and the above equation reduces to

S oo ()
6 = 1—e — 5.1
CTRL hA(Tmax - Tamb) *P Ts,h ( )

When ¢ = oo, or steady state is reached, T = T,,,, and the input power and external heat flux are
in equilibrium. Thus, for control gels at steady state, Qg = Qey (f = o). With (1.3), this gives

Qo = hA X ATcrre (5.2)

where ATerrr = Tnax — Tump for a control sample. Substituting (5.2) into (5.1) at t = oo gives
OcTrRL = Omax = 1, which is commensurate with inputting 7' (co) = T, into (1.4) to give 6 = 1.
Similarly, for GNR-containing NCGs at steady state, Qi + Qo = Qex (f = o). With (1.3), this
gives

QOin+ Qo = hA x ATgng (5.3)

where ATgyg = Tinax — Tymp for a NCG sample. Substituting (5.3) into (1.8) at t = oo gives
OGNR = Omax = 1, which is again commensurate with inputting 7' (e0) = T, into (1.4) to give 0
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= 1. Combining (1.2), (5.2) and (5.3) provides a new formula to determine 7,

hA(AToNr — ATcTRL)
Iy ( 1 —10-42 )

n= (5.4)

Therefore, the quantities T 5, T; ¢, and ) ;m;C), ; are not necessary to determine 7).

5.3 Experimental Determination of 7A to Bypass the Usage of
Y ;m;C,; and Fitted Parameter 7,

The mass of materials used to estimate ) ;m;C, ; have been reported with varying assumptions or
limited transparency [71]. Some studies have overestimated the value of }_;m;C), ; by considering
the total mass of supporting materials (e.g., quartz or glass vessel, solution media) [63, 70], when
only a percentage of their total masses may be involved in heat transfer. Moreover, the boundary
conditions for heat transfer to the surroundings remain uncertain. Rearranging (1.5) for hA and
substituting this into (5.4) shows that 1) is proportional to } ;m;C,, ;. Therefore, overestimation of
Y;m;Cp; directly inflates the calculated value for 1. Wang et al. combatted this with the use of a
resistive heater to estimate the “effective mass” of the supporting quartz material that participates
in thermal transfer [113]. In contrast, other studies have omitted the mass of the supporting glass
or quartz when calculating ) ;m;C; [64, 65, 66, 67]. These discrepancies make it difficult to
directly compare the 17 values obtained across these studies [71].

In addition to this, there exists the risk of systematically underfitting temperature data when
using a non-linear model such as (1.8) to determine 7, due to the reality of imperfect experimen-
tal conditions. This can lead to inaccurate estimations of 7, Qp, or 1 itself, depending on which
variables are included in the fitting scheme. Moreover, it has been proposed that 7, can be fitted
using either heating regime data [69, 113] or cooling regime data [64, 65, 66, 67, 70]. However,
the heating rate and cooling rate of a system are not always equal which introduces ambiguity as
to which time constant is more appropriate to use [71].

To circumvent the need for };m;C),; or T, for the calculation of 7, a direct determination of
hA is proposed.

5.4 Determination of #A using RTD-Self Heating Method

The thermal conductance, hA, was estimated experimentally by determining the thermal resis-
tance of the system, R;,, which is the inverse of hA. Briefly, various voltages (1.00, 2.00, 3.00,
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4.00 V) were applied to the Pt100 sensor in the setup reported in Section 3.2, as shown in Fig.
5.1. A benchtop power supply was used as the voltage source. The resultant currents through the
sensor were measured when steady state was reached after approximately 30 s of self-heating.
These are are plotted in Fig. 5.2a. Corresponding powers were calculated by the P = [V rela-
tion, and corresponding resistances were calculated by Ohm’s law and subsequently converted
to temperatures using an established conversion table (Intech Instruments Ltd., New Zealand).
Temperature was plotted as a function of power and fitted using linear regression, as shown in
Fig. 5.2b. The slope of the linear fit is equal to R;,. Assuming that all electrical power is con-
verted to heat and that R;;, is mainly the same for laser heating and RTD self-heating, hA was

then calculated by

1 AV xI)
WA= —=——-—= W/°C 5.5
R, AT [W/°C] (5.5)
where V is the applied voltage, I is the measured current, and 7 is the temperature.

Glass Slides NCG Thickness = 0.1 mm ™

Pt100 Thickness
I Wire Spacer / =0.4 mm |

Figure 5.1: Schematic of experimental setup and measurement circuit for determining thermal
resistance, R;j,.

The hA of the reported gel system was obtained experimentally by (5.5) and found to be

0.0198 + 0.0014 W/°C. This method removes the effects of laser irradiation and plasmon decay
and thus quantifies the intrinsic thermal conductance of the system.
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Figure 5.2: Determination of thermal conductance, hA, which is the inverse of thermal resistance,
Rth. (a) Measured current as a function of voltage applied to Pt100. Measurements were taken
after 30 s of self-heating. (b) The inverse of the slope of the Pt100 power-temperature relationship
gives hA (n = 4, reported as mean + SD).

5.5 Power Contribution of Gel Media and Glass (Q)

Table 5.1 reports the Q¢ values unique to each control group, which were calculated using (5.2)
and the previously obtained value for hA. Reports of Qg for GNR solutions range from 0.05
mW-31.04 mW [63, 64, 65, 70]. Qq values for the proposed method (ranging from 0.457
W-0.467 W) are notably larger than those previously reported. Since Qy is entirely dependent
on the setup geometry, materials, laser power, and control gel formulation, it is expected to differ
across studies.

Table 5.1: Estimated Q values using developed control gel biosolders.

GNR GG Qo (W)
Concentration Concentration n=>5
(nM) (% wiv) Mean & SD
0.00 0.462 4+ 0.033
0.0 0.10 0.467 + 0.033
0.25 0.457 £ 0.032
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In previous literature, the method for calculating Qg involved non-linear fitting of temperature
data using a variant of (5.1) [69], though typically, vague or absent descriptions for the estimation
method of Qg are given [63, 64, 65, 70]. Some have even omitted Qg as a power contributor
entirely [66, 67, 113]. By examining the definition of 7 in (5.4), with the Qg term in (5.2) re-
introduced, it is clear that a larger Qg value decreases the calculated value of 1. Since Qg has
been shown to be non-negligible here and by several others, it is therefore imperative that its
contribution is considered to prevent the overestimation of 7).

For the reported setup, Qg was fairly consistent irrespective of the HA:GG ratio (Table 5.1),
suggesting that, for insulating polymers such as HA and GG, it is the total polymer content that
dictates the heat dissipation of the gel medium, rather than the relative amounts of constituent
polymers.

5.6 Determination of 1 for Developed Biosolders

The photothermal conversion efficiency, 17, was used as a metric to directly compare the heating
ability of the six GNR-containing gel formulations. Gels with GNR concentrations of 0.7 nM
and 1.4 nM with GG concentrations of 0% w/v, 0.10% w/v, and 0.25% w/v were analyzed. Three
remaining control gels formulations (GG concentrations of 0% w/v, 0.10% w/v, and 0.25% w/v)
were used for Qg determination. To determine 7 for each formulation, the following variable
quantities were inputted into (5.4): hA = 0.0198 W/°C, Iy = 2.4 W, and A) _gog nm = 0.083,
0.890, or 1.700 for 0 nM, 0.7 nM, and 1.4 nM GNR solutions in 1X PBS, respectively. The
corresponding uncertainties in these A; values are 0.0142, 0.0175, and 0.0315, respectively, as
determined by (A.9) in Appendix Section A.3. The values for ATgyg and AT7rg;, were obtained
from steady-state temperature curves (examples were the stability curves presented in Section
3.3).

Fig. 5.3 shows the determined values of 1 for the tested GNR and GG combinations. The
uncertainty of 1] was estimated by standard uncertainty propagation methods. GG concentration
and 1 correlate strongly for 0.7 nM and 1.4 nM GNR concentration groups (R*> = 0.9997 and
R? = 0.985, respectively). For samples containing 0.7 nM GNRs, increasing the GG concentra-
tion from 0.0 to 0.25% w/v increased 1 by ~ 5.28%. Similarly, for samples containing 1.4 nM
GNRs, a =~ 6.23% increase in 1) was observed for the same addition of GG. This positive correla-
tion further confirms the existence of a gum stabilization effect on dispersed GNRs, resulting in
improved light-to-heat transduction. Doubling the GNR concentration to 1.4 nM was also found

62



to improve 1. As such, NCG samples with 1.4 nM GNRs and 0.25% w/v GG were found to
possess the highest photothermal conversion efficiency (10.01% =+ 0.75%), among those tested.
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Figure 5.3: Photothermal conversion efficiencies for all GNR-containing NCG groups (n = 5).

Supposing that a photothermal conversion efficiency of roughly 7% is desired for formulation
optimization, there are two of the six tested NCG formulations that meet this criterion (see Fig.
2). The formulations containing (0.7 nM GNRs, 0.25% w/v GG) and (1.4 nM GNRs, 0.10% w/v)
possess 1 values of 6.76% + 0.59% and 6.93 + 0.54%, respectively. It is clear that by simply in-
creasing the GG concentration by 0.15% w/v, half the GNR concentration can be used to achieve
a similar level of heating. These findings have implications for reduced nanomaterial exposure
to a patient, as well as reduced cost of GNR precursor materials. Depending on the intended
application of the NCG, this method can be reiterated with intermediate GNR concentrations to
determine the most suitable formulation that minimizes GNR concentration while maintaining a
desired n or level of heating.

A caveat to the proposed 1) determination method is that it is valid only when 7}, is extracted
at true steady state. In the present study, steady state was achieved in <30 s. However, for slow-
response NCGs, an extensive amount of time—in some cases >15 min [66, 67, 69]—may be
required, so it is important that 7,,,, is not extracted prematurely in these cases. Furthermore,
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n is strictly a metric for optimizing NCG formulations where the objective is to minimize GNR
concentration for a given level of heating. To evaluate if an NCG can successfully perform its
intended application, 1 on its own is not sufficient and additional testing with in vitro, ex vivo,
or in vivo models should be carried out.

The advantage of the proposed method is that it does not require the use of non-linear fittings,
time constant calculations or assumptions about effective mass. Only the quantities for thermal
conductance, temperature, laser power and absorbance are needed, which can all be determined
using the simple methods presently described. Despite its merits, the reported method assumes
that resistive heating and laser heating are similar within this system. Future work to validate
this assumption is therefore needed.

5.7 Summary

Compared to previous accounts, the proposed alternative method for the determination of 7 is
simple, yet robust. This is the first attempt to standardize the determination of 1 for viscous
photothermal materials, such as NCGs, and it is also the first reported method of calculating 1
through direct determination of thermal conductance, hA.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The custom characterization system presented here was, to my knowledge, the first system
designed specifically for evaluating the photothermal performance of highly viscous NCGs at
micron-scale thicknesses. The described photothermal characterization schemes are proposed
as preliminary “screening” characterizations when designing photothermal NCGs. l.e., these
schemes are meant to be a useful framework to assess the readiness of a biosolder formulation
for future administration to tissue models. This can improve precision and speed for the test-
ing of biosolder materials. As well, the reported method is not exclusive to NCGs containing
metallic nanoparticles, as it can be extended to other photothermal materials, such as semisolids
containing organic chromophores, semiconductors, carbon materials or hybrid materials thereof.
Moreover, it may be suitable for testing certain liquid formulations given that they possess a vis-
cosity high enough to discourage sample outflow and/or appropriate surface modification of the
glass contacts is performed to encourage sample wettability.

It is important to acknowledge the limitations of the presented work. To start, the determi-
nation of 17 with the reported characterization system relied on the assumption that laser heating
and RTD self-heating are similar. This assumption was not validated here and it is recommended
to do so in future work. As well, the laser alignment overhead the Pt100 is currently adjusted
manually and semi-frequently between sample loadings. As the Pt100 temperature is directly af-
fected by laser positioning, this step may be subject to operator variability. Furthermore and most
significantly, the presented work is only capable of evaluating the thermal aspect of clinical rele-
vance of NCGs in isolation. It is therefore necessary to evaluate the biologically relevant aspects
of clinical readiness with tissue models and biocompatibility testing for a complete picture.
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6.2 Future Work

More work is needed to show clinical success for improved wound closure and healing using
laser tissue welding with the presented biosolder materials.

6.2.1 Ex vivo or in vivo Validation of the Design Metric, &

To corroborate the results reported in Section 4.2.2, additional studies in in vivo (living) and ex
vivo (excised, non-living) tissue models can be performed involving in sifu temperature mea-
surements and the visual monitoring of thermal damage events during and immediately after the
LTW procedure. In clinical settings, the upper glass contact in the reported characterization setup
would be absent, resulting in higher temperatures for a given laser power. Additional investiga-
tions can be carried out to recommend a reduced laser power during practical application. It is
further important to appreciate the differences between in vivo joining and ex vivo joining. A
living model possesses the active biological machinery for wound healing after the LTW process
has terminated, therefore providing improved bond strength of the closed wound.

6.2.2 Ex vivo or in vivo Welding with Developed Biosolders

The ultimate goal is to create successful welds in tissue models using the developed biosolder.
Ex vivo or in vivo tissue models can be used to create welds, followed by tensile testing or
burst pressure testing of the welded tissues. Histological experiments can also be performed on
welded tissues to gauge extent of thermal damage. These are all suggested to quantify biosolder
formulation efficacy, as described by [9, 10, 33].

6.2.3 Gel Shelf-Life Testing

Currently, the biosolder gels are stored at ambient temperatures and tested within 1-3 days. As
the gel is a proposed medical product, its long-term storage and stability should be assessed.
This can involve a simple test of heating performance (AT), repeated daily or similar, using the
photothermal characterization setup described in Chapter 3. It is expected that AT degrades over
time for a given gel batch. The rate at which heating performance degrades can be modeled and
samples can be deemed “unusable” after a threshold decline in AT is met. During such a study,
other storage solutions (e.g., refrigeration) can be assessed concurrently.
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6.2.4 Cytotoxicity Testing

To further strengthen the case for clinical relevance, the developed biosolder samples can be
tested for cytotoxicity as an indicator for potential biocompatibility. To achieve this, an MTT
assay can be performed on human (or other) fibroblast cells—the cells responsible for secretion
of the non-rigid ECM in connective tissue [114]. The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide) assay is a colourimetric assay that is popularly used for evaluating
the cytotoxicity of a substance [115]. Living cells are able to convert MTT into formazan crystals
by mitochondrial metabolic pathways; the concentration of this product can be measured by UV-
vis spectroscopy to determine cell viability [115].

6.2.5 Laser Heating and RTD-Self Heating

As previously mentioned, the method for determining 1) assumed equality between laser heating
and RTD self-heating. Further comparisons between the setup thermal resistance under these
differing conditions can be carried out to validate this assumption.

6.2.6 Handheld Laser Design

The presented photothermal characterization setup is a fixed benchtop apparatus. To better emu-
late clinical usage, the next generation of this characterization system can replace the fixed laser
(which only possesses freedom in the z-direction) with a handheld laser, much like a pen. Pre-
liminary work has commenced towards this (Fig. 6.1). To aid in LTW, the handheld device can
include built-in forceps or tweezers to appose wound edges during lasing.
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Figure 6.1: First prototype of a handheld laser case with built-in tweezers. (a) Photograph of
the case, (b) Different-sized finger adapters for small, medium and large hands, (c) Location
for inserting tweezers at bottom of case; the tweezers snap in place, (d) Device application to a
porcine skin sample.
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Appendix A

Biosolder-Relevant Concentration
Calculations

The literature examples in Table 1.1 reported different concentration units. For easier compar-
ison, polymer and GNR concentrations were converted to common units of (% w/v) and (nM),
respectively. As well, the calculation of the uncertainty of experimental GNR concentrations is
provided.

A.1 Polymer Concentration Conversions for Literature Val-
ues

Polymer concentration unit conversions can be done in the following sequence:

weight percent — mass per volume — percent weight per volume
or

wt% — g/mL — % w/v

From Table 1.1, the concentration of silk protein from [13] is 6 wt%. As an example, this
section converts this concentration in wt% to % w/v. First, to convert wt% to g/mL, the following
calculation can be done (assuming the density of water is 1.00 g/mL):
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6 g silk 6 g silk

6 Wi% = 100% = 100%
W= 100 g total solution ~~° 6 g silk +94 g water
6g
28 _, L
= oo = 0.06383 g/m

The conversion from g/mL to % w/v is then simply 0.01 g/mL = 1% w/v. Therefore, 6 wt%
=6.383% w/v.

A.2 GNR Concentration Conversions for Literature Values

GNR concentration unit conversions can be done in the following sequence:

weight percent — mass per volume — molarity
or

wt% — g/mL - M

The papers by Huang [10] and Urie [9, 13] in Table 1.1 reported GNR concentrations in units
of wt%. The above sequence of conversions was used to approximate their concentrations in
molarity (M = mol/L). The Urie GNR concentration (5 wt%) is used as an example calculation
for the remainder of this section.

To convert wt% to g/mL, the following calculation can be done (assuming the density of
water is 1.00 g/mL):

swith— —BONRS __a0g - Sesilk x 100%
100 g total solution 5 g silk +95 g water
Sg
—=— =10.052 L
:>95mL 0.0526 g/m

The conversion of GNR concentration from g/mL to M requires the average molecular
weight (g/mol), which itself relies on an assumption of nanoparticle volume [54, 116]. To cal-
culate the volume of a single GNR, the particle is assumed to consist of a cylinder that is capped
by two hemispheres on either end:

4
Volume of one GNR = 7rr2(l —2r)+ §7z:r3 [nm3] (A.1)
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where r is the radius of the GNR, and [/ is the length of the GNR. Therefore, continuing with
the Urie example, which reported an average GNR diameter and length of 15 nm and 50 nm,
respectively:

4
Volumeof one GNR = 7t(7.5 nm)?(50 nm — 2(7.5 nm)) + 571'(7.5 nm)?
— 7952.16 nm?>/particle

Next, the GNR molecular weight is calculated by

MW = Volumeofone GNR X pay X N [g/mol] (A.2)

where pay is the density of gold (19.32 g/cm®) and Ny is Avogadro’s number (6.022 x 10?3
particles/mol). Therefore, continuing with the Urie example,

MW = 7952.16 nm>/particle x 19.32 g/cm® x (6.022 x 10%* particles/mol)
=9.2519 x 10’ g/mol

The concentration in molar (molarity) is then calculated by

1000 mL
C=C (g/mL) x Tm =MW M] (A.3)
As such,
1000 mL
C (M) = 0.0526 g/mL x Tm +9.2519 x 10"g/mol
=5.689%x107'M
— 568.9 nM

Therefore, for the GNRs reported by Urie [9], a concentration of 5 wt% = 568.9 nM.
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A.3 Uncertainty in Concentration Curve-Derived Values

The uncertainty in any value calculated from a linear concentration curve can be determined by
the following formula [117]:

Oa, |1 1 (Al _A_7L)2
s S _ A4
k' N m2yy (C—C)? (A4

Oc =

m|
where 0y, is the standard deviation in absorbance (obtained from Excel LINEST function), m
is the slope of the regression line, k is the number of replicates for the GNR sample, N is the
total number of calibration points, A, is the measured absorbance of the GNR sample, A; is
the average absorbance for all calibration points, and Zﬁ\’:I(C,- —C)? is the sum of the squared
deviations for the calibration curve concentrations (obtained from Excel LINEST function).

Synthesized GNR stock solution concentrations (4.40 nM and 5.97 nM for Chapters 4 and
5, respectively) were determined via a linear concentration curve and the Beer-Lambert Law, as
described in Section 2.2.4. The uncertainty in the GNR stock concentration is therefore

G _ % l l+ (Al,stock_A_l>2
C,stock |m’ k N m2 Zi\]ZI (Cl —6)2

(AS)

where Aj o0k 18 the absorbance of the GNR stock concentration used. For 4.40 nM GNRs,
A} stock = 5.1464. For 5.97 nM GNRs, A g, = 6.960. By (A.5), the calculated uncertainties
for the GNR stock concentrations Cg, -, = 4.40 nM and 5.97 nM are 0.0890 nM and 0.1215 nM,
respectively.

To prepare the reported dilutions of GNRs (0.7 nM and 1.4 nM), the dilution equation was
used:

Cstocsztock = Cdil Vdil (A6)

where Cy,cr 18 the concentration of the GNR stock, Vi, is the volume of the GNR stock,
Cgir 1s the concentration of the GNR dilution, and Vy;; is the volume of the GNR dilution. By
standard uncertainty propagation methods [118] for multiplication and division relationships, the
corresponding uncertainty for a diluted concentration is

2 2 2
Gcs ock GVstock GVdil
oc, = Cai (—) + (—) + (—) (A7)
a l \/ Cstock Vitock Vaii
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where oy, , is the uncertainty in the volume of the GNR stock and oy, is the uncertainty in the
volume of the GNR dilution. It is assumed that the micropipettes used were calibrated and the
uncertainties in the volumes (oy,,,, and oy,,) are small compared to the uncertainty in the GNR
stock concentration (oc,, ). Therefore, (A.7) reduces to

Cuil

A 6 (A.8)
Cstock sock

OCui =
By (A.8), the uncertainties in GNR dilution concentrations 0.7 nM and 1.4 nM are 0.0141 nM
and 0.0282 nM, respectively, for Chapter 4 data. For Chapter 5 data, the uncertainties in GNR
dilution concentrations 0.7 nM and 1.4 nM are 0.019 nM and 0.0387 nM, respectively.

For the determination of 7, the uncertainty in calculated absorbance values A, was deter-
mined using a similar approach to (A.4), except using the reflected or flipped axes:

(C—C)?
04 = |m| k N mzzl 1(Ari—Ap)? A.9)

where C is the GNR concentration used in the study (0, 0.7, 1.4 nM). The corresponding values
of oy, were (0.0142, 0.0175, 0.0315).
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Appendix B

ImageJ Analysis Method for Calculating
GNR Size Distribution

Obtained TEM micrographs of GNRs (example shown in Fig. B.1) were imported into the
ImageJ software. The pixel-to-distance scale was set by using the scale bar provided at the
bottom right of each micrograph. Following this, a line was drawn across either the length or
the diameter of the GNR to measure these dimensions (see Fig. B.2). This was repeated for
144 randomly selected GNRs. The resulting aspect ratio was calculated by AR = average rod
length/average rod diameter.
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Prin : 46500x @ 51 mm 100 nm
14:52 04/26/24 HV=80.0kV
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Figure B.1: Example of a raw TEM micrograph obtained using the Philips CM 10 TEM.

CNCONC) ImageJ

Ojo|c|off <)%\ A 0| A o

X=221.23 (646), y=926.03 (2704), angle=-46.69,|length=40.94

Jlo|~ | | |»
)

Length of rod
based on
line plot

Figure B.2: ImageJ analysis of a single GNR from Fig. B.1 micrograph, showing how the length
is measured. The same can be done for the diameter.
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Appendix C

CAD Technical Drawings

C.1 Laser Holder Clamp

R10.8000 m
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Figure C.1: CAD schematic for laser clamp (AutoCAD).
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Figure C.2: CAD schematic for the front piece of the stand clamp. Unit = mm, created in
AutoCAD.
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Figure C.3: CAD schematic for the back piece of the stand clamp. Unit = mm, created in
AutoCAD.

99



C.2 Stacked Glass Filter Holder as Microscope Head Attach-

ment

6.5

L
I

Figure C.4: CAD schematic for stacked glass filter holder which is attached to a USB microscope

head for laser spot observation. Unit = mm, created in FreeCAD.
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Appendix D

Python Scripts for Laser Control and RTD
Measurements in Photothermal
Characterization Scheme

The LTWSysten class (file: LTW_System.py, displayed in Listing D.1) was written to include all
laser control functions. For laser alignment and laser power checks, the PWM code (Listing D.2)
is run. The variable duty_cycle can be modified to vary laser power output, according to the
PWM-to-laser output relation provided in 3.3.

To carry out the temperature collection scheme reported in Section 3.4, Listing D.3 is used.
The Python shell prompts the user for four inputs. The appropriate inputted values for the study
are provided:

1. Enter length of time for BASELINE temperature readings before turning on laser (recom-
mended 5 s): 5

2. Enter length of time for LASER ON: 30
3. Enter time cutoff (in s): 60

4. Enter desired laser mod duty cycle for step test (0-100%): 20, 40, or 60where 20%, 40%,
and 60% duty cycling correspond to 0.98, 1.7, and 2.4 W, respectively.
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24
25
26
27

28
29
30
31
32
33
34
35
36
37
38
39
40

Listing D.1: LTW class for laser control functions.

999993

Created

on Fri Dec 7 15:51 2023

This class contains all functions required for the operation of the BoLa
Diode Laser.

@author:

999993

michellehuynh

import numpy as np
import time
import threading

#For laser
import RPi. GPIO as GPIO

class LTWSystem:

def

def

__init__(self):
self .PINS = {

"LASER_GPIO’: 21, #MOD+ pin for laser driver
}

initialize_laser (self, initial_mod):
Initializes laser modulation voltage based on user—defined duty
cycle.

Parameters:
Args:
initial_mod (float): A duty cycle from 0 — 100 which
controls the relative length of digital HIGH pulses to
the laser modulation pin.
Returns:
None

399393

global pi_-pwm

#Pin setup

GPIO. setwarnings ( False)

GPIO . setmode (GPIO .BCM)

GPIO. setup (self .PINS[ "LASER_GPIO "], GPIO.OUT)

pi.pwm = GPIO.PWM(self.PINS[ 'LASER GPIO’],1000) #1 kHz frequency PWM

#Turn on laser
pi-pwm. start (initial_mod) #Set duty cycle
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41
42
43

44
45
46
47

48
49
50
51

52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

71
72
73

74
75

76

def

def

time . sleep (0.0001) #In seconds

input(”Laser modulation voltage initialized at {0}%”.format(
initial_mod))

modulate _laser (self , duty_cycle):

Modulates the laser power via PWM (pulse—-width modulation). Duty
cycle arguments that are below 0 or above 100 are treated as O
and 100, respectively.

Parameters:
Args:
duty_cycle (float): A duty cycle value which controls the
relative length of digital HIGH pulses to the laser
modulation pin.
Returns:
duty_cycle (float)

399393

#Set limits on laser output (PWM duty cycle range is 0-100)
if duty_cycle > 100:

duty_cycle = 100
elif duty_cycle < O:

duty_cycle = 0

#Modulate laser power
pi.pwm. start (duty_cycle)
time . sleep (0.0001)

return duty._cycle

estimate_laser_pwr (self, duty_cycle):

939399

Calculates the estimated laser power corresponding to a given
modulation duty cycle. The calculation is based on empirically

derived relationship between duty cycle and laser power measured by

power meter.

Parameters:
Args:
duty_cycle (float): A duty cycle value which controls the
relative length of digital HIGH pulses to the laser
modulation pin.
Returns:
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laser_pwr (float): Estimated laser power in Watts

399999

#Empirical model to calculate laser power

if duty_cycle == 0:
laser_pwr = 0

elif duty_cycle == 100:
laser_pwr = 4

else:

laser_pwr = 0.0355 % duty_cycle + 0.2652

return laser_pwr

Listing D.2: Python script for outputting constant laser power via PWM.

999399

Test code for laser PWM
(Michelle 20-Sep-2023)

999993

import RPi.GPIO as GPIO
import time

pwm_pin = 40
duty_cycle = 60 #In percentage

GPIO. setwarnings (False)

GPIO . setmode (GPIO .BOARD)

GPIO. setup (pwm_pin , GPIO .OUT)

pi.pwm = GPIO.PWM(pwm_pin,1000) #1 kHz frequency PWM
pi.pwm. start (duty_cycle)

time.sleep (0.0001) #In seconds

Listing D.3: Python script for user-set temperature collection and concurrent laser irradiation.

999993

SPI connection and Pt100 sampling portions are adapted from original script
by Adafruit

SPDX-FileCopyrightText: 2021 ladyada for Adafruit Industries

SPDX-License—-Identifier: MIT

Summary: Real-time temperature output of PTI00 temperature sensor using
Adafruit MAX31865 amplifier module and laser control to a set duty cycle.
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27
28
29

30
31
32

33
34
35
36

37
38

39
40
41
42
43

The user is prompted to input baseline temperature, irradiation time,
cutoff time and laser duty cycle. A csv file with temperature data is
outputted in real time.

@author: michellehuynh

999393

#Import necessary libraries
from LTW_System import =
Itw = LTWSystem ()

#For PT100:

import board

import digitalio

import adafruit-max31865
import time

import csv

from datetime import datetime

#Initialize SPI connection with PTI100

spi = board.SPI()

cs = digitalio.DigitalInOut(board.D26) #CS on sensor is attached to GPIO 26

pt100 = adafruit_-max31865.MAX31865(spi, cs, wires=4, rtd_nominal=100.0,
ref_resistor=430.0)

#Ask user for sampling time, baseline collection time and laser duty cycle

baseline_time = float(input(”Enter length of time for BASELINE temperature
readings before turning on laser (recommended 5 s): 7))

lasing _time = float(input(”Enter length of time for LASER ON: 7))

time_cutoff = float(input(”Enter time cutoff (in s): 7))

const_duty_cycle = float(input(”Enter desired laser mod duty cycle for step
test (0-100%): 7))

#Initialize csv file:

fieldnames = [ Time (s)’,  Temperature (\u00b0C)’]

filename = datetime.now().strftime ( %Y _%m %d %H 9M PT100_{0}s Baseline_{1}DC
.csv’ .format(baseline_time ,const_duty_cycle))

with open(filename, 'w’) as csv_file: #'w’ mode specifies writing on the
file
csv_writer = csv.DictWriter(csv_file , fieldnames=fieldnames)

csv_writer . writeheader ()

input ("CSV file created. Press Enter to continue...”)
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45
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51
52
53
54
55
56
57
58
59
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63
64
65
66
67
68
69

70
71
72

73
74
75
76
77
78
79

80
81
82
83

#Initialize laser at 0% duty cycle
Itw.initialize_laser (0)

input(”You may now turn on the manual laser switch. Press Enter to continue

)

#Ask user to press Enter to start experiment
input ("ATTENTION: Press Enter to start the experiment —— temperature
readings will start immediately.”)

#Take first measurement
time_value (-1) % baseline_time
start_time = time.monotonic ()
temp_value pt100.temperature

#laser_on = 0
while True:
#When baseline collection time is reached, turn on the laser
if (time_value > 0) and (time_value < lasing_time):
#laser_on = 1
Itw. modulate_laser (const_duty_cycle)
if time_value > lasing_time:
#laser_on = 0
Itw . modulate_laser (0)

if time_value > (time_cutoff + 0.25):
break

with open(filename, ’a’) as csv_file: # a’ mode specifies appending data

to file
csv_writer = csv.DictWriter(csv_file , fieldnames=fieldnames)

#Create dictionary variables for incoming data to append under the
specified headers:

info = {
"Time (s)’: time_value ,
"Temperature (\u00bOC)’: temp_value

}

csv_writer . writerow (info)
print (’Time: {0} sec’.format(round(time_value ,2)), ’Temperature:
{0:.3f}\u00bOC”’ . format(temp_value))

#Update data
temp_value = ptl00.temperature
time_value = time.monotonic() — start_time + (—1) % baseline_time
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Appendix E

Laser Spot Size Estimation

White, 0.5 mm thick polyethylene terephthalate (PET) sheets were placed directly beneath the
laser head. Other white backgrounds, such as printer paper and Teflon sheets were previously
implemented, but these were found to scatter or distort the light from the laser spot, rendering
the images unusable for analysis.

Similar to the procedure described in Section 3.2, a USB microscope with stacked glass filters
was positioned overhead the laser output. The laser duty cycle was set to 40%, corresponding to
approximately 1.7 W, and an image of the laser spot was captured using the USB microscope.
The laser was turned off and the procedure was repeated to obtain a total of five micrographs.
An example micrograph is shown in Fig. E.1.

Figure E.1: Example micrograph used for laser spot size estimation for the laser configuration
illustrated in Fig. 3.4: (a) Original image, (b) Processed image in ImagelJ software with line plot
indicated.
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The images were imported into the ImageJ software and converted to 32-bit format (grayscale).
The pixel-to-distance scale was set by using the Pt100 width (2 mm) as a reference. Following
this, a line was drawn across the laser spot (see Fig. E.1b). A gray value intensity profile was
then generated using the “Plot Profile” function under the “Analyze” tab. The gray value vs.
distance data were exported.

The diameter of the laser spot was estimated using the full width at half maximum (FWHM)
parameter. The FWHM is the width of a Gaussian profile at half of its maximum value. To calcu-
late the FWHM, the gray value vs. distance data were imported into a Jupyter notebook and the
curve_fit function from the scipy.optimize Python library was used to fit each micrograph’s
intensity profile to a Gaussian function:

—(x—x0)?

From these Gaussian fits, the FWHM was then calculated. For illustrative purposes, this
process is plotted in Python as well (Fig. E.2). Table E.1 reports the calculated FWHM values,
as well as the mean and standard deviation. The Python scripts for the FWHM analysis and
plotting is provided in Listing A.6.1.

Image?2
—— fit: H=141.299, A=75.846, x0=5.037, sigma=1.108

240

220

200

Gray Value

160

140

Distance (mm)

Figure E.2: Intensity profile of the example micrograph shown in Fig. E.1. The Gaussian fitted
parameters are listed as well. The black dots indicate the half-maximum points on either side of
the Gaussian curve.
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Table E.1: FWHM values calculated for each micrograph.
FWHM or
Image No. Laser Spot Diameter

(mm)

2.7327

2.5941

2.7656

2.8000

2.7198

Mean + SD 2.722 + 0.0699

N AW N =

Listing E.1: Jupyter (Python) Notebook for estimating laser spot size. Analysis for one laser spot
image is provided.

#Import necessary libraries
import matplotlib.pyplot as plt
plt.rcParams[”font. family”] = "Arial”

import pandas as pd
import numpy as np
from scipy.optimize import curve_fit

import os
import glob

#Import csv file

path = ”/Users/ michellehuynh/Documents/Mayer Group/Work/GNRs/ Uncertainty/
Laser Spot Uncertainty Experiment/Raw images — PET newer microscope/
Image] Intensity Profiles — Raw Data”

csv_files = glob.glob(os.path.join(path, "=x.csv”))

file_count = 0

dfs = []

file_locs = []

file_names = []

#Store csv files in dataframes, as well as file locations and names
for file in sorted(csv_files):
df = pd.read_csv(file)
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59

60
61
62
63

dfs .append (df)
file_locs .append(file)
file_names .append(file.split(”/7)[-1])

file_count += 1

print (" Total no. of csv files parsed: {0}”.format(file_count))
print (7 Files in order:”)
for i in range(len(file_names)):

print (file_names[i])

#For one example gray value csv file
i =1
#Define Gaussian fitting function
def fitting_fn(x, H, A, x0, sigma):
return H + A = np.exp(—(x — x0)=#%2 / (2 % sigma =#x%2))

#Add x and gray value data to arrays (crop distance window to mainly contain
laser spot)
x_data[i] = dfs[i].loc[(dfs[i][ Distance_(mm)’] >= 1) & (dfs[i][ Distance_(
mm)’] <= 9)][ Distance_(mm) ]
gray_values[i] = dfs[i].loc[(dfs[i][ Distance_(mm)’] >= 1) & (dfs[i][’
Distance_(mm)’] <= 9) ][ Gray_Value’]

#Determine the Gaussian parameters
popts[i], pcovs[i] = curve_fit(fitting_fn , x_data[i], gray_values[i])

#Calulate FWHM
fit_data = fitting_fn (x_data[i], =popts[i])

maximum = fit_data .max()

minimum = fit_data .min()

maximum_index = fit_data .idxmax ()

half _max = minimum + (maximum - minimum) / 2

half _max_indexl = fit_data.iloc[(fit_data — half_max).abs().argsort()[:1]].
index [0]

half _max_index2 = maximum_.index + (maximum_index — half_max_indexl) — 1

fwhm_indices = [half_max_index1 ,half_max_index2 ]

fwhm = round (abs(x_data[i][fwhm_indices].to_list()[1] - x_data[i][
fwhm_indices ]. to_list () [0]) ,4)

fwhm_values . append (fwhm)

#Change font size here
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85
86
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title_fontsize = 26

axis_fontsize = 20

axis_ticksize = 18

legend_fontsize = 18

#Example plot of Gaussian fit for determining spot size

#Initialize plot
fig, ax = plt.subplots (nrows=1, ncols=1, figsize=(9,8))
fig.patch.set_facecolor ( xkcd: white )

#Plot data
plt.plot(x_data[i], gray_values[i], ., color="gray’ ,zorder=1)
plt.plot(x_data[i], fitting_fn (x_data[i], =popts[i]), 'r—", zorder=2,
label="fit: H=%5.3f, A=%5.3f, x0=%5.3f, sigma=%5.3f" % tuple (popts][
il))

#Plot FWHM indicators
plt.scatter (x_data[i][fwhm_indices]. to_list (), fit_data[fwhm_indices].
to_list (),
color="black’, marker="0", s=50, zorder=3)

ax.set_xlabel (’Distance (mm)’, fontsize=axis_fontsize)
ax.set_ylabel (*Gray Value’, fontsize=axis_fontsize)

ax.set_ylim ([130,240])

plt.legend (loc="upper right’ ,fontsize=legend_fontsize)
ax.tick_params (axis="both’, which="major’, labelsize=axis_ticksize)
plt.title ('Image2’, fontsize=title_fontsize)
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Appendix F

Internal SOPs

F.1 Gold Nanorod Synthesis SOP
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1.0 Background

1.1 Procedure Summary

This procedure was adapted from the seed-mediated growth method reported by Nikoobakht & El-
Sayed in 2003 [1]. The product of this procedure is a solution of CTAB-capped gold nanorods
(GNRs) dispersed in 1X phosphate buffered saline (PBS); it can then be used for incorporation
into gel matrices. The GNRs possess a longitudinal plasmon band tuned to A ~800 nm. Safety
considerations, materials, devices, tools, and equipment needed are listed in Sections 2-5. Storage
and disposal are explained in Sections 7-8.

The procedure involves the reduction of the salt, gold (111) chloride trihydrate (HAuUCls « 3H20).
Based on five stock solutions, two solutions called the “seed solution” and “growth solution” are
prepared in a cetyltrimethylammonium bromide (CTAB)-rich solution. The seed solution is
prepared by the reduction of HAUCI4 « 3H,0 (Au®*) into elemental gold “seeds” (i.e., nanoparticles
< 2 nm in diameter) using sodium borohydride. These seeds serve as nucleation sites for GNR
growth. The growth solution is prepared via the weak reduction of the gold salt Au* into Au®,
using L-ascorbic acid.

1.2 GNR-Forming Mechanism

Upon mixing the seed and growth solutions, the reduction of Au* into elemental gold Au®
is catalyzed on the surface of the seeds. CTAB preferentially binds to the {110} and {100} facets
of the growing GNRs, which causes gold reduction to mainly occur on the ends (or {111}
facets). This leads to anisotropic growth in the longitudinal direction [2], [3]. GNRs synthesized
by this SOP are shown in Figure 1.

Figure 1: TEM micrograph of in-house synthesized GNRs.
1.3 Procedure Timeline
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An estimated timeline of the procedure is given in Table 1, extending over two days. The
estimated total time includes a 1.5 h preparation phase and 1.75 h finalization phase, separated
by a 24 h (overnight) incubation phase.

Table 1: Procedure timeline.

Time Commitment Corresponding SOP
Day Task(s) Estimation (hr) Section(s)
Prepare 5 stock solutions 0.5 (active)
Prepare seed solution 0.5 (active)
! Prepare growth solution 0.5 (active) 6.1106.5
Start overnight incubation 24 (idle)
) Spherical particle removal | 0.25 (active), 0.5 (idle) 6.6
GNR size selection 0.5 (active), 0.5 (idle) '

2.0 Safety Considerations
PPE requirements: Goggles, lab coat, nitrile gloves

Sodium borohydride (NaBH4):
A highly reactive chemical that needs to be stored appropriately to prevent it from reacting with
moisture in the air which would create hydrogen, a combustible gas.
There are two methods for storing/handling NaBHa:
1. Storage under an inert gas (e.g., argon):
a. Attach the syringe with one end removed to the end of the balloon and parafilm it.
b. Obtain argon gas.
c. Work in a fume hood and move the fine balance into it.*
d. Measure the required mass of sodium borohydride needed and set aside.
2. Storage in a fume hood (never near an open flame), as shown in Figs. 2a and 2b:
a. Ensure the container is wrapped in spill kit padding material and placed upright in
its metal cannister.
b. Work in a fume hood and move the fine balance into it.*
c. Measure the required mass of sodium borohydride needed and set aside.

*In the case where the balance cannot be moved to a fume hood, a protective respirator should be
worn.

It should be noted that the hydrogen gas production is minimal given amounts/dilutions of

NaBH, used in this protocol.
In case of exposure, contact Ontario Poison Center Toll-Free: 1-800-268-9017.
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fume hood, (b) zoomed-in for detail.
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3.0 Chemicals & Reagents

The chemicals and reagents necessary for the procedure, together with suppliers and lab
locations, are listed in Table 2.

Table 2: Chemical name, supplier information and storage location.

Chemical Name Procured Current Location Minimum Required
From/CAS No. Amount for SOP
(if applicable) (assuming no
previously made
stock solutions are
available)
Gold (111) chloride . . E6-3009 Our Box
trihydrate (HAuCl4 » Slf(l;g%lA-lzd;Zh/ (Dr. Bill Anderson’s 0.0200 g
3H.0) (>99.99%) Lab)
Cetyltrimethylammoni . .
um bromide (CTAB) Sigma Aldrich/ E6-3009 Our Box 1.4578 g
57-09-0
(>98%)
Sodium borohydride E3-2118G Fume
(NaBH4) (>98.0%) Sigma Aldrich/ Hood 0.0045 g
16940-66-2 (Dr. Adrian Gerlich’s '
Lab)
Silver nitrate (AgNO3) VWR (or Sigma E3-2169 Chemical
(>99.0%) Aldrich)/ Cabinet 0.0102 g
7761-88-8 (CAMJ Water Lab)
L-ascorbic acid (99%) Sigma Aldrich/ E£6-3009 Our Box 0.0139 g
50-81-7
IL\J/II;;?-pure water (18 Chemstores E6-3009 Benchtop 60 mL
1X phosphate buffered
saline (PBS), pH 7.4, Sigma Aldrich E6-3009 Our Box 2mL
liquid
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Sigma-Aldrich

-
L9t somsive. For RED use oy, Nt ¢
o, o ot s SO5 SvaHIE

CAS Mo 50817 L
SICUA ALORICH, Co., 3050 Sorce S

Figure 3: Chemicals listed in Table 2; (top row, left to right) HAuCl4 « 3H,0, CTAB, NaBHg,
AgNOs; (bottom row, left to right) L-ascorbic acid, ultra-pure water, 1X PBS.
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4.0 Required Items

Materials necessary for the procedure, together with suppliers and lab locations, are listed in

Table 3.

Table 3: Material name, supplier information and storage location.

Item Name Procured From Current Location
Stainless steel micro- Chemstores E6-3009 Our Box
scoopula (Dr. Bill Anderson’s Lab)
Large stainless-steel scoopula Chemstores E6-3009 Our Box
Small plastic scoopula E6-3009 E6-3009 Sink
20 mL scintillation vials Chemstores E6-3009 Our Box
! mI__ scintillation vial Chemstores E6-3009 Our Box
(optional)

50 mL conical tubes Chemstores E6-3009 Our Box
15 mL conical tubes Chemstores E6-3009 Our Box
10 mL graduated cylinder E6-3009 E6-3009 Sink
250 mL beaker(s) E6-3009 E6-3009 Sink
Ice in Styrofoam container E6-3009 (ice on E6 4™ floor) E6-3009
Aluminum foil E6-3009 E6-3009
Glass slides (optional) Chemstores DC-2726

1.7 mL microcentrifuge tubes Chemstores E6-3009

Figure 4: Select materials listed in Table 3 (from left to right); stainless steel micro-scoopula, large
stainless-steel scoopula, plastic scoopula, 20 mL scintillation vial, 7 mL scintillation vial, 50 mL
conical tube, 15 mL conical tube, 10 mL graduated cylinder, 250 mL beaker, 1.7 mL

microcentrifuge tube.
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5.0 Equipment
Equipment necessary for the procedure, together with lab locations, are listed in Table 4.

Table 4: Equipment name and location.

Equipment Name Current Location
Micropipettes E6-3009
Vortex mixer E6-3009
Bath sonicator E6-3009
Microwave E6-3009
Hot plate E6-3009 or DC-2726
BioTek Epoch plate reader E6-3009
(must request access from member of Dr. Anderson’s Lab)

Figure 5: Select equipment listed in Table 4 (from left to right); micropipettes, vortex mixer,
bath sonicator, microwave, plate reader.
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6.0 Navigating the “GNR Synthesis Reagent Calculator” Spreadsheet

This SOP generates 30 mL of GNR solution. To see how the reagent amounts were determined
for this SOP, or to prepare different volumes of GNR solution, the following calculator (Excel
spreadsheet) can be used: GNR Synthesis Reagent Calculator

(Link: https://uofwaterloo-
my.sharepoint.com/:x:/r/personal/mdt2999h_uwaterloo_ca/_layouts/15/Doc.aspx?sourcedoc=%7
B31728A3E-220A-4C6A-A8F8-
2E98AA2DBDE6%7D&file=GNR%20Synthesis%20Reagent%20Calculator.xlsx&action=defau
It&mobileredirect=true)

The three tables in the spreadsheet must be used in order. Only the yellow-highlighted cells require
user input. All other cells must not be altered. Formulae employed can be accessed by double-
clicking relevant cells. Details for each table are provided below:

Calculator Table 1: Set desired final volume for GNR synthesis.
o User input cells (highlighted yellow in spreadsheet):
o “Target GNR Solution Volume (mL)” (A6)
o “Target Seed Solution Volume (mL)” (D6)
e How to use:

o Input the desired total GNR volume (prior to washing and quality control) into
cell “Target GNR Solution Volume (mL)” (A6). Default = 30 mL.

= OQOutputs:
e “Required Seed Solution Volume (mL)” (B6)
e "Growth Solution Volume (mL)” (C6)

o The required seed solution volume (B6) is in the microliter range (e.g., 35 UL
seed solution is required to prepare a 30 mL GNR solution). Reliably preparing
such a small volume is unrealistic; it is therefore recommended to prepare the
seed solution in excess.

o Input the desired seed solution volume into cell “Target GNR Solution Volume
(mL)” (A6). Default =5 mL.

=  Qutputs: All required stock solution volumes in Calculator Table 2
(C12:C17). The values are indicated as red text.

= Record these values in your lab book, as they are required to carry out
Section 7.3 “Preparation of seed solution”.

Calculator Table 2: Reagent requirements for a single batch of Nikoobakht & EI-Sayed GNR
recipe (10.282 mL) which is used to scale up to the desired volumes inputted in Table 1.

e User input cells: None

e How to read:
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o Based on the desired GNR and seed solution volumes inputted in Calculator

Table 1, the following outputs are provided (indicated in red text):
= “Total volumes required for seed solution” column (C12:C17)
=  “Total volumes required for growth solution” column (E12:E18)

e Record these values in your lab book, as they are required to carry
out Sections 7.4 “Preparation of growth solution” and 7.5
“Generate gold nanorods (GNRs)”.

“Total volumes required for (seed + growth)” column (F12:F18)

e These values are the minimum water and stock solution volumes

required to prepare the desired GNR volume.

Calculator Table 3: Stock solution guide to determine (1) target powder weight, and (2) solvent
volume adjustments based on actual powder weight.
o User input cells (highlighted yellow in spreadsheet):
o “Target Stock Volume (mL)” column (C24:C28)
o “Actual Powder Weighed (g)” column (E24:E28)
e How to use:

o Refer to Table 5 of this SOP document, column “Ultra-pure Water Volume (mL)”
in Section 7.2. Input these volumes into the Calculator Table 3 “Target Stock
Volume (mL)” column (C24:C28) for each of the powders listed.

= Qutputs: “Target Powder Weight (g)” column (D24:D28)
e Record both the “Target Stock Volume (mL)” column and “Target
Powder Weight (g)” column in your lab book.
e For each of the powders, aim to weigh out these amounts when
preparing the stock solutions according to Section 7.2.

o When measuring out the target powder weights in Section 7.2, it is likely that the
exact weight (to a resolution of 0.1 mg) cannot be achieved. Therefore, the volume
of solvent added (ultra-pure water) must be adjusted to maintain the concentration
of the stock solution.

o Input the actual powder weights into “Actual Powder Weighed (g)” (E24:E28).

= OQutputs: “Adjusted Volume H20 Required (mL)” column (F24:F28)
¢ Record these values in your lab book and prepare the stock

solutions with these adjust ultra-pure water volumes following the
steps in Section 7.2.
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7.0 Detailed Procedure

7.1 Chill materials for NaBH4 stock solution preparation (in Section 7.2 step 6)
1) Pour 5-10 mL of ultra-pure water in a 15 mL centrifuge tube and put on ice (in

Styrofoam container).

a. Always use fresh ultra-pure water for this step! (i.e., Do not use leftover ultra-

2) Chill a new, empty 20 mL scintillation vial on ice as well.

7.2 Stock solutions preparation
Prepare each of the stock solutions in Table 5, as outlined in the following steps.

pure water that has been sitting in a conical tube for more than a day.)

Table 5: Overview of stock solution composition and how often they should be prepared.

Stock Concentra | Powder | Ultra-pure Frequency of Stored In
Solution tion (M) | Required Water Preparation/
@) Volume Shelf Life
(mL)
L-ascorbic 0.0788 0.0139 1.00 Must be prepared N/A
acid fresh (discard after use)
AgNOs3 0.0040 0.0102 15.0 Can use the same £6-3009
batch for up to 10
Benchtop
months
HAUClI4 « 0.0127 0.0200 4.00 Can use the same E£6-3009
3H20 batch for up to 10
Benchtop
months
CTAB 0.200 1.4578 20.0 Must be prepared N/A
fresh (discard after use)
NaBH4 0.030 0.0045 4.00 Must be prepared N/A
fresh (discard after use)

1) Thoroughly rinse all scoopulas with DI water and dry completely with Kimwipes. It is
recommended to prepare the stock solutions in the order outlined in steps 2 to 6.

2) Prepare an L-ascorbic acid stock solution at 0.0788 M:

a. Using a micro-scoopula, add 13.9 mg of L-ascorbic acid powder to a new 20 mL

scintillation vial.

b. Pipette 1 mL of ultra-pure water into the same vial.
c. Wipe the plastic scoopula thoroughly with a Kimwipe.
3) Prepare an AgNOs stock solution at 0.0040 M:
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a. Using a small plastic scoopula, add 10.2 mg of AgNOsz powder to a new 20 mL
scintillation vial wrapped in aluminum foil, as it is susceptible to
photodegradation.

i. Do not use a stainless-steel scoopula as AgNOz is corrosive to metals!

b. Using a 10 mL graduated cylinder, add 15 mL of ultra-pure water into the same
vial.

c. Wipe the micro-scoopula thoroughly with a Kimwipe.

4) Prepare an HAuCI4 « 3H20 stock solution at 0.0127 M:

a. Pipette 4.00 mL of ultra-pure water into a new 20 mL scintillation vial wrapped
in aluminum foil, as it is susceptible to photodegradation.

b. Using a small plastic scoopula, quickly measure 20.0 mg of HAuCls « 3H>O
granules and add it to the same vial. Keep the lid of the HAuCls « 3H>O container
closed whenever possible.

i. HAUCI: » 3H20 is hygroscopic (absorbs moisture), so air exposure should
be limited!
ii. Do not use a stainless-steel scoopula as the gold salt will corrode it!
5) Prepare a CTAB stock solution at 0.200 M:

a. Using a 10 mL graduated cylinder, add 20 mL of ultra-pure water to a new 50
mL conical tube.

b. Using a large scoopula, measure 1.4578 g of CTAB powder and add it to the
same tube.

i. Try to scoop smaller clumps, or break up larger clumps, before adding to
the ultra-pure water for faster dissolution.

c. Place the conical tube in a sufficiently tall beaker (e.g., 250 mL beaker). Make
sure the tube cap is screwed on ¥ of the way to allow proper venting.

d. Place the tube and beaker in the microwave. Microwave in 4 second bursts,
making sure to gently swirl the tube between each heating.

i. Do not microwave for more than 4 seconds at a time, as the CTAB
solution will bubble over.

e. When the solution is mostly clear (with a few clumps visible), it is time to
sonicate the solution. (Note that sonication can be skipped if the CTAB is fully
dissolved after microwaving).

i. Fill the beaker with DI water until the water level in the beaker is fairly
close to that in the CTAB tube.
ii. Place the beaker in the bath sonicator and make sure the water level of the
sonicator is sufficiently high.
iii. Sonicate for 5-7 min, occasionally rotating the CTAB tube in the water-
filled beaker. When no clumps are visible in the CTAB solution, it is
ready to use.
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6) Prepare a NaBH, stock solution at 0.030 M:

a. Pipette 4.00 mL of ice-cold ultra-pure water (that was chilled at the start of the
procedure) into the chilled 20 mL scintillation vial.

b. Using a micro-scoopula, very quickly measure 4.5 mg of NaBH4 powder and add
it to the same vial. Work quickly, otherwise the NaBH4 powder will absorb
moisture from the air and stick to the weighing paper!

i. NaBHg is hygroscopic (absorbs moisture), so air exposure should be
limited!

7.3 Preparation of seed solution

For all subsequent pipetting steps, it is imperative to pipette against the side of the tube (such
that the solution trickles down into the tube). This will limit foam formation in the CTAB
solution which could have unintended effects on nanoparticle growth.

1) Pipette 2.358 mL of CTAB stock solution into a new 15 mL centrifuge tube.
a. The 100 puL—-1000 uL range micropipette can be used to achieve this dispensing
resolution.
b. First do two dispenses of 1000 uL, followed by one dispense of 358 L.
2) To the same tube, pipette 2.266 mL of ultra-pure water and then 92.9 uL of HAUCI, ¢
3H0 stock solution (to produce a 0.00050 M HAuCI4  3H,0 dilution).
3) Mix gently by swirling/inverting the tube.
4) Pipette 283 pL of the NaBH4 stock solution to the same tube and mix vigorously on the
highest vortex mixer setting for 2 minutes.
a. The solution should turn a dark reddish brown colour (as shown in Figure 6).
5) Set aside at room temperature for up to 2-3 hours.
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Figure 6: Seed solution immediately after vortex mixing.

7.4 Preparation of growth solution

1)

2)

3)
4)

5)
6)
7)
8)
9)

Using a 10 mL graduated cylinder and micropipette, add 13.440 mL of ultra-pure water
to a new 50 mL conical tube.
a. If making smaller GNR volumes, DO NOT use a 15 mL conical tube. The
narrower dimensions will encourage nanorod aggregation.
Using a 10 mL graduated cylinder and micropipette, add 14.589 mL of CTAB stock
solution to the same tube.
Mix gently by swirling the tube.
Pipette 1.149 mL of HAuCI4 « 3H20O stock solution to the same tube for a final
concentration of 0.001 M.
Mix gently by swirling the tube.
Pipette 584 uL of AgNO3 stock solution to the same tube.
Mix gently by swirling the tube.
Pipette 209 uL of L-ascorbic acid stock solution to the same tube.
Mix gently by swirling the tube.
a. The solution should turn colourless indicating successful reduction.
b. If the solution still has a slight yellowish hue (can compare against the clear
CTARB stock solution), then add an additional 10 pL of L-ascorbic acid stock
solution to the growth solution. Mix gently by swirling the tube.

10) Wrap the tube in aluminum foil.

7.5 Generate gold nanorods (GNRs)
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1) Add 35 pL of seed solution prepared in “6.3 Preparation of seed solution” to the growth
solution tube.
2) Prepare the hot plate for incubation.
a. If the GNR solution in only one 50 mL conical tube:
i. Place the tube in a 250 mL beaker (or any size beaker that can hold the
conical tube). Place the beaker onto the hot plate.
ii. Set the hot plate temperature to 26°C. Cover the entire hot plate base with
a dome of aluminum foil (as shown in Figure 7, left).
b. If multiple 50 mL conical tubes contain GNR solution:
i. Tape the tubes together, such that they can remain upright on their own.
ii. Place three glass slides on the base of the hot plate and place the tubes
upright on the glass slides.
iii. Set the hot plate temperature to 26°C. Cover the entire hot plate base with
a dome of aluminum foil (as shown in Figure 7, left).
3) Following overnight incubation, the solution changes from colourless to faintly pink (see
Figure 7, right).

", U
W, { Ju (

Figure 7: Incubation setup (left) and GNR solution after 20.5 h incubation (right).

7.6 Washing and Quality Control
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7.6.1 Remove large spherical nanoparticles from solution
4) Divide the 30 mL of GNR solution into two 15 mL conical tubes (i.e., 15 mL solution
per tube).
a. Ensure the tubes' weights are within 100 mg of each other. If not, transfer an
appropriate volume between them.
5) Centrifuge at 6500 rpm for 15 min to pull out the spherical nanoparticles (which are
contained in the pellet).
6) Decant the solution and reserve the supernatant (i.e., the liquid solution remaining after
centrifugation).
7) Split the supernatant equally into two 15 mL conical tubes.
a. Ensure the tubes' weights are within 100 mg of each other. If not, transfer an
appropriate volume between them.
8) Centrifuge at 6500 rpm for 15 min to further improve yield. Reserve the supernatant.

7.6.2 GNR size selection and dispersion in 1X PBS
1) Transfer 1 mL aliquots of the supernatant solution into 1.7 mL microcentrifuge tubes.
2) Centrifuge the 1 mL aliquots at 11000 rpm for 10 min.
a. Ensure the tubes are evenly spaced in the centrifuge to maintain balance.

3) Discard the supernatant. Resuspend the pellet in 50 pL of 1x PBS.

4) Transfer all GNRs in PBS to a single 20 mL scintillation vial (or 7 mL scintillation vial if
less volume is produced). The resultant GNR stock is highly concentrated (typically >4
nM) and should be dark reddish-brown in colour (see Figure 8).

Figure 8: Photograph of concentrated GNR stock solution (ready-to-use).

7.6.3 GNR concentration determination
1) Obtain an absorbance spectrum for the GNR stock solution using UV-vis-NIR
spectroscopy:
a. Pipette 200 pL of the GNR stock solution into a well in a 96-well plate.
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b. Request usage of the Epoch plate reader from a lab member in Dr.
Anderson’s lab (Armandeep can assist with this).

¢. Through the Gen5 software, obtain a spectrum from 400 to 999 nm with a step
size of 4 nm. Export and save the data to as an Excel file. Note that OD (optical
density) on the y-axis is absorbance.

d. The position of the longitudinal plasmon peak should be ~800 nm. The magnitude
of the longitudinal plasmon peak should be at least 2 times the magnitude of the
transverse plasmon peak (see Figure 9 for an example spectrum).

plasmon band

Figure 9: Example absorbance spectrum of GNR solution (in Gen5 user interface).

2) Estimate the concentration using a standard curve previously obtained using commercial
GNRs of a known concentration:
a. Note down the absorbance value at A = 808 nm.
b. Using the standard curve (Figure 10), calculate the concentration of the GNR
sample using the equation:

[GNR] (nM) = (Absorbancegos nm — 0.044) / 0.6055

c. Label the glass vial with this concentration.
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Figure 10: Standard curve for determining GNR concentration.

8.0 Storage

8.1 Colloidal GNRs

GNR solutions produced by this procedure can be stored at room temperature for several months.
Obtain an absorbance spectrum of the GNR solution before use to determine degradation or
aggregation if there is concern about their stability.

8.2 Stock solution storage

Any leftover AgNO3 stock solution can be used to produce future GNR batches (they can be
stored on the benchtop, wrapped in aluminum foil). Discard the CTAB, L-ascorbic acid, and
NaBHjs stock solutions (as these should be prepared fresh every time). HAuCls « 3H>0 stock
solutions can be reused as well (as long as they are wrapped in foil).
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9.0 Waste Disposal

GNR-contaminated solid waste
(bin located on E6-3009 floor next to mini fridge)

GNR liquid waste
(container located in E6-3009 fume hood)

Ensure that all solid waste (including, but not limited to, pipette tips, Kimwipes, gloves, etc.)
that have been in contact with any of the reagents involved in this protocol are appropriately
stored in the designated waste bin containing a completed waste label with “NANO” written
on it. The waste should be “double-bagged” as it contains nanomaterial waste.
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All solutions used during this procedure can be deposited in the liquid waste container. When

re-securing the container cap, ensure it is only tightened ¥4 of the way. This accommodates
venting in case any leftover reactions occur in the waste container. Make sure the waste

container has a completed waste label with “NANO” written on it. Keep the waste container in
the fume hood until disposal at the Environmental Safety Facility (ESF). Make sure the waste

container has a completed waste label.

Waste Drop-Off Procedure

1. Book a waste drop-off appointment through this link (Environmental Safety Facility

(ESF) location is ESC 150):
https://uofwaterloo.sharepoint.com/sites/safety/chemsafety/SitePages/Hazardous-
Waste---ESF-(Main-Campus).aspx

Prior to arriving at the waste appointment, print and fill out the Waste Profile Form:
https://uwaterloo.ca/safety-
office/sites/default/files/uploads/files/waste_profile_form_fillable v.1.1 mar2022.pdf

a. Instructions on how to fill out the Waste Profile Form can be found here:
https://uwaterloo.ca/safety-
office/sites/default/files/uploads/files/how_to fill_out_the waste profile form.
pdf

b. A hard copy of this form must be brought to the waste appointment!

Prepare the waste containers for drop-off:

a. For the solid waste bin, ensure that BOTH waste bags are individually taped
shut (this is to minimize nanomaterial exposure to the individual processing the
waste).

b. For the liquid waste container,

i. Ensure the bottle is not filled more than 80% (i.e., the liquid level
cannot exceed the “bend” line of the container). Over-filled containers
are not accepted at the waste facility.

ii. Carry the container to ESF in a “tote” (totes can be found in the CAMJ

Water Lab, E3-2169).

. At the appointment time, wait in the hallway outside of the waste facility (i.e., stand in
the hallway across from the ESC 1% floor elevators). The waste facility manager
retrieves you when ready.
. After the waste has been processed, a new solid waste bin or liquid waste container is
provided. Replace waste labels with appropriate information as needed. Store new
containers in their designated locations, as before.
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Version Changelog

Version 3.1

Added Table of Contents.

Minor edits to improve clarity.

Included column of minimum required amounts of reagents for procedure in Table 2.
Included column of storage location for stock solutions in Table 5.

Provided more details about GNR Synthesis Reagent Calculator including structure,
usage, and outputs.

Version 3.0

Relevant photos were embedded.

Included a summary and timeline of the procedure in section “1.0 Background”.
Updated “2.0 Safety Considerations” regarding alternative NaBH4 storage.

Added locations for chemicals, materials and equipment.

Reworded certain parts of “6.0 Procedure” for better readability and flow.

Included more details in “8.0 Waste Disposal” regarding waste drop-off procedures.
Revision to Section “6.5 Generate gold nanorods (GNRs)”

Revisions to Section “6.6 Washing and Quality Control” regarding centrifugation
cycles and dispersion in 1x PBS.

Updated equipment list according to above changes.

Version 2.1

Changed incubation temperature from 28°C to 25°C and adjusted incubation time.
Following centrifugation, the supernatant is reserved (contains the GNRs) as opposed
to the pellet.

All volumes were scaled back up to produce a total GNR volume of 30 mL.

Guidance on adding the appropriate amount of L-ascorbic acid to the growth solution
was adjusted (based on scaled up volume).

Version 2.0

Several procedural details were included, relating to:
o Volume changes:
= Only atotal of 5 mL seed solution is prepared to conserve reagents.
= All volumes related to growth solution were scaled down by a factor of
4 (to match the original procedure outlined by Nikoobakht & EI-Sayed).
= The silver nitrate stock solution volume to add to the growth solution
was also adjusted to match the paper.
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= The volume of L-ascorbic acid stock solution to add prior to seed
solution addition will vary from batch to batch. A guide for the

appropriate amount to add is provided.

= Additional L-ascorbic acid following overnight incubation is no longer

added.

o Higher concentration sodium borohydride is used (from 0.010 M to 0.030 M).
o Very detailed instructions related to technique were added (to avoid

contamination).
o Reformatted sections for better flow.
Version 1.1

e The sequence of steps (for both seed solution and growth solution preparation) was

slightly modified from the previous version.

e More volume of L-ascorbic acid stock solution was added after incubation to improve
the longitudinal plasmonic peak height in the absorbance spectrum.

¢ Instructions pertinent to washing the GNRs were added.

Version 1.0
e First writeup of the protocol
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Version Changelog

Version 1.0

o First writeup of the protocol

1.0 Background

Hyaluronic acid (HA) guar gum (GG)-based hydrogels containing gold nanorods (GNRs) are
photothermal materials that we developed to use as biological solders in laser tissue welding. HA
is the matrix material, GNRs are the photoabsorbing components responsible for amplified heat
generation, and GG is an additive to adjust viscosity, as well as improve the stability, and therefore

photothermal conversion, of dispersed GNRs.

This protocol details how to prepare biological gel solders with an example composition of 2.75%

w/v HA and 0.25% w/v GG, with GNR concentrations of 0 nM (control) and 0.7 nM.

2.0 Chemicals & Reagents

Table 1: Chemical name, supplier information and storage location.

Chemical Name

Procured From/CAS No.
(if applicable)

Current Location

Hyaluronic acid sodium salt MilliporeSigma/
from Streptococcus equi E6-3009 Freezer Door
9067-32-7
MilliporeSigma/
Guar gum E6-3009 Our Box
9000-30-0

GNR stock solution

Synthesized in-house using
SOP “Protocol - GNR
Synthesis - Version 3.0”

E6-3009 Bench

1X phosphate buffered saline
(PBS), pH 7.4, liquid

MilliporeSigma

E6-3009 Our Box

3.0 Materials

Table 2: Material name, supplier information and storage location.

Item Name Procured From Current Location

10 mL graduated cylinder E6-3009 Sink
£6-3009 (Dr. Bill Anderson’s Lab)

15 mL conical tube Chemstores E6-3009 Our Box
Stainless steel micro- Chemstores E6-3009 Our Box
scoopula
7 mL scintillation vials Chemstores E6-3009 Our Box
1.5 mL microcentrifuge tubes Chemstores E6-3009 Our Box
50 mL beaker E6-3009 E6-3009 Sink
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4.0 Equipment

Table 3: Equipment name and location.

Equipment Name Current Location
Micropipettes E6-3009
Vortex mixer E6-3009
Bath sonicator E6-3009

5.0 Procedure

Note that this procedure produces 1 mL of each gel sample. Amounts stated here can be scaled to
any desired final volume.

5.1 Prepare GG stock solution (0.4% w/v)

1. Using a 10 mL graduated cylinder, add 10 mL of 1X PBS to a 15 mL conical tube.

2. Weigh out 40 mg of GG and add it to the conical tube.

3. Vortex-mix until fully combined.

4. Over several days, the GG may sediment out of solution. If this occurs, simply vortex-mix

until it has resuspended.

Note: A GG stock solution concentration of 0.4% w/v was selected as any higher concentration
may make the solution too viscous to pipette.

5.2 Calculate amounts of gel components required
The target gel volume for each batch is 1 mL. Example calculations are shown and summarized in
Table 4.

1. For2.75% w/v HA:
My, = (2.75% w/v)(1 mL)

2.75 g HA
- ( 100 mL >(1 mL)

my, = 27.5 mg HA

2. For 0.25% w/v GG:
(0.4% w/v)(Vstock,ce) = (0.25% w/v)(1 mL)
Vstock,GG =625 uL

3. For 0.7 nM GNRs:
Note: The calculated GNR stock volume, Viwcioyr, depends on the GNR stock
concentration! What is shown below is an example calculation with GNR stock
concentration = 5.9736 nM. The GNR stock concentration should be adjusted accordingly
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(as determined by a concentration calibration curve obtained via UV-vis NIR

spectroscopy).

(5.9736 nM)(Vstock,GNR) = (0.7 nM)(1 mL)
Vstock,GNR =117 pL

4. For 1X PBS:
Vtotal =1mL= Vstock,GG + Vstock,GNR + VPBS
Vpps [ML] = 1000 — 625 — Vstock,GnR

Vpps [UL] = 375 — Vstock,GNR

Table 4: Gel sample recipe summary for HA-GG gels at three GNR concentrations.

HA to GG stock GNR stock
Vi GNR . HA:GG add, to add, to add, IX PBS to
ial No. | Concentration . add, Vpas
(nM) Ratio mpy Vitock,GG Vstock,GNR (uL)
1 (mg) (uL) (uL)
(Control) 0.0 2.75:0.25 27.5 625 0 375
Depends on Depends
GNR stock on
2 0.7 275:025 | 275 625 | coneentration | ViockGar
See step 3 in | See step 4
5.2 in5.2

5.3 Add hyaluronic acid to vials
1. Label two new 7 mL scintillation vials with:
e “275:0.25 HA:GG, 0 nM”
e “2.75:0.25 HA:GG, 0.7 nM”

2. Using the stainless steel micro-scoopula, weigh out and transfer 27.5 mg HA pellets to each

vial.

3. Place the original source bottle of HA back in the freezer as soon as weighing is finished.

5.4 Pre-mix gold nanorods with guar gum for stabilization

1. Into anew 1.5 mL microcentrifuge tube labelled “GG-GNRs 0 nM”, pipette 375 pL of 1X

PBS and 625 pL of 0.4% w/v GG stock solution.
2. Vortex-mix the tube for a few seconds.

3. Into another new 1.5 mL microcentrifuge tube labelled “GG-GNRs 0.7 nM”, pipette the
appropriate volume of, sequentially: 1X PBS, GG stock solution, and GNR solution.

4. Vortex-mix for the tube for a few seconds.
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5.5 Prepare gel samples
1. Pipette the contents of microcentrifuge tube “GG-GNRs 0 nM” into the vial “2.75:0.25
HA:GG, 0 nM” that contains HA pellets.
2. Immediately use the stainless steel micro-scoopula to rapidly mix the vial contents.
3. Continue mixing until a gel is formed.
a. If there are clumps of HA, the sharp edge of the micro-scoopula can be used to
break them apart.
4. Repeat steps 1-3 with the microcentrifuge tube “GG-GNRs 0.7 nM” and the vial
“2.75:0.25 HA:GG, 0.7 nM”.
5. Place the vials in a 50 mL beaker and fill the beaker halfway with water.
6. Place the vial in the bath sonicator and sonicate for 10 minutes.
7. Remove from sonicator and use the micro-scoopula to mix by hand and/or further break up
HA clumps.
8. Repeat steps 6-7 until the gel is visually homogeneous. This usually takes a total of 40 min
cycling between sonication and hand-mixing.
9. Leave the vials to sit at room temperature overnight to reduce the presence of bubbles. The

gel samples are then ready for use.
a. See Figure 1 for a wide range of gel formulations prepared by this method.
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Figure 1: Images of different HA-GG gel formulations prepared by this method.

6.0 Storage and Disposal

The heating performance of the gels is known to degrade over time under ambient conditions.
Therefore, it is recommended that gels stored at room temperature be used within 1-3 days of
preparation.
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Control gel vials (containing no GNRs) can simply be disposed of in regular garbage receptacles.
Vials of GNR-containing gels must be transferred to “NANO” contaminated solid waste bins
(with appropriate chemical waste labels filled out) as shown in Figure 2. These can be found in
both E6-3009 and DC-2726.

R A IS -“A % -
Figure 2: Designated waste bin for nano-contaminated solids.
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