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ABSTRACT OF THE THESIS

Indocyanine Green Modified Silica Shells for Colon Tumor Marking

by

Adrian Garcia Badaracco

Master of Science in Chemical Engineering

University of California San Diego, 2020

Professor Andrew Kummel, Chair

Marking of colon tumors for surgery is normally done using India ink, but it cannot be
imaged below the tissue surface and there is evidence of serious complications such as abscess,
intestinal perforation and inconsistency of injection. A novel infrared marker was developed using
FDA approved indocyanine green (ICG) dye and ultrathin hollow silica nanoshells. Using a

positively charged amine linker, ICG was electrostatically bound to the shell surface. This

X1



electrostatic attachment was shown to be stable under biological conditions. For ultra-thin
wall 100 nm diameter silica shells, a bimodal ICG layer of < 3 nm was formed. Conversely,
for thicker walls on 2 pm diameter silica shells, the ICG layer was only bound to the outer
surface and was 6 nm thick. In vitro testing of fluorescent emission showed the particles
with the thinner coating were considerably more efficient, consistent with self-quenching
in the thicker ICG coatings due to formation of energy traps. Ex vivo testing showed that
ICG bound to the 100 nm hollow silica shells was visible under 1.5 cm of tissue. In vivo
experiments demonstrated the ability of ICG bound to 100 nm silica shells to mark tumors

accurately with no diffusion in tissue and remain visible for over 12 days.
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CHAPTER ONE

Introduction

1.1 Preview

Cancer is not a single disease, but rather a wide range of diseases that are characterized by
abnormal growth and proliferation of mutated cells. This abnormal growth often results in a tumor
(a solid mass of tissue), except in the case of cancers of the blood.[1] Cancer is one of the most
prevalent diseases worldwide, with almost 2 million new cases and 600,000 deaths per year in the
United States alone.[2] Typical first-line treatments include surgical removal, radiation,
chemotherapy and more recently immunotherapy and other advanced treatments.

Colorectal cancer, defined as a bowel cancer located in the colon or rectum, is one of the
leading cancers in terms of deaths, second only to lung cancers.[2, 3] As shown in Figure 1.1, there
are over 50,000 annual deaths due to colorectal cancer in the United States alone.[4] A summary
of the treatment lifecycle for colorectal cancer is shown in Figure 1.2a. Initial diagnosis of
colorectal cancer may be based on a screening or symptoms. This initial diagnosis is confirmed by
testing for blood and stool or by performing a colonoscopy (insertion of a small camera into the
colon, see Figure 1.2b). Regardless of the diagnosis route, surgical resection (removal of the tumor)
is the most effective treatment for non-metastatic colorectal cancers.[5, 6] In most cases, pre-
operative marking of the lesions is performed to aid the surgeon in identifying and removing the
correct segments of the bowel. Sometimes these steps may be combined, for example, smaller
polyps may be tattooed for longitudinal follow-up and/or removed during a screening

colonoscopy.[3, 7, 8]



Because surgical resection is the most effective treatment for colorectal cancers, accurate
marking and localization of the lesions during surgery is vital to a favorable prognosis. The present
study focuses on the development of novel materials for pre-operative marking of small lesions in

colorectal cancers.

1.2 Laparoscopic Resection

Laparoscopic surgery consists of the use of small narrow tubes (trochars) which are
inserted into sub 1 cm incisions and manipulated by the surgeon from outside of the body. This
results in smaller incisions and less blunt trauma from tissue displacement. An example of this
procedure is shown in Figure 1.2¢. By reducing the invasiveness of the procedure, Laparoscopic
surgery tends to achieve superior outcomes and shorter recovery periods than open surgery.[9-
13]

Despite its advantages over open surgery, the loss of tactile feedback during laparoscopic
surgery requires precise pre-operative marking, especially in colorectal cancer cases where the
surgeon may not have direct access to the lesions even through surgical instruments. All
laparoscopic equipment provides a video feed to the surgeon, which allows for visualization of
pre-operative tattoo markings and thus localization of tumors that may not be detectable visually.
[12] In addition to a visible light feed, many laparoscopic instruments now offer a near infrared
(NIR) camera and light source. The NIR spectrum is of particular interest for biological imaging
because of its low auto-fluorescence, reduced scattering and enhanced tissue penetration
compared to the visible light.[14] These developments in laparoscopic equipment has enabled

use of fluorescent tracers and markers, such as indocyanine green (ICG).[15]



1.3 Tumor Localization and Pre-operative Marking

Locating small colon cancers intraoperatively can be both challenging and technically
difficult. Small lesions can be particularly hard to locate because they are harder to see, harder to
palp and may even heal and re-appear periodically.[7] When a surgeon fails to locate a lesion
previously noted during pre-operative colonoscopy, they may resect a larger section of colon
than required or resect the wrong section altogether.[16, 17] Incidence rates of complications due
to localization errors have been reported to be as high as 15.4%.[5] To mitigate this risk, pre-
operative marking of the tumor is commonly performed. The most popular method to mark
tumors pre-operatively is endoscopic tattooing.[7-9, 11, 18-20] This method consists of placing a
permanent tattoo on or around the site of the lesions using an endoscopic instrument. Although
alternative methods do exist, most are less accurate than tattooing or have their own set of
drawbacks.[7, 8, 18, 21] A summary comparison of tumor localization methods is presented in
Table 1.1.

1.3.1 Intraoperative Colonoscopy

Intraoperative colonoscopy is a promising alternative but requires proper training and can
be less accurate than tattooing because the colon is commonly air-inflated during surgery and
thus may distend and change the shape. A recent retrospective study addressing intraoperative
colonoscopy reported poor outcomes due to bowel distention in 9 out of 13 cases.[22] Other
reports using more advanced techniques for intraoperative colonoscopy, such as insufflation with
CO:2 instead of air, showed reduced complications, but require specialized equipment and proper
surgeon training.[ 17] Another consideration is that lesions noted during diagnosis may heal by
the time the procedure is performed and thus would not be possible to find with intraoperative

colonoscopy.[7, 15, 23]



1.3.2 Computerized Tomography

Computerized tomography colonoscopies (CTC) is another common method to locate
tumors. The main advantage of CTC is its non-invasive nature, which may reduce overall care
costs when used as a first-line screening. However, this does not necessarily hold for pre-
operative marking due to reduced accuracies.[24] The accuracies reported for CTC are
considerably lower than that of other methods. Up to 20% of tumors may be missed, and of the
located tumors, only 75% are accurately located during surgery.[7, 17] CTC scans also have a
high radiation dose, up to ten times that of a chest X-ray.[25]

1.3.2 Endoscopic Clips

Endoscopic clips, usually made of coated metal alloys, may be placed on or around a
lesion during endoscopy as a form of pre-operative marking. They are ultrasound sensitive
and/or fluorescent, allowing for multiple localization methods.[7] Although multiple clips can be
used for each lesion, there is a risk to the clips detaching from the site resulting in loss lesion
identification and harm to the patient.[7, 22]

1.3.2 Tattooing

Endoscopic tattooing is considered the safest and most accurate method of pre-operative
marking.[7-9, 18] There are various accepted tattooing techniques, but it is generally accepted
that the safest and most successful method to mark tumors pre-operatively is to inject a small
amount of dye into the submucosal layer 2-3 cm distal to the lesion.[7, 8]

The most widely studied tattooing agent is India ink. India ink is commercially available
ink used for cosmetic tattooing as well as drawing. It is composed of carbon-black particles and
additives suspended in an aqueous solution.[7] Because it is not a medical product, India ink

requires filtration and dilution to be used in a medical setting.[21] Due to the lack of



standardization for India ink, there are conflicting reports on the dilution of the solution for
effective identification.[ 18, 21] Recently, specialized medical versions of India ink have
emerged, such as SPOT® (GI Supply, Inc.). While these products do not fundamentally change
the applications of India ink, they do address some of the risks of India ink by standardizing the
supply and preparation of the ink.[8]

Although India ink is established as a reliable way to mark lesions in the colon, there are
reports of side effects including colonic abscess, intestinal infarction and intestinal perforation,
with incidences of some as high as 14.3%.[26-30] Furthermore, imaging is restricted to the
surface of tissues since India ink can only be imaged by visible light. In addition to the possible
side effects related to use of India ink, there have also been reports of tattoo failure in up to 37%
of cases.[9, 17] When these issues arise, they may lead to additional colonoscopies or even
resection of the wrong section of the colon.[16, 17] These complications have led to the search
for alternatives to India ink that might be safer and/or compatible with other imaging modalities,
such as NIR.

In order to be a suitable replacement for India ink, dyes must have 4 distinct properties:
(1) High contrast and visibility.

(2) High biocompatibility.

(3) Chemical (temporal) stability: the material must not degrade significantly for at least two
weeks (a typical timespan between marking and resection).

(4) Physical (spatial) stability: the material must not diffuse or be otherwise transported away from
the injection site.

The only reported alternative tattooing agents are methylene blue and ICG. However,

methylene blue has been shown to lead to many complications in addition to poor temporal



stability.[ 18] On the other hand, ICG is already widely used in medical setting and has a strong
NIR fluorescence. The utility of ICG is limited due to its short lifetime (< 2 week).[7, 28, 31].
Loading ICG onto silica shells may improve this shortcoming.[32-34] Table 1.3 compares India
ink, ICG dye and the ICG/silica hybrid materials presented in this study according to the four

requirements highlighted above. Further details on ICG are presented below.

1.4 Indocyanine Green Dye

ICG has been proposed as an alternative tattooing agent.[7, 19, 20, 28, 31] ICG is
a tricarbocyanine that has strong absorption and emission maxima at =~ 780 and =~ 820 nm,
respectively.[35] This dye is the only NIR dye approved by United States Food and Drug
Administration (FDA). Due to its low toxicity, it is extensively used for optical imaging
applications in the clinic.[14, 36-39] The use of intraoperative ICG continues to grow as
there are more commercially available laparoscopic and robotic systems have gained the
NIR imaging capabilities.[15] ICG is also reported to be used for other medical
applications, such as photoacoustic imaging, [40-42] photothermal [43-45] and
photodynamic therapies. [46] Because of existing widespread use in surgery and its well-
established safety profile, ICG dye could be a viable alternative to India ink for tattooing

tumors.

Although ICG is cleared from circulation in <5 minutes when injected
intravenously due to protein and phospholipid binding, [34, 47] it has been reported to
persist for several days when administered as an intratumoral (IT) injection and can serve
as a safe colonic tumor marker [19, 20, 28, 29, 31]. Despite these promising results ICG

alone may be inferior to India ink because >40% of ICG markings are not visible after 2



weeks. [19, 20, 28, 31] Since ICG is a single molecule, it may diffuse through tissues or be
reabsorbed and lose visibility, especially under visible wavelengths. ICG also suffers from

low water solubility and self-quenching by aggregation[48, 49].

To overcome the disadvantages of low stability, ICG has been incorporated into
polymeric or metal nanoparticles which prevent ICG from proteins binding and
degradation in water [42, 44, 45, 49, 50]. Lee et al. reported a biodistribution study of the
ICG bound mesoporous silica nanoparticles (MSNs). The surface of silica particles was
pretreated with 3-aminopropyltrimethoxysilane and ICG molecules were bonded to the
amine groups by electrostatic force. The binding of ICG and the primary amine was

stable in a water solution with pH ranging from 3.0 to 10.0. [34]

1.5 Silica Nanomaterials

Nanoparticles and nanostructured materials have emerged as promising technologies in
materials science due to their unique and tunable physical, chemical and biological properties.
There are many ways to classify these materials, but one common distinction is to categorize
them into organic (polymer or lipid based) and inorganic (based on metals or metal oxides)
materials. Amongst the inorganic materials, silicon dioxide particles stand out due to their
biocompatibility, ease of synthesis and well-understood surface chemistry.[36, 51-53]

An important consideration in selecting a biomaterial is toxicity, which is highly
dependent on the surface properties (charge and functional groups) as well as particle size.[53]
For this study, porous hollow silica shells synthesized via the sol-gel method on polystyrene
templates were chosen due to their a size distribution and ease of synthesis. Previously, synthesis

of such particles with a diameter ranging from 100 nm to 2 um and the application of these silica



shells as ultrasound contrast agents has been reported.[52, 54-61] These shells have high

biocompatibility and low tissue mobility.[52, 62]

1.6 ICG Coated Silica Nanoshells

A summary of ICG/silica materials is provided in Table 1.3. To date, no ICG-based
biocompatible materials have been tested for pre-operative marking of tumors.

In the present study, ICG coated silica shells are presented as a tumor marking agent that
overcomes some of the limitations of free ICG dye. By attaching thin ICG layers to hollow silica
nanoshells, high fluorescent brightness and low tissue mobility are achieved. Although only a
small improvement in temporal stability compared to free ICG dye for these novel ICG coated
silica shells, they have been shown a safe usage profile, the ease of visualization even when
injected under 1 cm of tissue, and the stable anchoring effects to the site of initial injection.

Therefore, ICG coated silica shells are a promising adjunct or replacement to the standard India

ink.

1.7 Acknowledgments
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1.8 Figures and Tables

a Annual New Cases b Annual Deaths
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Figure 1.1 Estimated statistics of cancer mortality and incidence for the most common types of
cancer in the United States in 2020. (a) Annual estimated incidence for the most common types of
cancers. (b) Annual estimated deaths for the most common types of cancers. Colorectal Cancer is
one of the leading cancers by death count, second only to respiratory cancers. Over 50,000
colorectal cancer related deaths are recorded each year.

Data from cancer.gov, Cancer Stat Facts: Colorectal Cancer.
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Figure 1.2 Colorectal cancer treatment lifecycle. (a) Typical colorectal cancer diagnostics cycle.
Generally, diagnosis is followed by pre-operative marking and subsequent surgical resection. In
some cases, pre-operative marking may be done concurrently with diagnosis or during a
screening. (b) Example of a Colonoscopy. An endoscope (detail in top-right inset) is inserted into
the anus and advanced into the rectum and colon. An onboard camera allows visualization of any
lesions appearing in the colon. The colonoscope may also contain instrument ports that allow
insertion of instruments to remove smaller polyps or tattoo lesions for tracking or surgical
removal. (c¢) Example of a laparoscopic surgery. Several small incisions (ports) are made into the
abdomen and thin tubes (trochars) containing surgical instruments and a camera are inserted. The
surgeon then uses these instruments to manipulate tissue inside the patient.



Table 1.1 Comparison of pre-operative lesion marking techniques. Among the available techniques,
tattooing stands out for pre-operative marking due to its extensive track record of relatively high accuracy
as well as a relatively low rate of complications. CT colonoscopy stands out as the only non-invasive
procedure. Finally, intra-operative colonoscopy offers high accuracy and is required in some cases if the
surgeon finds new lesions not noted pre-operatively or if they are unable to find existing lesions, but there
are concerns regarding surgeon training and bowel distension.

Invasive? Accuracy Pros Cons

Intraoperative Yes High Less procedures Bowel distension

colonoscopy Required in complex cases

CT Scan No Low Non-invasive Expensive
Radiation

Barium enema Yes Low Lowest cost

Clips Yes High Multimodal imaging Clips can fall off

Tattooing Yes High Can be done during Complications from

diagnosis
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Table 1.2 Comparison of ICG/silica systems. Although several silica/ICG particles have been synthesized, few
have been tested for signal degradation in vivo, and none for tumor marking. Further, many formulations use
small (<100 nm) particles or non-rigid particles, which might not be retained at the injection site. Finally, several
procedures employ reagents have not yet FDA approved or involve complex synthesis, making in vivo clinical
use challenging. Therefore, the novel aspect of this work lies in the application of biocompatible ICG loaded rigid
particles to extend the viable ICG time for tumor marking.

In Vitro
Signal Loss (24hrs)
Delivery platform Dye (no light) In Vivo
24hr
Substrate Size Linking Loading |Dye Injection Signal
Protection Loss Notes Ref.
ICG Coated Ultrathin ;
Hollow Si02 hollow SiO, 100 nm ES 54/m None %* | T % g:llsowed 21 ;ﬁs
Shells shell Heme g '
Free ICG Dye None Molecule N/A N/A N/A 24% N/Q In-vitro only [63]
TEOS Capped q q Developed for
MS Si02/1CG gﬁesusloz G0 M L o Si02 4% NQ R [33]
Shell ne/mg therapy.
APTES Linked . Developed for
MS Si02/ICG M8 8102 160 nm ES ”Zm PEG NQ NQ pltedbmate [61]
Shell she ng/mg therapy.
A Shows
PEG Coated Solid MS 619 .
MS Si02 / ICG Si02 60 nm ES g PEG N/Q N/Q improved } [64]
photobleaching.
ICG /PEl in PEI in holl Toxic materials
Hollow Si02 s1ozm OHOW | 55 nm ES N/Q Polymer | <1% N/Q (PEI). No in [65]
Core vivo testing
Visible in
. tumor 12hr
Si02/ICG . L
coated Au MRSORE || g ES NQ Si02 NQ IT NQ Qi iesion, [66]
Au core Dye releases
Nanorods .
from particle
over <2hr.
. Sophisticated
SiO2 / Polymer Polymer /
/1CG ICGonsio2 | 80/120 | gg 20 Polymer | 1% NQ e 132]
5 nm ug/mg synthesis
nanocomposites core .
required.
MS SiO2/ICG 9 800 Visible 90 min
Shell MS Si02 75 nm ES I None N/Q v N/Q N ——— [34]
Visible after
ICCIG Doped Calcium el 96hr with some
Pﬁocs‘“;:te Phosphate 16 nm Sgﬁg"e m N/Q PEG N/Q A% N/Q signal loss (by [67]
phate Nanoparticles inspection of
Nanoparticles
figures).
Micelle 32 U0 Gifien
; g o
Protected ICG Micelle 30 nm Encapsulated g Polymer 0.25% N/Q FDA gpproved [68]
materials.
= Visible 24hr
INCSg i after injection.
ICG Liposome Liposome 130 nm Encapsulated 5mM Lipid 1% v N/Q Liposomes [69]
v perfused into
lipids
tumors.

*Calculated at 7 days
ES: Electrostatic

MS: mesoporous

PEI: Polyethylenimine
N/Q: not quantified
N/A: not applicable
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Table 1.3 Comparison of tattooing agents. India ink stands out for its visible light imaging and stability.
Indocyanine green (ICG) is highly biocompatible and has IR imaging capability but lacks chemical and temporal
stability. Hollow silica shells (HSS) have good biocompatibility as well as temporal and spatial stability. This
study seeks to evaluate the combination of ICG with HSS to create a marking agent with IR imaging capabilities
and higher stability than pure ICG dye. Although HSS also have the possibility to enable multimodal imaging,
this aspect was not tested in the present study.

India ink ICG HSS HSS +ICG
(this study)

Biocompatible Tested
Visible imaging - Not tested
IR imaging - - Tested
Ultrasound imaging - - Not tested
Temporal
(chemical) stability - Vested
Spatial (location) ) Tested

stability
+  good/ high

++ very good / very high
- not good/low
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CHAPTER TWO

Materials and Methods

2.1 Preview
HSS were prepared in two sizes (100 nm and 2 um). Briefly, silica shells are grown on a
polystyrene template. The template is then removed by calcination, leaving a bare silica shell.
ICG is then electrostatically linked to the shell, creating ICG/HSS. This mixture is then
suspended in water and injected into tumor-bearing mice for in vivo studies or aliquoted for
various in vitro experiments. A summary of the preparation of the shells is shown in Figure 2.1
and detailed below.
2.2 Materials
(3-Aminopropyl)triethoxysilane (APTES, CAS 919-30-2), indocyanine green (ICG, CAS
3599-32-4), N1-(3-Trimethoxysilylpropyl)diethylenetriamine (DETA, CAS 35141-30-1),
tetramethyl orthosilicate (TMOS), trimethoxy(phenyl)silane (TMPS), Poly-L-lysine (PLL, CAS
25988-63-0) and solvents were purchased from Sigma-Aldrich (St. Louis, MO). Polystyrene

templates were purchased from Polysciences Inc. (Warrington, PA).

2.3 Hollow Silica Shells
HSS were synthesized using methods previously reported. This procedure consists of self-
assembling silica precursors on a commercially available polystyrene template. After the growth
of'asilica layer has been achieved, the particles were calcined to vaporize the polystyrene template,
leaving a porous silica shell with a hollow core.[52, 54-61] Because of the synthesis of the shell is

done on top of well characterized templates, the shells have a very narrow size distribution and
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thus are very well suited for medical applications. [60, 61] Additionally, calcination of the particles
for template removal ensures an inert and uniform surface free of residual reactants, resulting in
lower toxicity than other synthesis methods.[70] This synthesis method is highly tunable, allowing
for doping of the shell during or after growth to modify its physical or chemical properties.[52, 60,
71, 72] In the present study, 100 nm and 2 pm shells were used.
2.3.1 Synthesis of 100 nm Nanoshells

Synthesis of 100 nm nanoshells was done using a previously reported method. In brief, 50
mL of a 0.2% DETA solution was prepared by sonicating DETA in anhydrous ethanol for 5 minutes.
Simultaneously, 430 mL of 95% ethanol was mixed with 2.5 mL of water and 6.25 mL of 100 nm
polystyrene beads in a high sheer mixer at 4000 rpm to create a homogeneous suspension. 40 mL
of the 0.2% DETA/ethanol solution was then added to the other components and the entire solution
is mixed at 4000 rpm for 1 hour. After 55 minutes of mixing (5 minutes before the previous step
concludes), silica precursor was prepared by vortexing 375 pL of TMOS and 500 pL of TMPS in
4 mL of ethanol. The precursor was then added to the polystyrene bead/DETA suspension and
stirring at 4000 rpm was continued for another 5 hours. Removal of excess reactants was done by
centrifugation at 3200 rpm for 25 minutes and subsequent washing with ethanol. The
centrifuge/wash process was repeated at least twice. After overnight drying under ambient
conditions, calcination was carried out with a 5 °C ramp up to 550 °C and then a constant step at
550 °C for 5 hours. [62]

2.3.2 Synthesis of 2 pm Microshells

The 2 um microshells were synthesized similar to previously described protocols.[60, 72]

First, 12 mL of phosphate buffered saline (PBS), 600 uL of polystyrene templates and 1680 pL

of PLL were vortexed for 30 minutes in a 50 mL polypropylene tube. Then, 37.2 uL of TMOS
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was added and vortexing was continued for another 2.5 hours. 15 minutes before the previous
step concluded, a 2.5% TMB in ethanol solution was prepared by mixing 5 pL of TMB with 2
mL of absolute ethanol and vortexing for 15 minutes. Then, 600 uL of the TMB/ethanol solution
was added to the polystyrene solution and vortexing was continued for an additional 5 hours. To
remove excess reactants, deionized water washes (at least two) and then ethanol washes (at least
2) were performed. Calcination was identical to the 100 nm nanoshells but with an overnight

period at 550 °C instead of 5 hours.

2.4 Indocyanine Green Coating
First, APTES was attached to the surface of the shells. APTES chemically bonds to
the hydroxyl groups on the silica surface and provides a positively charged amine for the
ICG anion to attach to. In order to graft APTES onto the surface of the silica nanoshells,
10 mg/mL of 100 nm or 2 um silica shells suspended in ethanol were mixed with APTES
to form a 1% v/v APTES/ethanol solution and then vortex mixed for 24 hours. Amine
modified silica shells were subsequently washed twice with ethanol and twice with water

to remove unbounded APTES.

To coat the silica shells with ICG, the amine modified 100 nm or 2 pum silica shells
were resuspended at 10 mg/mL in a 10 mg/mL ICG water solution (ICG to silica shell ratio
of 1:1 by mass) and vortex mixed for 5 hours at room temperature shielded from light. The
ICG coated silica shells were collected by centrifuging for 5 minutes with 5000 rpm. The
pellet was washed at least three times with water or until the solution was colorless. The
green silica shells were then re-suspended in water at 20 mg/mL. These samples were kept

at -20C and shielded from light until ready for use.
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2.5 Quantification and Imaging of Dye Layer

Quantification of ICG on the silica shells was performed by measuring the absorption of
ICG coated silica shells in water at 780 nm on a Perking Elmer Lambda 35 UV-Vis
Spectrophotometer. In order to release the dye from the shells, the ICG coated shells were
suspended in a 1% Tween20 solution as previously described by Hong et al.[61] The standard
curve was made with the absorption of ICG water solution as a function of ICG concentration.
When the absorption of ICG coated silica shells in water was measured, non-modified silica shells
in water suspension at the same concentration of measured sample were used as a blank.
Measurement of fluorescence intensity was performed using an NIR camera (Fluobeam-800,

Fluoptics, Grenoble, France) at a distance of 15 cm.

Combined field emission SEM (FESEM) images were obtained using a Sigma 500 FE-
SEM (Zeiss, Germany) with an accelerating voltage ranging from 0.8 to 20 kV. SEM samples were

prepared by depositing silica shells on a carbon tape substrate.

Transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM) characterization are performed using a spherical aberration (Cs) corrected JEM-
ARM200F electron microscope (JEOL USA INC) operated at 200 kV. The convergence
semiangle of the electron probe is set to 25 mrad and the current of the electron probe is 23 pA.
High angle annular dark field (HAADF) and annular bright field (ABF) imaging is carried out
with the collection semiangle from 70-250 mrad and 12-24 mrad, respectively. Electron energy
loss spectroscopy (EELS) is performed using an Enfina spectrometer (Gatan Inc.) with the
collection simiangle of 30 mrad. 0.2 s/pixel is used for the elemental mapping of C and O using

EELS. Quantification of layer thickness in Figure 3.5 and Figure 3.7 was performed using
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MATLAB. Upscaling and a gaussian blur were applied before final quantification in order to

remove the high noise visible in Figure 3.6.

2.6 Ex Vivo Phantom Testing
100 nm ICG coated shells were diluted to 0.25 mg/mL in DI water and 2 mL of this
suspension was placed under a NIR camera at a standard distance of approximately 15 cm.
Then, several layers of chicken or beef tissue were placed on top of the samples, mimicking
injections at varying depths. After all the tissue layers were stacked, the sample was
removed, and background images were taken. All images were taken using a fixed exposure

time of 200 ms.

After background subtraction was performed, mean intensity of the sample area
was measured. All statistical analysis and plotting were performed with Microsoft Excel

and MATLAB while intensity measurements were performed using ImageJ.

2.7 In Vivo ICG Marked Tumor Imaging
All animal studies were approved by UC San Diego Institutional Animal Care and
Use Comtee (IACUC). Single flank tumors were established in five C57 wildtype mice
with GL261 cell line. To establish these tumors, 1x10° cells were subcutaneously injected
into the flank of anesthetized mice and allowed to grow for about two weeks to achieve an
average of 217 mm? tumor volume. Tumors were injected with 25 uL of 20 mg/mL 100
nm ICG particles or equivalent free ICG at about 0.25 - 0.5 cm depth. Serial images of the

tumor were taken on post-injection days 3, 5, 7, 10, 13, 15, 18 and 21. Mice injected with
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ICG coated shells and free ICG dye were imaged on the same schedule and using a single-blind

protocol. A summary of the imaging and analysis protocol for these experiments is shown in Figure

2.2.

2.8 In Vivo Toxicology
Healthy 6-8-week-old female BALB/c mice (n=3) were intravenously injected with 150
mg/kg plain 100 nm SiO; nanoshells to measure systematic toxicity. 24 hours after injection, 400
uL of blood was collected and put into tubes pre-coated with ethylenediaminetetraacetic acid
(EDTA) as an anticoagulant. The tubes were immediately flicked and inverted several times to
distribute the EDTA/blood and then analyzed using a Hemavet 950FS cell counter (Drew Scientific

Inc., Miami Lakes, USA). All samples were measured twice in duplicate.
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2.10 Figures and Tables

Si0, Growth Calcination
1. Tetramethoxysilane 1. 500°C
2. EtOH 2. 18hr
3. Shrreaction spe
Polystyrene Core-shell Hollow Silica Shells
core (HSS)
APTES 1. HSSat 10mg/mL in EtOH
. 3-Aminopropyltriethoxysilane
Coating 1% v/
- charged 'CE‘ 3. 24hr reaction

¢ -

‘ ) +charged amine
Injection . @ . ICG Coating
e O S
1; 1. APTES/HSS at
a) 20mg/mL total / ‘ 10mg/mL in H,0
particle mass. ‘ { 2. Indocyanine
OR ‘ green at
b) Equivalent ICG ICG / HSS 10mg/mL APTES/ HSS
mass. 3. Shrreaction

2. Inject 25uL into
tumor.

Figure 2.1 Preparation of ICG coated HSS. First, a polystyrene core was covered with a thin layer of
silica to yield a core-shell structure as described in Ref. 34. Second, calcination was used to remove the
sacrificial polystyrene core to produce a plain ultrathin hollow silica shell (UHSS). Third, to coat with
ICG, UHSS were suspended at 10 mg/mL in pure ethanol and 10 pL of APTES was added (1% v/v).
This solution was shaken vigorously for 24 hrs, followed by 2 washes with ethanol and 2 washes with
water to remove any unreacted APTES. Fourth, 10 mg of ICG dye were added to this solution and
shaken for 5 hours to yield ICG-loaded UHSS (ICG/HSS). The resultant ICG/UHSS were purified by
washing with water until the supernatant was colorless. Fifth, tumor injections were performed with
either 25 pL of a 20 mg/mL suspension of ICG/HSS in water or 25 pL of the ICG control in water with
the same total ICG concentration.
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Images of tumor mark
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Figure 2.2 In-vivo measurement of spatial and temporal stability. (a) Schematic of data capture and processing.
First, NIR images of tumor marks are taken and processed to remove artifacts and calibrate background intensity.
Then, linescans of the tumor mark site are taken. In cases where the mark is too dim to find, its location is
estimated based on brightfield images and existing data. Finally, these linescans are fit to a Normal distribution,
resulting in 3 parameters (mean, standard deviation and amplitude). This process is repeated at different time
periods over the course of two weeks. (b) The standard deviation (in the form of full width half max) is used to
study the spatial stability of the mark. (c) The amplitude is used to study the temporal stability.
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CHAPTER THREE

Results and Discussion

3.1 Electron Microscope Imaging of Shells

The general appearance of bare HSS is shown in Figure 3.1. Both 100 nm
nanoshells and 2 um microshells have thin walls and a hollow central cavity. For the 100
nm shells, the SEM image (Figure 3.1a) shows the shell diameters to be uniform and
consistent across a large population of nanoshells. Figure 3.1b shows TEM images of the
100 nm nanoshells. For the 100 nm nanoshells, the wall thickness appears to be non-
uniform relative to the diameter of the particle, consistent with a porous self-assembled
shell. The shell walls appear dark due to high density SiO> in the wall while the interior of
the shells appears translucent due to the hollow nature of the core. Figure 3.1¢ shows SEM
images for the 2 um HSS. The 2 pum microshells appear to have a thicker walls than the
100 nm nanoshells, but they appear uniform relative to the 2 um shell diameter. Figure 3.1d
shows TEM images for the 2 um microshells and highlights the very thin walls relative to
the diameter of the particles. Although the 2 um hollow SiO; shells have thin and smooth
walls, a small amount of colloidal silica is observed on the shells, appearing as small white
spheres in the SEM image (Figure 3.1c) and darker spheres or aggregates in the TEM image
(Figure 3.1d) adhered to the outside of the shell. These observations indicate that both 100
nm nanoshells and 2 um microshells are of uniform diameter and consist of a thin silica

wall with a hollow interior space.
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Figure 3.2 shows TEM images of the silica shells with and without ICG. The panels on the
left show TEM images of bare or ICG coated silica shells, while the panels on the right give a
schematic diagram of the layers observed on TEM to assist in data interpretation. Schematics all
correspond with the image directly to their left. Figure 3.2a shows an uncoated 100 nm nanoshell
with a wall thickness of about 8 nm. As seen in the schematic of Figure 3.2b, this is a single SiO»
layer encapsulating the hollow core of the particle. Figure 3.2¢ is an ICG coated 100 nm nanoshells.
Here the wall thickness is seen to increase to 10 nm, and the additional = 2 nm of wall thickness
compared to the uncoated 100 nm particle is attributed to the ICG coating. Initially, this coating
was assumed to be a single exterior coating, as depicted in Figure 3.2d but elemental mapping

shown below is more consistent with a bilayer.

This comparison process is repeated for the 2 um microshells. In Figure 3.2e, the uncoated
2 um microshells have a wall thickness of 24 nm. As per the schematic in Figure 3.2f, the wall is
composed of a solid 24 nm SiO; layer encapsulating the hollow interior space, although in the
TEM image it can be observed that the SiO; layer may have regions of higher and lower density
(based on the darkness of the shell) as well as large colloidal particles, like the ones seen in the top
right of Figure 3.2e [60]. Once coated with ICG, the wall thickness of the 2 um microshells
increases to 27 nm, as seen in Figure 3.2g. The additional = 3 nm is again attributed to a single
ICG layer on the exterior of the particles. The thickness of this layer was reconfirmed by elemental
mapping using TEM-EELS. This data, discussed in Section 3.4, confirms that both particles have
a nanoscale ICG coating grown on the surface of the silica shell, with the 2 pm microshells having

a slightly thicker coating than the 100 nm nanoshells.
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3.2 In Vitro Chemical Stability

In order to explore the chemical stability of ICG electrostatically attached to silica
nanoshells, the ICG coated silica shells were suspended in either pH 4.0 and pH 10.0 buffer
overnight at room temperature and no free ICG molecules were found in the supernatant
after spinning down the silica shells (data not shown) indicating that the combination of
ICG and amine group is a strong bond and is stable in under physiological conditions. Long
term chemical stability in water was also tested (Figure 3.3). ICG electrostatically attached
to silica showed a slightly extended lifetime, with a t12 of 56.4 h™! for ICG/HSS compared
to 16.6 h'! for free ICG dye. The value for free ICG dye is in agreement with existing

literature.[50, 73]

3.3 In Vitro Spectroscopic Analysis

An evaluation of in vitro brightness is shown in Figure 3.4. In Figure 3.4a, dye
loading for 2 um microshells and 100 nm nanoshells are compared. The loading of ICG on
silica shells was calculated to be at minimum 54 pg/mg for 2 um microshells and 43 pg/mg
for 100 nm nanoshells?. This method has previously been shown to allow order of
magnitude measurement of heterogenous ICG dye concentrations but underestimates
loading due to absorption quenching.[61] Because the measured dye loadings are within
20% of each other, comparison between the two size of particles by on the basis of total
mass concentration instead of ICG dye concentration is reasonable. Thus, all further
experiments were performed controlling for total mass instead of ICG dye concentration

Or mass.
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To compare the emission intensity of the shells, they were suspended at 0.25 mg/mL and
0.025 mg/mL (mass of SiO>/ volume of DI water) and imaged using a NIR CCD camera. Two
comparisons were made: differences in brightness between particle sizes are shown in Figure 3b
and 3c while changes in brightness due to concentration are shown in Figure 3.4 d and e. Raw
images from which the values are calculated are shown in Figure 3.5. The intensity values are
mean intensity within a region of interest (ROI) while error bars represent standard deviations of
intensity within ROI. Figure 3.4b shows that at 0.25 mg/mL, 100 nm nanoshells are 10x brighter
than 2 wm microshells, while Figure 3.4¢ indicates that at a lower concentration of 0.025 mg/mL,
100 nm nanoshells are only 5x brighter than 2 um microshells. In order to explore the non-linear
difference in brightness, samples of the same size silica shell are compared. Figure 3.4d shows that
2 um microshells increase in brightness 5x with a 10x increase in concentration, which is indicative
of inter-particle self-quenching occurring at 0.25 mg/mL if not at both concentrations. For the 100
nm nanoshells, Figure 3.4e indicates a linear scaling of emission intensity with concentration
within the 0.025 mg/mL and 0.25 mg/mL range, suggesting that interparticle self-quenching is not
present for the 100 nm nanoshells but interparticle self-quenching is present for the 2 pum
microshells (Figure 3.4d). Thus, despite similar dye mass loading, the 100 nm nanoshells were
found to be significantly brighter than the 2 um microshells at all concentrations. The 2 pm
microshells seemed to suffer from severe self-quenching. In order to better understand the
underlaying cause for this difference, TEM-EELS elemental mapping of the dye distribution on

the shell walls was performed.
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3.4 Elemental Analysis of Shell Wall

Figure 3.6a indicates the region used for TEM-EELS mapping inscribed by a blue
rectangle on a TEM image of a nanoshells. Figure 3.6b is the TEM-EELS mapping of this
region for carbon, which is expected to reflect the location of the ICG coating. Figure 3.6¢
shows the oxygen elemental mapping, which reflects the location of the SiO; shell wall.
The carbon signal appears to be on both sides of the shell wall and is non-uniform. In order
to quantify these maps, multiple linescans were taken across an area with a width = 9 nm
in the center of the images in Figures 3.6b and 3.6¢. An example of a linescan for a single
pixel is shown in Figure 3.7, confirming the same general trend seen for the area scan. This
linescan area is represented by a white bar. The averaged linescans for carbon are presented
in Figure 3.6d. Layer thickness was measured as the full width at half max (FWHM) of
each peak after subtracting the background from the peak height. The carbon has a bimodal
distribution, with a 2.6 nm layer on the exterior of the shell wall and a 0.9 nm layer on the
interior of the shell. The minima between the carbon © peaks corresponds to the maxima
of the oxygen (O) peak (Figure 3.6e). The data is consistent with formation of an inner ICG
coating as well as an outer ICG coating. Since protein binding is known to cause quenching
of ICG in vivo, the shielding of the internal ICG layer in the 100 nm nanoshells could
extend the useful imaging lifetime when injected into blood or serum rich tissues. [34, 47,
61]. Additionally, the near monolayer coatings of dye found on the 100 nm nanoshells as
well as their separation by an 8 nm silica shell results in a lower localized dye concentration,
which has been shown to reduce the formation of energy traps (aggregates of dye molecules
that decay absorbed energy non-radiatively) and thus limit self-quenching. [74, 75]

Previous studies with higher ICG dye loading than the present nanoshells and microshells
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have shown a that increasing localized ICG concentration on shells results in severe self-
quenching.[61] This explains the strong fluorescence seen in Figure 3 for 100 nm
nanoshells, since these have two very thin layers of ICG and there are few energy traps and thus

self-quenching is minimized.

Figure 3.8 presents the TEM-EELS elemental mapping for the 2 um microshells. Figure
3.8a shows a TEM image of the shell wall with the elemental mapping area enclosed by a blue
square. In order to avoid possible complications from imaging through a shell too thick on the
plane of the beam, mapping was performed on a broken microshell. The contour of the opening
can be seen as a discrete change in contrast on the right side of the microshell. Figure 3.8b shows
the elemental mapping of C on the 2 um microshells. A single discrete layer of carbon is visible,
located on the outside of the shell. On the right side of the shell, the layer seems to become more
diffuse, likely due to imaging at the edge of the shell breakage, as highlighted in Figure 3.8a. Since
this region was outside the analyzed area, it did not affect the results. Figure 3.8c shows the oxygen
elemental mapping, which reflects the location of the Si0» shell wall. The averaged linescan shown
in Figure 3.8d reflects the unimodal distribution of carbon on the 2 um microshells with a single
6.1 nm exterior ICG layer. The ICG layer overlaps with the shell slightly, consistent with
attachment to less dense silica layers which have previously been shown to be on the exterior of
the shell.[60] Figure 3.8e¢ shows the averaged linescans for oxygen. Previously, the for 2 pm
microshells were shown to have a low density flaky exterior silica layer and a denser inner
layer.[60] The gradual rise of the O signal is consistent with the shell becoming denser towards the
center of the particle. The ICG dye can penetrate the less dense exterior silica layer, but not the
whole thickness of the shell. The 2 pum microshells have much thicker shell walls (24 nm vs 8§ nm

for the 100 nm nanoshells), and thus ICG dye is not able to reach the hollow space. The formation
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of a single thicker layer on the exterior of the 2 um microshells results in a much higher
probability of the creation of energy traps and thus explains the strong self-quenching seen

in the emission tests of Figure 3.4. [61, 74, 75]

3.5 Imaging Penetration in Tissue
Tumor resection margins are typically about 1 cm; therefore, imaging of fluorescent
dye marker injections 1 cm deep in tissue is often required. This also enables the surgeon
to see the mark even when it is covered by other tissues. To evaluate penetration through
tissue, ICG coated nanoshells were suspended in DI water at 0.25 mg/mL and covered with
several layers of chicken or beef tissue. Each additional layer (average thickness of 5 mm
for both beef and chicken) represents a step (Ax) increase in imaging depth. The distance

between the NIR camera and the sample was fixed at = 15 cm.

A schematic representation of this experimental setup is shown in Figure 3.9a.
Figure 3.9b shows the decrease in intensity of the emission (normalized to the emission of
uncovered ICG coated nanoshells) as imaging depth increased. All images were captured
at 200 ms exposure. The intensity decay, shown in Figure 3.9b, corresponds to an
exponential decay, with a faster decay in optically denser beef tissue than chicken. Under
chicken breast, emission was clearly visible up to = 1.5 cm while under beef tissue, the
emission was visible up to = 1 cm. Thus, ICG coated nanoshells are expected to be visible
under up to 1 cm of tissue under clinically relevant imaging conditions, ensuring the ability
of the surgeon to accurately mark sub-surface tumors. Sample images used to generate the

plots in Figure 3.9b are shown in Figure 3.10.
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3.6 Spatial Stability
One potential advantage of ICG coated shells over free ICG dye is reduced leakage through
tissue. To test the spatial stability of ICG coated silica shells, the brighter 100 nm nanoshells and
equivalent concentration (by mass of ICG) of free ICG dye were injected into tumor bearing mice.
Tumors were grown at depths of 0.25 to 0.5 cm and the injected nanoshells were easily visible at
these injection depths. Due to limitations in the animal model, tumors at larger depths were not

tested.

The brightness of the tumor mark was imaged under the NIR camera at days 0, 3, 7, 10, 13,
15,18 and 21. For each image, the emission profile was fitted to a Cauchy probability distributions
function to quantify the change in emission profile with time. Only images from days 0, 3, 7 and
10 were fit because after this the signal was not bright enough to reliably fit the probability

distribution function in some of the mice, particularly those with free ICG dye.

Figure 3.11a shows a visible light image of the experimental setup used for NIR imaging.
Tumor bearing mice that were previously injected with either free ICG dye or ICG coated
nanoshells are anesthetized and placed at a standard distance from the NIR camera. Images are
captured at several exposures using NIR illumination and imaging as well as a single visible light
image used to calibrate dimensions and locate the tumor in dim NIR images. Figure 3.11b shows
the emission and fitted emission profile for a free ICG dye mark 10 days after injection. Although
the injection site can still be distinguished, the emission appears broad, indicative of diffusion of
the dye through tissue. Fit to a Cauchy distribution is plotted as a white dotted line (enlarged for

viewing, not to scale) and reveals an average FWHM of over 1 cm for free ICG dye. Figure 3.11c
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shows the emission for ICG coated nanoshells. The emission from the nanoshells is
brighter and narrower, allowing immediate and precise localization of the injection site. Fit
to a Cauchy PDF (shown as a dotted white line, not to scale) reveals an average FWHM of

0.4 cm for ICG coated nanoshells.

The change in emission profile over time is shown in Figure 3.11d. After 10 days,
the emission profile of the ICG coated nanoshells remained unchanged and is considerably
narrower than the emission profile of the free ICG dye (p<0.05). For free ICG dye,
diffusion through tissue results in loss of precision as a tumor marking agent if surgical
excision is not performed within a few days of marking. On the other hand, ICG coated
nanoshells did not exhibit diffusion through tissue and their emission remained anchored

to the site of injection up to 10 days after initial delivery.

3.7 Temporal Stability

Raw intensity of emission was also compared between days 3 and 21 and is plotted
in Figure 3.12. Figure 3.12a shows that ICG coated nanoshells are significantly brighter
than free ICG dye between day 7 and 15 (p<0.05), although there is a decay in signal for
both groups towards day 21. This decay in signal was unexpected of the ICG coated
nanoshells but is correlated with physiological progression of the tumors. As shown in
Figure 3.13c, the tumors that grew rapidly lost NIR fluorescent signal. This would not be
expected to occur in patients since human tumors usually take months or years to grow, as
opposed to <2 weeks in this animal model. Future studies will be needed to test on a slower

growing tumor model.
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3.8 In Vivo Toxicology
Complete blood count (CBC) for mice injected with 100 nm SiO» nanoshells intravenously
at 150 mg/kg is shown in Table 3.1. All values appeared to be within the reference range except a
somewhat lowered platelet count. This indicates that the hollow silica shells used in this study
have minimal toxicity even at very high intravenous doses. These results agree with previous
reports as well as literature for similar materials.[52, 54, 55, 62, 76] Because the systematic toxicity
from intra-tumoral injection is much lower than intravenous injection, this test is expected to be a

good representation of the safety of these materials as used.

3.9 Acknowledgments
Chapters Three, in full, was published in Applied Surface Science as follows: Garcia
Badaracco A, Ward E, Barback C, Yang J, Wang J, Huang CH, Kim M, Wang Q, Nam S, Delong
J, Blair S, Trogler W, Kummel A. “Indocyanine green modified silica shells for colon tumor

marking”. Applied Surface Science, 2020. Minor changes to the text and figures have been made.
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3.10 Figures and Tables

Figure 3.1 Representative EM images of uncoated SiO, nanoshells. (a) SEM

images of 100 nm of hollow SiO, nanoshells showing uniform diameter shells
and (b) TEM images of the 100 nm SiO, nanoshells. 100 nm nanoshells have

thin walls (dark, dense region) along with hollow interior space (light region).
The walls on the 100nm nanoshells exhibit some non-uniformity relative to the
diameter of the particles. (¢) SEM images of 2 um hollow SiO, microshells. 2

pm microshells have uniform diameters and, unlike 100 nm nanoshells, have
some colloidal silica on the surface. (d) TEM images of the 2 um microshells
showing very uniform thin shell walls relative to the particle diameter.
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Figure 3.2 TEM images of SiO, nanoshell walls. (a) TEM
image of uncoated 100 nm nanoshells showing an SiO,
thickness of approximately 8 nm and (b) schematic
representation of the TEM image to aid understanding of the
layers and relation to the hollow space. (¢) TEM image of an
uncoated shell for a 2 pm shell with an SiO, layer that is about

24 nm thick, (d) schematic of the TEM image showing the
relative position of the hollow cavity inside the shell.
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Figure 3.3 Chemical stability of ICG/HSS in water. ICG coated 100 nm silica shells
were suspended in water at 0.05 mg/mL to monitor degradation of ICG dye loaded onto
the shells. ICG dye of roughly the same ICG concentration (2 ug/mL) was used as a

control. Adsorption onto the shell improved the t , from 16.6 h-1 for free ICG dye to

56.4 h-1 for the ICG adsorbed onto the shells. Despite this, both ICG dye and ICG dye
on shells degrade in water. The main role of the shell is to localize the dye at the
injection site.
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Figure 3.4 Brightness of 100 nm and 2um ICG coated shells. (a) Comparison
of dye loading between 100 nm nanoshells and 2 um microshells. Dye loading
was measured by suspending the ICG coated shells in water at 0.lmg/mL and
measuring absorption against a free ICG dye calibration curve. Loading was
found to be 54 pg/mg for 2 pm shells and 43 pg/mg for 100 nm shells. (b)
Comparison of fluorescent emission intensity at 0.25 mg/mL SiO, mass
concentration. 100 nm nanoshells are 10x brighter than the larger 2 um shells,
despite similar bulk ICG concentration (c) Comparison of fluorescent emission
intensity at 0.25 mg/mL SiO2 mass concentration. 100 nm shells are 5x brighter
than the 2 pm shells. (d) Comparison between 0.25 mg/mL and 0.025 mg/mL
for 2 pm shells. 2 um shells show a 5x increase in signal strength with a 10x
increase in in microshell concentration, suggesting possible self-quenching. (e)
Comparison between 0.25 mg/mL and 0.025 mg/mL for 100 nm shells. 100 nm
nanoshells exhibit 10x brightness with 10x concentration increase, a linear
increase. Raw images for this data are shown in Figure 3.5.
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Figure 3.5 NIR images of ICG coated silica shells. (a) Schematic of 100 nm
nanoshells suspended at 0.25 mg/mL (left) and 0.025 mg/mL (right),
(b)Fluorescent IR image of 100 nm nanoshells at 0.25 mg/mL vs 0.025 mg/mL;
note 0.25 mg/mL is significantly brighter. (c) Schematic of 2 pm microshells
suspended at 0.25 mg/mL (left) and 0.025 mg/mL (right), (d) Fluorescent IR image
of 2 um microshells of 0.25 mg/mL vs 0.025 mg/mL; note the microshells appear
to self-quench with little change in brightness vs concentration, Comparing (b)
and (d), it can be observed that 100 nm is considerably brighter than 2um. Images
taken with IR camera at 200 ms exposure time. Images are uniformly brightness
enhanced and recolorized for viewing purposes.
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Figure 3.6. TEM-EELS elemental mapping for 100 nm nanoshells. (a) TEM
image of ICG coated 100 nm shell with the TEM-EELS mapping region
highlighted in the blue box and shell thickness of 10 nm measured between the
white bars; (b) Elemental map of C on the shell wall by TEM EELS; (c)
Elemental map of O on shell wall. The linescan area analyzed is represented
by the white bar. (d) The averaged linescan of C on shell wall. A = 2.6 nm
exterior ICG layer and 0.9nm interior ICG layer can be seen; (e) Linescan of
O on shell wall. Gray areas around the linescans represent standard deviations.
Repeat linescans of a 9 nm wide section of shell in the middle of the images
were used for averaging as well as calculation of standard deviations. (f)
Schematic subdividing the shell wall into an external 2.6 nm ICG coating, the
intact 8 nm SiO, shell and an internal 0.9 nm ICG coating.
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Figure 3.7 Single pixel linescan of 100 nm ICG coated shells.
Replot of data in Figure 3.4de showing a linescan of a single pixel
(corresponding to 0.4 nm) without averaging or pre-processing.
Despite the lower resolution of a single scan, the bimodal
distribution of ICG with on both sides of the shell can still be
observed.
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Figure 3.8. TEM-EELS mapping for 2 um microshells. (a) TEM image of ICG
coated 2 um shell with the TEM-EELS mapping region highlighted in the blue box
and shell thickness of 28 nm measured between the white bars; (b) Elemental map
of C on the shell wall by TEM EELS; (c) Elemental map of O on shell wall. The
linescan area analyzed is represented by the white bar. (d) Averaged linescan of C
on shell wall. Unlike the smaller 100 nm shells, 2 pm shells only have an outer ICG
layer, of about 6.1 nm. Gray areas around the linescans represent standard
deviations. Repeat linescans of a 35 nm wide section of shell in the middle of the
images were used for averaging as well as calculation of standard deviations. (f)
Schematic subdividing the shell wall into an external 6.1 nm ICG coating and the
intact 24 nm SiO, shell, with no interior ICG layer visible.
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Figure 3.9 Tissue penetration of 100 nm. (a) Schematic describing the experimental setup used to test
tissue penetration ex vivo. An Eppendorf tube was placed a fixed distance from an IR camera, and then thin
layers of tissue are placed in the path of the illumination beam. (b) Intensity decay profile using chicken or
beef as phantom tissue. Visibility was observed to be up to =~ 1.5 cm using chicken and =~ 1 cm using beef.
Sample images from the stack shown in (a) are available in Figure 14.
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Figure 3.10 Sample images from stacks in Figure 3.9. (a) Single layer
(0.242 cm), (b) two layers (0.73 cm), (c) three layers (1.44 cm), and
(d) four layers (1.92 cm) of chicken breast tissue layered on top of an
Eppendorf tube filled with 100 nm ICG coated nanoshells suspended
at 0.25 mg/mL in DI water. Images are artificially colored.
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Figure 3.11 Changes in emission profile over time of injection into
mice tumors. (a) Visible light image of mouse during IR imaging.
The green area is the injection site. The region surrounding the
injection site was kept shaved to avoid signal loss due to hair growth
during the experiment. The zoomed in panel shows how the NIR
images in (b) and (c) relate to the injection site. (b) Emission profile
for free ICG dye at day 10. The emission is diffuse and the peak is
low in intensity. (c) Emission profile of 100 nm ICG coated
nanoshells at day 10. The emission is highly localized, with a clearly
delaminated injection region. The Cauchy PDF line of best fit is
shown in dotted white. Lines of best fit are enlarged for viewing and
are not to scale. (d) Evolution of the FWHM of the emission profile
over time. Free ICG dye diffuses through tissue, increasing the
FWHM of the emission while ICG coated nanoshells maintain the
same emission profile. At day 10, free ICG emission profiles are
broader than that of coated shells (p<0.05).
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Table 3.1 CBC for mice injected with 100 nm SiO, nanoshells. Healthy 6-8-week-old female BALB/c
mice (n=3) were injected with 150 mg/kg plain 100 nm SiO, nanoshells to measure systematic toxicity. 24

hours after injection, 400 uL of blood was collected and a CBC analysis was performed. All values
appeared to be within the reference range except a somewhat lowered platelet count.

100nm SiO,
Reference Range Shells Units
WBC 1.8-10.7 2.78+0.7 x10°/uL
RBC 6.36-9.42 9.06+0.36 x106/uL
HCT 35.1-45.4 51.5+£2.46 %
MCV 45.4-60.3 56.83 +1.37 fL
MCH 14.1-19.3 15.77+0.5 Pg
MCHC 30.2-34.2 27.73+1.21 g/dL
Platelet 592-2972 246 + 80.73 x107/ pL
Neutrophils 0.1-2.4 1.47+04 count/uL
% Neutrophils Not available 43.33 £9.45 %
Lymphocytes 0.9-9.3 1.02+0.42 count/uL
% Lymphocytes Not available 51.33 + 8.08 %
Monocytes 0.0-0.4 0.21+0.11 count/uL
Eosinophil Count 0.0-0.2 0.06 £ 0.08 count/uL
Basophils Count 0.0-0.2 0.03 £0.04 count/uL
Hemoglobin 11.0-15.1 143+1 g/dL
RDW 12.4-27.0 17.57 £ 0.55 %
MPV 5.0-20.0 5.53+£0.31 fL

All measurements are shown are mean + standard deviation.
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Figure 3.12 In vivo temporal stability of ICG coated nanoshells. (a) Peak
NIR emission intensity vs time for 100 nm nanoshells and free ICG dye. ICG
coated 100 nm nanoshells and free ICG dye controls were injected into the
tumors of mice and imaged at 1000ms exposure over the course of 21 days.
Free ICG dye clears from injection site faster than ICG coated shells. For
days between 7 and 15 ICG coated shells are brighter (p<0.05). (b) Free ICG
dye at 1000 ms exposure on day 21. This image confirms that ICG alone no
longer shows any signal. (¢) 100 nm nanoshells at 1000 ms exposure on day
21. ICG coated nanoshells exhibit a strong emission that makes it very easy
to locate the injection site up to day 21 in some mice.
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Figure 3.13 Variability of signal over time for individual mouse.
Replotting of data shown in Figure 3.12a showing individual time
series for each mouse injected with (a) free ICG dye or (b) ICG dye
coated 100 nm silica nanoshells. (¢) IR Fluorescence of ICG coated
nanoshell (dashed lines) and tumor size (corresponding solid lines of
same color) vs time for ICG coated nanoshells group. Data is consistent
with a strong relationship between drop in signal and tumor size
increase.
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CHAPTER FOUR

Conclusions

4.1 Conclusions
While free ICG dyes have been proposed for use in tumor marking, free ICG dye
still suffers from diffusion through tissue leading to shorter imaging persistence, thereby
reducing the accuracy of tumor localization over time. Silica nanoshells were used as a
potential carrier for ICG free dyes in order to securely anchor the dye to the injection site
and shield the ICG dye from interaction with serum proteins and other biological factors

that could reduce emission or degrade the dye.

Bright ICG-based tumor markers were synthesized by non-covalently bonding ICG
to the surface of hollow silica microshells and nanoshells using electrostatic attraction
between the negatively charged sulfonic groups on ICG molecule and the positively
charged amine group on the surface of silica shells. Elemental mapping with TEM-EELS
showed dual thin layers (< 3 nm) of dye on the inside and outside of the 100 nm nanoshells
greatly enhances emission brightness compared to a thicker exterior coating on larger 2 pm
microshells. This effect is consistent with avoiding self-quenching from formation of

energy traps, as has been observed with high local concentrations of dye on shell surfaces.

In vitro and in vivo studies documented that these ICG coated 100 nm silica
nanoshells can be observed by NIR fluorescence when injected at 1 cm depth into tissue
and have a persistent bright signal that lasts over 10 days, with no observable diffusion
through tissues. On day 10, the ICG coated nanoshells were significantly brighter than free

ICG dye, which had lost significant amount of signal and diffused to the surrounding tissue.
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The ICG/HSS hybrid present in this study demonstrates a new class of method for local delivery

of dyes with improvement imaging ability and safety profile.
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marking”. Applied Surface Science, 2020. Minor changes to the text and figures have been made.
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