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Chapter lintroduction

1.1.Motivation

Graphene quantum dots (GQDisave attraced substantial attentiom biomedical
researclas a promisingnultimodalplatformfor contrast agent development witferapeutic
delivery capabilitied1, 2]. GQDs are zeredimensional nanostructures composed ofva fe
graphendayers typically with lateral dimensions smaller thEinm. Their carbon lattice and
functional groups enable them to bind various molecsile as siRNA3, 4], ssSDNA[5],
MiRNA [6], proteins[7], small molecule$8, 9], and drugs such adoxorubicin[10], and
methotrexat¢ll]v i d ‘s t aete&rostatic interactionsr covalent bondindgue to their
small sizeGQDsdemonstratéow toxicity in vitro andin vivo, resulting inefficient cellular
uptakéexcretionas well asclearancerom thebody [2]. GQDsare photostable anehibit
fluorescencein the visible due to theelectronic quantum confinemenenabling their
applicatiors in cell imaging and biosensing vitro [12, 13} While most GQDs fluoresce in
the visible, some structures were recently developed to exhibitinfesred (NIR)
fluorescence arising from electronic states afuhetional groupsinddefect site$14]. Other
nanocarbonssuch as carbon nanotubes and graphene oxide, in addition to their fluorescence
candemonstratéhe enhancement of ultrasous@ynal positioning them as contrast agents for
ultrasound imagin@l5, 16]. Thisled usto explore GQDs as duaiode NIR fluorescence and
ultrasound contrast agen@ombining ultrasound imagingsmatomical visualization ardeep
penetration capabilities with high specificity and resolutiothefNIR fluorescence presents
an opportunity to achieve superior imaging performandeviimediumdepth applications.
Thus, our aim is to develop a biocompatigtaphene quantum dbasedolatform exhibiting

1



bothNIR fluorescence and ultrasound contrast prioge forduatmode diagnostic imaging
vivo, providing a critical advantage in the detection of small cancer tufa@tsinflammation
sites[18], sentinel lymph node biopsi¢k9], ordirectimageguided surgerieR0].
Thesignificanceof this work is in the ability to address tbetical needs oproviding
better dagnosticcapabilities viaportable and costffective bioimagingtechniquessuchas
nearinfrared fluorescencandcontrastenhanced ultrasounichaging The innovationof this
work lies in the use of biocompatible graphene quantumtdatshance the performance and
accuracy of existingnearinfrared and ultrasound imagingchniqueswith an additional
capacity for therapeutic transpdduch a raltifunctionalagent has not been developed to date

and will facilitate aninnovative advancement giagnostic imaging.



1.2. Questions to be answered

i.  Can GQDs exhibit NIR fluorescence upon NIR excitation?

Here, we will study the propies of functionalized andareearth metadopedGQDs via
structural and morphological characterizatigve will also employabsorptionfluorescence
photostability, and quantum yieltleasurements. We will determinetiife introduction of
defect states and raearth metals mak&€QDsemit NIR fluorescence upon NIR excitation
This will indicate if the GQB can be potentially utilized ad\dR fluorophorein vitro andin
vivo and this will be covered irChapter2.

i. CanGQDsserveas NIR fluorophorem vitro?

This questiorrequiresus toestimatethe cytotoxicity of GQDs ancevaluate the ability of the
GQD to be imaged in HEX293 cells upon NIR excitation. We will alsetermine the optimal
time at which GQDs are internalizedh cells This will be done by usip nearinfrared
fluorescence properties fainctionalized and rarearth metalopedGQDs This analyss will
be discussed iG@hapter3.

iii. Do GQDs enhance ultrasound sigealvivoand in vascular phantom?

At this point of the studyin Chapter4 we will be looking to see if the functionalized and rare
earth metaloped GQDsnhance ultrasound signals in vascular phantom and animal tissue.
Theaqueous solution of quantum dots at concentration showing maximum cell viability, will
be introduced inside the vascular phantomd animal tissuéAn ultrasound linear probe will

be used to generate and receive reflected ultrasoundssigmgt the imge.

iv.  Are GQDs suitable as NIR fluorophornesvivo?



We will determine if the GQDs can be used as NIR fluorophiaresoin the animal studies
in Chapter5. We will perform toxicity, biodistributionclearancepharmacokinetic studies
andin vivo imagingon Balb/C micehat areintravenously or intraperitoneally administered
with GQDs. In vivo studies will help us to valateand expand the results that we got friom

vitro studies

v. Can GQDs serve as dualode ultrasound and fluorescence contrast agentso?

At this point of the studyin Chapter6 we will be looking to see if rarearth metadloped
GQDs enhance ultrasound signals and exhibit NIR fluorescence in Balb/C NiRe.
fluorescence imaggas well as ultrasound imagird micewill be taken at 1, 6, 12, 248
hour postinjection We will find optimal time for duamode NIR fluorescence/ultrasound
imaging in liver, spleen, kidneysthe major organparticipatingin nanomaterial metabolism

and clearance



1.3.Literature Review/Bckground Study
1.3.1 Nonrinvasivediagnosticimagingtechniques

Noninvasive diagnostianaging techniqueare rapidly evolving to become promising
tools in disease preventi¢al, 22] Simplicity and painlessness of health checkups positively
affect pat i en tlsdagneskcg, avhile eeadaebée clinical reparted outcomes
improve doctor andpatient understanding of underlying diseaf#3]. Various imaging
techniques have been developed to facilitate early diagnosis, including magnetic resonance
imaging (MRI), positron emission tomography (PET), computed tomography (CT),
photoacoustic imaging (PAI), ultrasou@idSl), and fluorescence imagif24]. However, each
technique has its benefits and drawbacks in terms of sensitivity, spatial resolution, and
penetration depth. MRI exhibits high tissue penetration depth and spatial resolution, providing
good soft tissue contrast, however, poor sensitivikes it difficult to detect biomolecules at
a low concentratiof25]. CT offers high spatial resolution, although it provides less detailed
images of soft tissues compared to MR6]. PET is a sensitive technique that allows the
detection of small amounts of radiolabeledrkers;however, it has a relatively low spatial
resolution and lacks information on anatomic and structural details of tissues and®ry§ans
To address these challenges, dualdality systems like PET/MRI and PET/CT have been
developed, combining highpatial resolution, penetration depth, and sensitivity for
applications in oncology, cardiology, and neurolfiZg}]. Despite their unparalleled diagnostic
advantages, the high cost and limited availability of these systems constrain their functionality
leaving disease preveioin and early diagnostics insufficient, and in some instances,

completely lackingn remote areas of Ioamcome regionsindcountries For this reason, there



is an apodictic need to develgmplistic, affordable multimodal methods of diagnostic
imaging.

Few diagnostic tools can be considered affordable while possessing substantial global
availability, portability and versatility. Among those are fluorescemzkultrasoundmaging
[29, 30] Moreover, ultrasound machines have been already used aofpoart tests since
they became more advanced, widespread anefusedly over theworld within the past few
decade$31, 32] Ultrasound has gained recognition as a valuable diagnostic tool by the World
Health Organization (WHQ83]. USI operates in the frequency range df®MHz yielding
high penetration depth and anatomical visualization with, however, relatively low sensitivity
and specificity Nearinfrared (NIR) fluorescence imaging offers complementary advantages,
including high sensitivity and specificitiNIR fluorescence imaging has been a desirable
technique for biomedical diagnostic in ophthalmold®¢], tissue diagnosti¢35], and
therapeutic trackigp[36] due to deeper penetration of thearinfrared light into the biological
tissue. Fluorescence imaging is also generdtiyacostapproach due to the broad availability
of the fluorophores and detectors in the visible tailing into the-inf@ared. While NIR
fluorescence imaging offetsgh versatility, sensitivity and resolution, its penetration depth is
still below that of many other medical imaging approach®s.combining ultrasound
imaging's deep penetration capabilities with the high specificity and resolution of NIR
fluorescenceduatmode NIR fluorescence/ultrasound imagipgesents an opportunity to
achieve superior imaging performancéaw/mediumdepth applicationandhas the potential
to become an affordable multimodal diagnostic tool in reseliracged areasThis requires
the development of contrast agents capable of simultaneously enhancing ultrasound signals

and emitting NIR fluorescence upbiR excitation.



1.3.2 Fluorescence

Fluorescence is an aglectronic phenomenon where a material emits light fonte
time after absorbing an excitation pho{8]. In order for that to hapen, a dectron inthis
materiallocated inthe lower(ground) state is excited by absorbeghoton to thehigher
(excited state. There itanundergo internal conversion, which is a fradiative transition
between two electronic states of #ame multiplicity, and then falto the lowest excited state.
When an electron is in its lowest excited state, it can return to the ground state through a
radiative transitionaccompanied by the emissionagfhoton.

Fluorescence igypically definedby its excitation/emission wavelengtHgetime and
guantum yieldExcitation and emission wavelengths define the energies of the absorbed and
emitted photons, with the emitted photon having a lower energy than the absorb&tdeone.

average timeanelectron sperglin the exited state is callébe lifetime andit can bederived

from the following equation'0d  "0OQ ~ wheret is time, Uis the excited state lifetimé, is
fluorescence intensity at= 0 s Quantumyield (QY) determines thprobability of a photon
emissionafter it absorbs lightQuantum yield can bassessewvith optical methods either
absolutely with an integrating sphegathering all emitted photonr relativdy to a
fluorescence standard of known fluorescence quantum wéld similar excitation and

emission wavelength88]. The first method can be characterized by the following equation:

0 b —— p 1, whereS is a spectral area from incident lighs, is a spectral area

scattered from sampl& is a spectral area emitted from samplae relative method of

determining quantum vyieldis characterized by the following equation:

— —— — ,where S and R denote thergde and refemce, respectivelyj ris the



known quantum yield of the referencerstard,| is the integrated fluorescence spectrum
intensity, A is the absorbance of the solution at the excitation waveleagihandn is the
refractive index of the solventvhich depends orwavelength A molecule can repeatedly
absorb and emiight, but because the excitsthte energy is much higher than the greund
state energy, there is a greater likelihood of irreversible photochemical degradation, known as
photobleachingThis is becausdluorophores that are in the excited state are mketylto

react with other moleculesThe photobleaching of organic fluorophore® aommonly
explained by oxygedependent and oxygendependent pathway)89]. Both mechanisms
involve electronic excitations to triplet states since triplet states have longer lifetimes and are
more reactivg40]. Using photostable fluorophores resistant to photobleaching enables longer
imaging acquisition, enhancing signal intensity and maintaining it above biological

autofluorescence, which undergoes photobleaching over time.

1.33. Nearinfrared(NIR) fluorescencemaging

Nearinfrared (NIR) imaging is one of the most rapidly developing prospective
techniques in biomedical diagnostig¥¢ith 820 nm laser excitation NIR fluorophores are now
routinely applied in clinical settirggfor highresolution imagingof the retina and choroid
sentinel lymph nodes, and atheroscler¢3#& 41, 42] NIR fluorescencepossesses all the
attributes of regular visible fluorescerisased diagnostic imaging, while enabling ovei 10
100 times deeper tissue penetration and detection with lower biological autofluordd&ence
44]. This occurs within several optical windows of 6880 nm (NIRI), 1000 1350 nm (NIR
I1), and 15501870 nm (NIRIII) suitable for biomedial imaging (Figure 1) [45]. Recent
studies show that the highest tissue transmission starts at 9%@6hmand the biological

autofluorescence is minimized above 1000 %], while the fuorescence of the FDA
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approved indocyanine green (ICG) and a variety of other NIR dyes in develofatient
generally below those thresholdis.addition, ICG is toxic to retinal pigment epithelium cells

at a concentration of 5 ngl™* after more than 10 minutes of exposj4é].
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Figure 1. NIR-1 and NIRI optical transparency windows in some biological tissues and fld&]s

Furthermore, NIR dyes possess substantially lower quantum yields (QY) than
conventionaVisible fluorophoreq48, 49] This disadvantage can be circumvented by having
higher fluorophore photostabilitthat may play an important role in the NIR applications
requiring muliple hours of patient observation. However, all currently used NIR dyes do not
possess sufficient photostability to utilize those advantages. Given the advent of drug delivery,
the ability offluorophorego aid in drug transport or trace multiple combimattherapeutics
at the same time to the disease site is also highly desired. All these unmet requirements indicate
the critical need in the development of biocompatible photostable NIR imaging agents capable

of drug tracing and delivery. New developmantasanotechnology can aid in undertaking this



challenge as fluorescence properties of nanomaterials can often be tailored synthetically to
address multiple aforementioned needs.

While NIR dyesoften have higher QYs than nanomaterial platforms, the latter a
generally more photostable and, in the long run, can provide effective and quantitative
fluorescence tracking and assessment of payload bioavailability. Inorganic nanomaterials, such
as singlewalled carbon nanotubes (SWCNT50-53], PbS, CdTe/CdSguantum dots (QDs)

[54, 55] Ag2S nanoparticlefs6], quantum rod$57], and rareearth metal nanoparticl¢s8-

60] exhibit fluorescence emission in NIR NIR-IIl regions having both excitation and
emission in the NIR, as desired for bioimagiDgspite the encouragjresults of using these
fluorophores in bioimaging, their advancement to the clinic is still hampered by several
limitations, including high photobleaching rates, insolubility in water, and high toxicity. In
addition, there are many unresolved issues wittherstanding how these probes interact with
animal models[61]. Liver, spleen, and kidneys are primary organs that accumulate
nanomaterials hierefore being more susceptible to their toxic effects. During first pass
metabolism, significant accumulation of the nanoparticles is expected in the liver, as the
systemic blood flow is directed there for filtratif@2]. Therefore, liver is one of the first
organs to experience the effect of exogenous materials. Previous studies demonstrate that PEG
coated rare earth metal nanoparticles (NPs) show accumulation in liver and spleen after
intravenous injection with a reteéom time of 3 months and only partial excreti@3]. Mice

that exposed to CdSe QDs for &yd to 6 weeks can experience liver daniédé while the

oral exposure to silver nanoparticles without polymer coating elevates immune responses in
rat spleerj65]. Kidneys are the main excretory organ that maintains the balance of body fluid,

and supports rapid filtration, while temporarily retaining a substarttenvtheir tissue and,
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therefore, widely exposed to the administered materials. Accumulation of nanoparticles in
kidneys is strongly dependent on their size, shape, surface chemistry and biodegradation. This
is apparent with smaller size CdO quantum dfggrading within the renal proximal tubule
cells and causing the expression of renal injury biomarkers in maternal mice and their offspring
after QDs inhalatiof66]. Overall, Cd divalent ions are found to cause irreioée damage to
renal tubules causing concern regarding the application of cadbdsed quantum dots in
nanomedicing67, 68] Metal free CNTs and graphe oxide exhibit toxicological effects on
lung and liver tissues in mice, inducing oxidative stress and an immune re$f@nze}]
This calls for thedevelopment of more biocompatible NIRfluorescence probes.

To eliminate toxicity concerns, cadmitditee QDs such as InNF1] and ZRCuwIn-Se
QDs [72] have been developed and utilized far vivo applications. In addition, these
semiconductor QBdemonstrate tunable emission with peaks ranging fronto&45 nm for
InP QDs, and 6300 nm for ZRCwIn-Se QDs suggesting the possibility for multiplex
bioimaging in the NIR optical window. However, their complicated, expensive or-eon
friendly synthetic methods hinder their wideale production. Therefore, even though
inorganic nanoparticles offer a promising option for NIR imaging and therapeutic transport,
there is still a demand for novel nanomaterials with-effsictive, scalable, and eéoendly
synthesis, smaller sizes, NIR emission/excitation capabilities, and high biocompatibility.
Ideally, for applications in drug delivery and sensing, these nanomaterials should be easily
modifiable though chemical functionalization, allowing theckttaent of targeting agents and

drug/gene payload.
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1.34. Contrastenhancediltrasoundmaging

Ultrasound imaging iaportable and low coséchnique thaprovidesdeep penetration
up to 22 cm at low frequency settingsd can achieveelatively high spatia{0.1 mm at 15
MHz) and temporal resolution, providing reamhe feedbacl{73, 74] Typical diagnostic
sonographic scanners operate in the frequency rangd 8MN2Hz, orders of magnitude above
the limit of human hearing, ensuring comfort and usability for patients. Medical ultrasound is
based on the ability to differentiate between titernal organs and their compartments from
surrounding tissue due to their different acoustic impedpfije However, when diagnostic
targd@s cannot be distinguished from the surrounding tissue, coetthanced ultrasound
(CEUS) may enable more specific detection. CEUS is an established technique in cardiac
imaging [76], as well as in the visualization of liver lesio[&7], and renal carcinoma
diagnostics[78]. The presentlay ultrasound contrast agents (UCAs) have to satisfy the
following requirements: (1) be biocompatible and biodegradable, (2) have high stability in
blood, and (3) have good echogenicity (ability to reflect an ultrasound signal). Currently, there
are three FDAapproved UCAs: Lumason (Bracco, Milan, Italy), Definity (ttzgus, North
Billerica, MA, USA), and Optison (GE Healthcare, Oslo, Norway) that generally satisfy the
aforementioned conditions. These contrast agents consist of inner gaseous cores surrounded
by lipid or albumin micrometesized shells. The distinct adwage of such microbubble
contrast agents over their CT and MRI counterparts is their high biocompatibility. For instance,
while patients with preexisting renal conditions are known to develop adverse reactions to CT
and MRI contrast agents including kigndysfunction79, 80] UCAs show little to no toxicity

[81]. Along with all the benefits of using microbubbles as UCAs, theresnedisadvantages:
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microbubbles do not last very long in circulati@imalf-life time is less than 10 mirgnd,

similarly to liposomes, canebtaken up by Kupffer cells or dissociated in the blood stream
[82]. They can collapse at low ultrasound frequencies and higher powers (>h&nicat
indices[83]), leading to local microvascular ruptu@4]. Ultrasound imaging is also limited

in its resoltion and is not highly applicable for higirecision targetf85, 86] Finally, these

agents only enable a gile diagnostic application. Given the appeal of modern therapeutics
toward multimodal approaches, there is a high expectation of making ultrasound contrast
agents capable of more than one function. Some of these critical issues can be addressed via
advancs in modern nandiotechnology.

The main advantage of applying nanotechnology in medicine is the versatility of
nanomaterials that may offer drug delivery and detection capabiie88] Thus, the use of
nanomaterials holds promise for enhancingasiund contrast agents and integrating them
with other modalitiesFor instance, modification of ultrasound contrast agents with ligands
that bind to the receptors of interest can allow the W€Accumulate selectively in areas of
interest[89]. Graphene oxide (GO) possesses photothermal and optical properties that allow
for application in treatment and bioimagif@0, 91] As an example, deposited onto the
poly(lactic) acid microcapsule enclosing gold naamticles, GO was able to enhance
ultrasound imaging and inhibit tumor growth aftaser ablation92]. CuS nanoparticles
deposited on the microbubble contrast agents also demoresthatieced ultrasound absorption

in vitro andin vivoand are able to destroy the tunfi@d, 94}

1.35. Currert solutions to the development of dualode contrast agent

Conventional approachedntegrating contrastenhanced ultrasound and NIR

fluorescence imaging modalitiggpically involve embeddingfluorophores within polymer
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microbubbleqd95]. This utilizes a layerby-layer assemblytechniquebuilding upconversion
nanoparticles onto the surface of microbublbtes are filled with sulfur hexafluoride. These
constructs provide enhancedtrasound signals in the blood vessel phantoms and exhibit
upconversion emission with neiafrared irradiation [96]. Despite the potential of
microbubbles as ultrasound contrast agents, their restriction inside a vascular system due to
their micrometer sizes hampers translation to the clinic. Nanoscale alternatives, including 268
nm nanobubbles filled with perfluorograne gas and composed of surfactant shells with
incorporated fluorescent dyes demonstrate ultrasound enhancement and NIR fluorescence in
VX2 rabbit tumor tissues confirming successful passage of these nanobubbles through the
tumor vessel$97]. Further developments with perfluoropropdiied nanobubbles involve

127 nm nanobubbles doped with three different dyes, enabling thesauihd signal
enhancement and multicolor imaging under sivgderelength excitatiof8].

Nanobubble approaches, however, incur problems with cavitation leading to the local
microvascular ruptur¢99] and photobleaching of the incorporated dyes restricting image
accumulation times and limiting quantitative imaging analf®]. This can be potentially
mitigated by entirely different technology based onipt#lucedagglomeration of PEGylated
gold nanoparticles eooated with zwitterionic imidazole groups. When agglomerated from
3.5£0.4 nm initial sizes to 1048.7+225.7 nm clusters, these nanomaterials enhance ultrasound
signaland facilitate NIR fluorescence emissionlow-pH injured kidneys of BALB/c mice
[16]. These materials, while offering a potential alternative, restrict dual imaging {pHow
applications. Fluorophore quenching limitations can be also addressed by integrating
photostable fluorescent carbon nanodots within polylactic acid microbuljbi@s].

Combining the advantages of these approachesl-nédtaced ultrasound enhancement and
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photostable NIR fluorescence emission of carbon nanomaterials, may allow the development

of effective dualmode contrast agents.

1.36. Graphene quantum dots

Graphene quantum dots (GQDs) are nanosoaledimensional QD) fragments of
functionalized graphene, typically measuring less than 20 nm in lateral dimefiSgne?2).
GQDsare semiconductors apassess distinctive optoelectronic properties, enabling their use
in a wide range of applications, including optoelectronic devices and biomedical [kBbes

102, 103]

. Carbon Hydrogen o Oxygen . Nitrogen

Figure 2. Molecular visualization of NGQDs geometrically optimized with MMFF94 energy
minimization calculation

GQD synthesis follows two main approaches: thedown method, which involves
breaking down larger graphebased materials into nanomesmale GQDsfor examplearc

discharge methof.04], laser ablatiofl05], chemical exfoliation and combustift06, 107]
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and bottoraup, such as microwave synthe$i®©8, 109] hydrothermal synthes[410, 111]
and thermal pyrolysig§112], involving further carbonization of small carbeontaining
molecules used as precursor materjals3]. Due to their carbon lattice structure and the
presence of oxygen funchal groups, GQDs are watsoluble and can bind various molecules
throdghstacking or el &xydemfunstibnal tgrioupsalso mlkove fora ct i o n
covalent functionalizatior114]. These properties make GQDs excellent cdetes for
delivering a variety of therapeutic platforn@ompared taheirrelatives, singlevalled carbon
nanotubes (SWCNTSs) and graphene oxide (GO), GQDs exhibit minimal toxiaitiro and

in vivodue to their smaller size and rapid excref®@n They can successfully deliver several
drug and gene payloaflkl5-117]. For instancethe non-covalent transport of doxorubicin by
the GQDs leads to improved chemotherapeutic efficiency witoltilOower treatment doses
needed to produce the therapeutieeffin HeLa and MCH cells[115]. GQDs, conjugated
with plasmid DNA and MP&H1 chimeric peptide necovalently facilitate their transfection
into HEK-293 cells enabling gene delivery with nuclear targetlig].

GQDs possess a structure that includes bottdsmairs and sp hybridized carbon
atoms (Figure 2), which makes the origin of GQD fluorescence a subject of ongoing lebate.
has beerattributedto the quantumconfinement effect, defect statemd functional groups
[118, 119]In GQDs, functional groups disrupt the continuolstsybridized carbon network,
isolatingthespd o mai ns and t her eby[l120dnlf Thia phengmehoche ~ e
results ina finite band gap, and therefgrhotoluminescenceenerally in thevisible specal
region[122]. Additionally, the visible fluorescence of GQDs is dependent on the excitation
wavelength, as different sig@f sp graphitic regions can be excited and emit fluorescence at

varying wavelengths. GQDs exhibit changes in fluorescence based on the pH of the biological
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environment, with distinct behaviors observed in cancerous andammerous cell lineghe
passvated functional groups on the surface of GQDs influence their emission properties
through protonation and deprotonation, enablingitteefunction as pH sensois23]. Several
GQD-based optical sensors haalsorecently been developed for the detection of RNA
ssDNA[5], miRNA[6], proteing7], and small moleculd8, 9].

The fluorescence lifetime of graphene quantum dots typically ranges from 2 to 5 ns,
making themsuitable for few select timeesolved applications, including sensing, and
fingerprint imaging in forensic scien¢&24-127]. Unlike common dyesGQDs are resistant
to photobleachingue to the& largearomatic platfornjl14].

Improving GQD biocompatibility and imagé&acking modalities can facilitate the
progressiorof the GQD platform towardin vivo applications.Utilizing nearinfrared (NIR)
fluorescence instead of visible light is crucial for dedjs=ue imaging, as visible light
undegoes greater scattering and absorpti@hese biological windows represent three
distinctive wavelength regions: 700 to 950 nm (NJR1000 to 1350 nm (NIRI), and 1550
to 1870 nm(NIR-11l) [45]. While visible fluorescenceof GQDs mostly arises rbm the
guantumconfinement effecfunctional groupsnd defect sitesontribute to longvavelength
fluorescence, including nearfrared[14]. In order to modify GQD optical properties toward
the desired NIR emissiotheintroductian of defect statesuch a®xygercontaining groups
or heteroatomsésulfur, nitrogen)anddoping with rareearthmetalions can be utilizefiL28,

129]

1.37. Rareearth metals

Rareearth elementer lanthanidegsonstitute a classf elementdound in the 6th row

of theperiodic tableLanthanides possess comptgptical propertiesdue to the incompletely
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filled 4f shell that is shielded by their outgnell electrons and whose energy levels undergo
splitting mechanism¢$130]. One of these properties is luminescetita for the trivalent
lanthaniddons (N&*, Yb®*, Ho** and Tn¥") arises from 4 transitions of the 4f shell andof
transitions in the 46d shell. Thef transitions provide the lanthanide elements wahous
energy levebpacingsn the NIRphoton energyange[131]. Such variety in energy levets

Nd®*, Yb**, Tm**, andHo*" canresultin fluorescence in the NHR -II, -Ill spectral regions
(Figure3). These ionsthereforecanserveas doping elements for the development of various
materialsemitting at different NIR wavelengths and enabling multiplex ima§l2@, 129]
Building on the success of coordination chemistry, researchers incorporatedntarenetal

ions into ligands to develop NIR lanthanide complexes. While the concept of using
coordination chemistry is promising, these complexes remain distant from clinical application
due to their comjtatedand expensive synthesis, toxicity concerns, and poor water solubility
[129]. Rare eartthased nanoparticles already showed their high photostability, deep tissue
penetratior]58, 59] and high quantum yiesbf up to 32% depending on the struct{&82].
However, challenges in synthesizing core/shell structures and the increased size of these
nanoparticles hinder their ability to penetrate biological tissues, limiting the progress-of ra
earth metabased nanomaterials toward clinical tridlterefore, doping graphene quantum
dots with raresarth metals can bevablenext step in developing biocompatible NIR emissive

fluorophores.
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Figure 3. Normalized emission spectra of luminescent lanthanide complexes in s¢LR&n
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Chapter 2NIR Fluorescencef GQDs

Can GQDs exhibit NIR fluorescence upon NIR excitation?

2.1. Overview

In order to produce a whole range gfaphene quantum do{&QDs) emitting at
different NIR wavelengths and enabling multiplex imagingpoduction of defect statesuch
asoxygencontainingand amine groupsgnddoping with a variety of rarearth metal ions
(Nd®, Yb**, Tm?*, andHo?") is usedin this work We developedix types of biocompatible
graphene quantum dots exhibiting spectratiparated fluorescence in the NIR range of 928
1053 nm with NIR excitation. Their optical properties in the NIR are attributed to either-defect
states (nitrogen doped GRINGQDs), reduced graphene oxi@)Ds (RGQD9) or rare
earth metal dopants (HEGQDs, YBNGQDs, NANGQDs Tm-NGQDg. RGQDs were
synthesized through oxidization of high porosity reduced graphene oxide v@owop
method, while NGQDs andHo-NGQDs, YBNGQDs, NI-NGQDs Tm-NGQDs were
produced via bottomip method whergylucosamine sees as a carbon precursor and a
nitrogen sourcg123], while rareearth metal salts provide Rigd Ho**, Yb%*, Tm®* dopants
[134]. Here, we willuse TEM and EDX in order to performstructural and morphological
characterizationof six types of GQDsand determine their size range and elealent
composition We will also employ absorption, fluorescence, photostability galagitum yield
measurementto characterie optical propertie®f GQDs anddetermine if introduction of

defect states and raearth metals make GQDs emitRfluorescence upon NIR excitation.
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2.2. ExperimentaMaterials andethods
Synthesis ofNGQDs, NdcNGQDs, HO-NGQDs, Yb-NGQDs, Tm-NGQDs

and RGQDs

NGQDs were synthesized following the procedure: 4 g of glucosamine hydrochloride
(SigmaAldrich batch #104K0082) was dispersed in 250 mL of deionized (DI) water and
processedor 60 minin 1100W, Proctor Silex, microwave oven (model: PSCMZFG13S211,
power kvel 3) In order to produce HHGQDs, YBNGQDs, NANGQDs andTm-NGQDs,

0.04 M of glucosamine hydrochloride (346299, Sigitdrich) and 0.008 M of
Ho(NOs)st5H2O (14483182, Thermo Scientific), or 0.008 M of YbgbH,O (337927,
SigmaAldrich), or 0.008 M of Nd(N®)st6H:O (SigmaAldrich), or 0.008 M of
Tm(O.C2H3)3t4H,0 (Thulium (I1l) acetate tetrahydrate, Chem Craft Lidere dispersed in

250 ml of distilled water and were treated for 60 min in 1100W, Proctor Silex, microwave
oven.

RGQDs were synthesized via a topwn approach by oxidizing high porosity reduced
graphene oxid¢RGO) (HP-RGO-025G, Graphene Supermarket, Ronkonkoma, NY, USA)
whereRGO was dispersed in DI water at a concentration of 0.2&mM@nd 1 mL of sodium
hypochlorite (LC246364, LabChem, Zelienople, PA, USA) was added to the agueous RGO
suspension. The vials were shaken, capped, and allowed to react for 2 days.

To remove unreacted materiall GQD productwas dialyzed using 1 kDa moldau
weight cutoff (MWCO) dialysis bags for 24 h against distilled water. The water was changed
every 30 min for the first 3 h followed by further changing it every 7 h. The purified material
was further filtered through a 0.22 um syringe filter removing kEmger aggregates and

sterilizing the sample.
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Structural and optical characterization

The size distribution and morphology of NGQDs-N&QDs, HeGNGQDs, YBNGQDs,Tm-
NGQDs and RGQDs was assessed via the HRTEM (hggolution transmission electron
microscopy, JEOL JER2100) with energy dispersiveray analysis (EDS, JEOL, Peabody,
MA, USA). The samples were airied on the carbenoated 20dmesh copper grid. The
presence fofunctional groups on the GQD surface was assessed via the ATR mode of the
Thermo Nicolet Nexus 670 FTIR after freeding samples in Labconco FreeZone 4.5
freezedryer. The absorbance of NGQDs,-N&GQDs, HGNGQDs, YBNGQDs, Tm-NGQDs

and RGQDs was measd within the range of 200000 nm with Agilent Technologies (Cary

60 UVivis) absorption spectrometer. YWGQDs absorbance within the range of BBE200

nm was measured using NS2 NanoSpectralyzer (Applied NanoFluorescence, Houston, TX,
USA). Fluorescencepgctra of the samples in the visible and NIR, as well as the QY in the
NIR, were measuredsing Horiba Scientific SPEX NanoLog spectrofluorometer. Due to the
proximity of the excitation of the ¥bDIGQDs at 980 nm to their emission at 997 nm excitation

laserline was subtracted from their spectra.
Quantum yield and photostability measurements

A comparative approach was utilized to calculate the QY of GQDs choosing ICG (2.5% QY
in water[135]) as a reference material. 808 nm excitation at a power density of\0dd8 2
and 650 nm excitation at a power density of 0.2 \iPamere sed. The following formula was

used to calculate the QY of GQDs:

L ® 0 ® (1)
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In the above expressioqQYrer denotes the QY of ICG dyédsLlcops and FLIef represents
experimentally measured integrated fluorescence intensity of GQDs and\dGgs and Aret

indicates the absorbance of GQDs and ICG at the excitation wavelength. The refractive index

of water is a function of the wavelength, therefore, the foligwefraction indexes of water

based on the GQD and ICG maximum emission peaks were used for each sait§iénm)

= 1.324 244nHonGops(967nm)= 1.322 2490ncaps(983 nm)= 1.321 994nnancops(1053nm)

= 1.320 779136]. Photostability of NGQDs, NNGQDs, RGQDs, ICG, HNGQDs, and
Ybo-NGQDs i n agueous suspension was measured u
nm laser exposure at a power density of\W.2 ¢ 7fil37, 138] A 1 mm pathlength quartz

cuvette was sed for photostability measurements to idvdiffusion of the norexposed to

irradiation GQDs.

2.3. Results andDiscussion
In order to demonstrate the potential of NGQDs-NNBQDs, HeNGQDs, Yb

NGQDs, Tm-NGQDs and RGQDs to serve as neafrared fluorophores in biomedical
imaging applications, we studied thetructural andptical propertiesHere, we synthesized
NGQDs, NANGQDs, HeNGQDs, YBNGQDs using a simple 'botteop’ microwave
assisted hydrothermal ied with glucosamine serving as a carbon precursor and a nitrogen
source, while rar@arth metal salts provided RidHo**, Tm®* or Yb** dopantsRGQDs were
produced using a 'tegpown’ approach from commercially available reduced graphene oxide,
oxidized by sodium hypochlorite photodissociation produet®TEM imaging verified the
nanoscale sizes of the synthesized NGQDs (5.7 £ 1.0 ne@Ds (5.5+ 1.1 nm and 11.0

+ 1.6 nm), HBNGQDs (5.9 £ 1.2 nm), Y"ANGQDs (5.6 £ 1.8 nm)Im-NGQDs (6.3 2.4nm)

and RGQDs (4.0 + 0.7 nn(fFigure4 (a)). All the samples showed characteristié gmphitic
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lattice fringes and their spacing within 0. D928 nm rage Figure4 (b)), likely corresponding
to the (100) and (002) planes of graphene, affected somewhat by defects and heteroatom

dopantg139, 140]

Nd-NGQDs * j Ho-NGQDs *

Yb-NGQ@Ds

““Ho-NGQDs

0.19+0.02

-—»)’«— 0.27+0.07

snm.

Tr-NGQDs -~ RGQDs

Yb-NGQDs A
3 S E0.19+0.03

2120,
0.25%0:03 o 003

Figure 4. HRTEM images of GQDs with the correspondif@a) size distribution and (biterplanar
distances. Insets represent FFT images of the chosen area.
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Concomitant EDX analysis wasad to verify thecontent of GQDs andoping with
rareearth metalgTable 1) [14, 134, 141, 142]Considering that the majority of unreacted
precursors were removed by 24 h dialysis, atomic percentages of rare earth metals ranging
from 1.0% (Nd) to 2.4% (Ho) reflect their content within the GQUis remaining atomic
composition of NGQDs, NINGQDs, HeNGQDs, YBNGQDs, and TeNGQDs consists of
carbon, oxygen, and nitrogen, whereas RGQDs contain only carbon and oxygen.

Table 1. Energy dispersive Xay spectroscopy (EDX) analysis of all samples.

Atomic percentage, %
Sample C O N Nd Ho Yb Tm
RGQDs 91.3 |87
NGQDs 780 |11.1 10.9
Nd-NGQDs | 76.5 |17.1 54 1
Ho-NGQDs | 51.3 | 46.5 2.2
Yb-NGQDs | 80.9 |12.5 4.2 2.4
Tm-NGQDs | 93.5 | 4.9 11 0.5

Oxygen and nitrogen reside in the fornfurictional group addends on GQD carbon backbone
as demonstrated by FTIFigure5). A bandat 200-2400cm* corresponds to thieydroxyl
groups (GH). NGQD-based samples demonstrate bands at 3094ttan can be attributed to
the stretching vibrations df-H groups The peak centered at £9c¢m'? correspond to the
vibrational transitions o€-H. Ketonic species (C=0) demonstrate a bantiiwil600" 1650
cm'! and 1750 1850 cm?! [143], that can overlap with a peak from thbsorbed water

moleculeg144]. Stretching vibratiorof C-H is detected at425 cmt. The vibration modes of
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epoxide (COi C) demonstrate a peak at 1340 trithe band at 103d@m* correspond to the
Ci OH vibrations from COOHThese functional groupsnsure water solubility of the resulting

GQD product critical for biological applications
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Figure 5. FTIR spectra of GQDd:or visualization spectra are progressively shifted up.

The optical properties of synthesized GQDs were further assessed vdsUAnd NIR
absorbance spectroscopy to evaluate their potential forimfeared excitation. Similar
absorbance peak$ *cotrrraensspiotnidoinnsg atto Colthbounds
NGQDs and RGQDs &230 nm(Figure6), while for NdNGQDs, HeGNGQDs, Tm-NGQDs

and YBNGQDs, this peak appeared to be bdindfted likely due to the electronic contribution

of rareearth dopantgl45]. This further confirms the influence of rare earth metal doping for

all three doped nanostructures. All GQDs also exhibit a/pkeaklderat D280 nmand 300 nm

26



arising from ni1 * fuadiecmagroupspnesent inhaGDs$LAGl. The ns o f
extensive taiin the GQD absorbance spectra weitiable their fluorescence excitation in the

visible spectral region.
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Figure 6. UV-vis absorption spectra @QDswithin 1907 600 nm range. Inset: zoom in on the 200
400 nm range

VIS-NIR absorbance spectra of NGQDs and RGQBgure 7(a)) present a long absorption

tail extended beyond the visible end of the spectrum potentially corresponding to the transitions
at larger graphitic carbon regiofis47]. The NIR absorbance spectra of-NGQDs, Nd
NGQDs Tm-NGQDs(Figure7(a)),and YBNGQDs Figure7(b)) demonstrate characteristic
rareearth metal peaks at 640 nm, 794 @80 nmand 974 nm, respectively, corresponding to
ligand field transitions associated with the Y °Fs transition ofHo®" [148], Yo Y “*Fsp2

transition of Nd*, ®Hs Y 3H4 of Tm** [128], and?F72Y 2Fsztransition of YB* [149].
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The extensive NIR absorption tail observed for NGQDs and RGQDs as well agesitarpd

NIR absorption peaks of HIGQDs, NANGQDs, Tm-NGQDsand YBNGQDs enable their
fluorescence excitation in the NHRand NR-1I biological windows with lowered absorption

and tissue scattering of the excitation light. Since NIR fluorescence microscopy is limited to
excitation with particular laser lines, excitation wavelengths of 650 nm, 808 nm, and 980 nm
were chosen for HIGQDs, NANGQDsand TmNGQDs and YBNGQDs at their respective
absorption features. Not as restricted by their absorption spectra, NGQDs and RGQDs were
excited at 808 nm. This wavelength located substantially deep within thé \WitiRlow for
diminished tisue scattering and absorption can be generated bgdsixommunication lasers
democratizing this imaging approach.

All GQDs exhibit visible fluorescence attributed to the electronic quantum confinement
within the regions of graphitic carbon on theirghaic surface Figure8) [118]. NGQDs, Nd
NGQDs, HeNGQDs, Tm-NGQDs, Yb-NGQDs, synthesized through the same 'bottgeh
method, possess similar broad fluorescence featwrakinyg atD500 nm with 400 nm
excitation, while the peak for RGQDs is shifted to 530 nm. While being less relevant for the
present work, this visible fluorescence demonstrates the similarity in electronic configuration
for all structures with slight chang@roduced by nitrogen doping and minimal to no influence

from rare earth metals.

29



T Ho-NGQDs
14000 T Nd-NGQDs
12000+ oo

| —— Yb-NGQDs
10000 Tm-NGQDs

PL intensity (counts)
8
8

400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 8. Normalized fluorescence emission@®Dsin the visiblerangewith 400 nm excitation

The NIR fluorescence spectra of all tB€Ds are, on the other hand, substantially
different and appear to be dopalependentRigure9(a)). Excited at 808 nm both RGQDs and
NGQDs exhibit Iboad NIR emission features with peaks at 928 and 983 nm, respectively. A
red shift of NGQD fluorescence can be dictated by surface passivation with nitrogen dopants.
Nd-NGQDs excited at 808 nm exhibit fluorescence emission at 895 nm and 1053 nm
correspondig to the'Fsp Y Yopand?Fsp Y “4ipligand  field transitions of N,
respectively, with the most pronounced peak at 105815®). Tm-NGQDsexhibit emission
at 10n@ potentially due tdHs Y 3He transition of Tmi*. Thus, Tm-NGQDs, RGQDs,
NGQDs and NANGQDs, excited with the same 808 nm laser can be used for imaging of
multiple targetsimultaneously via monitoring different NIR emission waveleng®i® (m,
928 nm, 983 nm, and 1053 nm). Two fluorescence features at 906 nm and 967 nm are observed
for Ho-NGQDs excited at 650 nm and attributed todg&’ °ls and*ls Y Sle transitions of

Ho®* respectively[151, 152] Ho(NGs)st5H20 does not exhibit NIR fluorescence on its own,
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which suggests that the GQDs platform protectd'ftom strong wateassisted quenching.
With 980 nm excitation YINGQDs demonstrate a broader feature ir0®@ 1100 nm region
arising from the crystal field splitting of the Y5> ground stat§153, 154] Uponexcitation
at 400 nm, YBENGQDs produce similar fluorescence within 80000 nm, and a peak at 975
nm, corresponding to tH&s. Y 2F;transition of YB* (Figure 9(b)). Since 400 nm is not
suitable forin vivobioimaging applications, 980 nm excitation was further used. This results
in havingsix spectrallyseparated NIR GQD fluorophotes

While being an important characteristic of fluorophore's NIR emission capabilities,
NIR quantum yield (QY)s usually very low and rarely assessed for nanomaterials. In order to
fully characterize GQP as fluorophoredeveloped in this work, we utilized@mparative
QY measurement with commonly used ICG dye as a reference. This showed QYs generally
below 1% ranging between 0.09 and 0.6QPable 2). The QY of RGQDs was previously
measured with the use of an integrating sphere as 6.29 + 0.50% and 1.34 + 0.15% with 637
and 808 nm excitation, respectivélyl7]. While still being on a lower end, QY exhibited by
the GQDs is higher than that of a number of molecular NIR pfjdl28§. Furthermore, lower
QYs can be compensated for by high photostabilities allowing for longer integration times and
prolonged analyte monitorin@QDs developed in this work have demonstrated outstanding
NIR fluores@nce photostabilities in water within 4 h of laser irradiation compared to ICG dye,
which quenched within 30 min of exposuFég(ire10). These properties suggest that spectrally
separated GQD fluorophores developed in this work (NGQDs, RGDRNGQDs, Nd-
NGQDs, HeNGQDs, and YENGQDs) have a potential for simultaneous mwléivelength

imaging and analyte detection.
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Table 2. Comparative measurements of QY of GQDs and ICG standard.

Sample Solvent Excitation, nm Quantum Yield (%)
Nd-NGQDs Water 808 0.68
NGQDs Water 808 0.22
RGQDs Water 808 1.34[147]
Ho-NGQDs Water 650 0.09
ICG Water 808 2.5[135]
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24. Summary
In this work, we have developaik NIR imaging platforms: RGQDs, NGQDs, NMIGQDs,

Yb-NGQDs Ho-NGQDsand TmNGQDs These GQDs were synthesized using-effgctive
'top-down' and 'bottorup’ synthetic procedures resulting inl4d nm graphitic nanostruces

with either oxygen or oxygen and nitrogeontaining functional groups. NdGQDs, Yb
NGQDs, Tm-NGQDsand HeNGQDs also contain few percent of corresponding rare earth
metal dopants. With 650 nm, 808 nm, and 980 nm laser excitatielNG@QDs, NGQDs,
RGQDs, Tm-NGQDs, Nd-NGQDs and YBENGQDs exhibit fluorescence emission within
NIR-I and NIRI biological windows with peaks &970 nm, 980 nm, 930 nr8,10 nm,1050

nm and 1010 nm, and NIR QYs of up to 1.34%. Their NIR fluorescence is remarkably
photostable whin 4 h of continuous irradiation as compared to that of conventional
fluorophores. This allows for long signal accumulation times compensating for lower NIR

QYs.
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Chapter3. NIR Fluorescencbemaginglin Vitro

Can GQDs serve as NIR fluorophoresitro?

3.1. Overview

Biological safety is a critical factor when evaluating maaterialdor biomedicalapplications.
The underlying mechanism of toxicity of carbbased nanomateriatsay involve generation
of reactive oxygen specie§NA damage, lysosomal damage, mitochondrial dysfunction
[155]. Compared to other carbdrased nanomateis, such as graphene oxide or carbon
nanotubes, GQDs demonstrammarkablylow cytotoxicity that can depend on theisize,
concentrationandsurface functionalizatiofil56]. The cytotoxicity is typically characterized
through cell viability in ann vitro test such as MTTor LDH. To ensure GQDs are suitable
for biomedicalpplicationsevaluation of biocompatibility and bioimaging capabilifiesitro

is performel in this workvia theMTT assayin HEK-293 cells. We also determine the optimal
time atwhich GQDs are internalizedtmthecellsfor the most effective fluorescence imaging
This is done bydetectingvisible andnearinfrared fluorescence of functionalized and rare
earth metabloped GQDsvithin the cells This investigation airato optimizeGQD doses and

structuredor safe and effective use loioimaging

3.2. ExperimentaMaterials andMethods
Cell Culture

In vitro studies were performed using human embryonic kidney 293 {283 cells. The
cells were cultured in Dul bec c-Aldrieh), W%dialf i ed
bovine serum (1614063, Gibco), {glutamine (G7513, Sigmaldrich), minimum essntial

medium noressential amino acid solution (M7145, SigAldrich), and 1%
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penicillin/streptomycin (P4333, Sigakddrich). The cell culture was placed in a Midi 40 CO2
incubator (3403, Thermo Scientific) at 37 °C with 5%,@@d further sed for the ck viability

assay as well as the cell internalization study.
MTT Assay

Standard MTT cell viability assays were employed to evaluate the cytotoxicity ofdopiad

NGQDs. HelLa cells were plated in a-@86e | | pl ate at a densilty of
per well) and kept in an incubator overnight at 37.1 °C while maintaining 5%A3@r 24 h

of incubation, the samples were added into each well in serial dilutions. After the next 24 h of

i ncubation, the medi um wklsef MTTe(®U-dincethythidzaof 100 ¢
2-yl)-2,5-diphenyltetrazolium bromide)After 4 h of further incubation, MTT was replaced

with 100 eL of di methyl sulfoxide (DMSO) to
as formazan. The metabolic activity of living cellas further assessed with absorbance
measurements. The absorbance of formazan proportional to cell viability was measured in each

well at 580 nm using a FLUOstar Omega microplate reader.
Cell Internalization Study

Cell internalization studies were perfordheith biocompatible 1 mg M concentrations of
NGQDs, YBNGQDs, NdNGQDs, Tm-NGQDsand 0.5 mg mt concentrations of RGQDs

and HeNGQDs. In short, HER93 cells were plated onto the coverslips placed innal6

pl ate at a density of 1@ere@l€afed and tohted witheat tailwe | |
collagen | (ALX-522-4350020, Enzo) as pehé& manufacturer's protocol for the attachment

of HEK-293 cells. The next day all samples were introduced into respective wells and
incubated for 1, 6, 12, 24, and 48 h. Coverslips with cells were then washed with 1X phosphate

buffered saline to remove GQDbat had not been internalized. Cells were further fixed
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between the cover slip and a microscope slide with 4% formaldehyde solution (28 908, Thermo
Scientific) and 1x Fluoromow@TM mounting medium (0@95802, Invitrogen)D100 cells

were imaged at ehdnternalization study time point for each GQD type. Mean fluorescence
intensity per unit area was calculated for each cell and deemed proportional to the amount of

internalized GQDs.

3.3. Results andDiscussion
The cytotoxicity of all GQDs was assessetHEK-293 cells by the MTT assakifgure

11). Nanomaterials are considered generally biocompatible at above 80% cell viability which
wasachieved at 0.5 mg frifor RGQDs and HINGQDs, at 1 mg mt for Yb-NGQDs, Tm
NGQDs, NdNGQDs and at 2 mg fifor NGQDs. This indicates that very low metal doping
levels (< 2.4%) do not drastically affect the biocompatibility of the new doped strudthees.
slight increase in NGQD cell viability has been previously related to the cellular metabolism
of glucosamine precursor remaind23]. Moreover, all these GQDs have higher
biocompatibility than some common NIR dyes, REM nanoparticles and SWQR7T459].

For convenience, biocompatible concentrations of Gy5mh?! for RGQDs and HINGQDs,

and 1 mg niit for NGQDs, NdNGQDs, TmNGQDs and YENGQDs, were chosen for further
internalization/excretion studies in the HE2Q3 cells.

In order to track GQDs inside the cells and assess the optimal timeline for imaging, a
visible andNIR fluorescencéased internalization/excretion study was performedtro via
hyperspectral NIR fluorescence microscopy. Based on the GQD optical properties, NIR
fluorescence emission within the cells was recorded with the following excitation lasers and

only at specific emission wavelengti&able 3). Hyperspectral imaging allowed selecting a
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single wavelength specific to each GQD type and, thus, collecting its signal separately from

potential autofluorescence and/or ottiges.
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Figure 11. MTT assay viability of HEK293 cells treated with GQDs.

Table 3. Excitation and emission parameters used for internalization/excretion study of GQDs in
HEK-293 cells.

Sample RGQDs | Ho-NGQDs | NGQDs | Yb-NGQDs | Nd-NGQDs | Tm-NGQDs

Excitation(nm)| 808 650 808 980 808 460

Emission (nm)| 930 970 980 1010 1050 540

Each GQD suspension was introduced into the F2BR cells at its corresponding
biocompatible concentration amgcubated for 1, 6, 12, 24, and 48 h to provide a range of
imaging timepoints tracing internalization. As GQDs internalized into cells, their intracellular
fluorescence intensity normalized per unit cell area wasduas a measure of
internalization/excrédn dynamics of the nanomaterial. All GQDs enter the cells with

maximum accumulation atf 2 h of incubation followed by excretion/degradation after 24 h
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(Figure 12). While confocal visible microscopy wasad to ensure successful intracellular
translocation of the nanomaterials, NIR hyperspectral imaging demonstrated their capacity for
NIR image trackig within the cel(Figurel2, Figurel3). Since RGQDs and NNGQDs have

higher NIR QY than other GQDs, their imaging required shorter integration. filir@snal to

no emission was detected in the extracellular environment as GQDs were removed by a
preliminary washing step leaving only those thdétinalized. It is also apparent that all the
GQDs exhibit bright intracellular fluorescence in the visible and in theinfrared suggesting

that all five synthesized structures can serve as visible and, most importantly, NIR
fluorophores

Their capabity for multianalyte detection and multiplex imaging was further verified by
introducing five GQD types into the same well with H2B3 cells and imaging them all
together at a 6 h time point. In this experiment 650 nm, 808 nm and 980 nm lasersedere u
one-by-one to excitdive different types of GQDEIM-GQDs were excluded due to the overlap
with RGQDs) while their fluorescence was recorded using the hyperspectral imager at specific
emission wavelengths of their respective fluorescence maxifizdlg 3). Overlaid
fluorescence signals showed successfdinternalization of all the GQDs with substantial
signal overlap Figure 14 (a,b). Looking at each wavelength channel separateigufe 14

(c)), it is possible to spectrally distinguish the location of each of the GQD type within the
cells. This verifies the possibility of multiplex imaging with up to five different GQDs, which
can be used for simultaneous tracing of five different therapegéats in combination
therapies or sensing up to five different analytes in vitro. Furthermore, considering high tissue
penetration depth at all the NIR excitation and emission wavelengths used in this work, these

GQDs have a significant potential for mpléx imagingin vivo.
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Figure 12. Intracellular concentration of GQDs (a)NGQDs, b)}NBQDs, ¢) HeNGQDS, d)

RGQDs, e) NeNGQDs, f) TmNGQDs) in HEK293 cells over the period of 48 h analyzed by
considering their average flu@aence intensity per unit cell area collected at their maximum
emission wavelengths. Inset: Brigfietld/fluorescence overlay with visible and NIR GQD

fluorescence collected with confocal visible and hyperspectraliniared microscopy. GQD visible
fluorescence (shown in green) is excited with 460 £ 20 nm and collected using 535 £ 20 nm filters.
Nearinfrared GQD fluorescence (shown in red) is excited and collected at the wavelength specified
in table 3 for each GQD type.
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Figure 13. (a) Brightfield/NIR fluorescence confocal overlay image of HE83 cells treated with

Tm-NGQD for 12 h. (b) Spectra recovered from bright Tm emission spots within tHé@@Ds

treated cells after background subtraction.
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1050 nm

Figure 14. (a) Broadband NIR image (9006 0 0 n m) -898 celislneubalted With five

GQDs. The cells are outlined based on the bright field irfl@géb) Bright-field/NIR fluorescence
overlay image of HEK93 cells takemwith an InGaAs NIR camera. Nearfrared GQD fluorescence

is shown in red (902600 nm emissionjc) A false-colour fluorescence image of HE2O3 cells
colored by the type of GQDs (RGQDs (red),-NGQDs (green), NGQDs (blue), YWGQDs

(yellow), and NNGQDs (magenta)), taken at each wavelength channel separately and combined
together.
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3.4. Summary

Synthesized nanostructures appeahiow low toxicityat up to 0.52 mg mi* concentrations,
allowing the use of substantial GQD doses for high contrast imafegcapability ofn vitro
fluorescence tracking has been evaluated fosigllGQD types in HEK293 cells with all
showing successful internalization maximizedigtBhand effective intracellular imaging in

the visible and NIR. Furthermore, the ultimate ability of using five GQDs with five different
emission wavelengths for multiplex imaging in the NIR has been verified for the first time in
this work in HEK293 cells. While such capabilities are walkeveloped for visible
fluorescence tracking, this work introducirfiye spectrallyseparated NIR fluorophores
provides a critical advancement for NIR imaging, where multiplexing was rarely an option.
These novel nanomatelsacan address the critical need for simultaneous bioimaging and
further enable redime multidrug delivery and multianalyte detectiam vivo via high

penetration depth NIR fluorescence.
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Chapterd. Ultrasound Properties of GQ[@x vivoand
In vascular pantons

Do GQDs enhance ultrasound sigealvivoand in vascular
phantom?

4.1. Overview

Due to the lack of ultrasound scattering centers, GQDs are not expected to exhibit
substantial echogenicity; however, in several reports, larger cadyatubes and graphene
oxide show enhancement of ultrasound contfd8{. Functionalized multiwall carbon
nanotubes (MWCNTSs) used as UCAs enable increased ultrasound signals comparable to
commercial UCAs and exhibit high echogenic properties in animal t[4€03. It is also
knownthat metals can enhance ultrasound signals due to their high acoustic img&@anhce
In this part of the workye will be looking to see the introduction of theareearth meta to
GQDs can enhance ultrasounslignals in vascular phant@mand animal tissuelt is also
plausible that lanthanide ions can serve as a bridge between oxygen functional groups of
several GQDs as previously observed with graphene dfi62]. This can lead to the
formation of clustersand enhancement of theultrasound signakimilarly to the one in
PEGylated gold nanoparticles -coated with zwitterionic imidazole groug46]. When
agglomerated from 3.5£0.4 nm initial sizes to 1048.7+225.7 nm clusters, these nanomaterials
substantiallyenhance ultrasounstatteringand facilitate NIR fluorescence emission in fow
pH injured kidneys oBALB/c mice [16]. To test raresarth metal doped GQDfsr the
ultrasound enhancemeittey arantroduced inside the vascular phantom and animal tessue

a concentration facilitating maximum cell viability vitro. A linear probeof the GE LogiqE
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ultrasound systens used to generate and receive reflected ultrasound signal to get the image.
Ultrasound Imaging is performed in collaboration with Dr. Olga,Zaltlinician at Alfa
Radiology, Dallas, TXFurtherwe will determine if the GQDs can be usedudtsasound

contrast agent along witkervingasNIR fluorophores.

4.2. ExperimentaMaterials andethods

Ultrasound Imaging

All ultrasound imaging was performed with the GE Logiq e ultrasound system. The instrument
was set in the Bnode and CHI mode, with a depth4if5 cm, mechanical index of G.6.6,

and gain of 4466. The transducer was coated with Aquasonic 100 ultrasound transmission
gel.Water dispersions of metdbped NGQDs in the concentrations range of 0.5 to 1.6img

1 are injected with a 10 mL syringe aimdaged in a vascular phantom (Ultrasound Guided IV
Trainer, Your Design Medical), and chicken breast tissue. Experiments were performed using
a 1013 MHz linear probe placed perpendicularly to the observed object. The ultrasound
signals on the bar plotseareported in it gray scale intensity from 0 to 255 shades of gray.
Ultrasound images were further analyzed using ImageJ to assess the signal intensity arising
from NGQDs. Statistical analysis on three samples was performed usikvgagn®NOVA
analysis

Zeta potential

Zeta mtentials ofNd-NGQDs and TRNGQDswere measured to evaluate the net charge of
these in aqueownd 1x PBSuspensions using a NanoBrook ZetaPALS instruniétsame

instrument was used to measure dynamic light scattébb§).
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4.3. Results andDiscussion

In order to assess the capabilitiesrafeearth metal dope®&QDs to enhance ultrasound
imaging, GQD samples at biocompatible concentrations ranging from 0.5 tordlfraye
tested inwo biological tissuesimulating environments/ascular phantom in gel casing and

chickenbreast Figurel15).

(a) (b)

Figure 15. Schematic illustration of the experiment conductethevascular phantorta) and chicken
breast(b).

First, agueous suspensions of melaped GQDs are introduced inside the vascular
phantom in gel casing, with naioped NGQIB and DI water used as control8hile both
controls injected in the vascular phantom channels show nearly no signal in the ultrasound,
metatdoped NGQDs exhibit substantial scattering and, thus, provide ultrasound contrast as
they move through the chanadFigure 16 (a)). Ultrasound intensity from the metabped
NGQDs in the vascular phantom is comparable to hollow silicon nanoparticles atil’mg
[163] and oxidized singksvall carbon nanotubes at 1 mg™ tested in vitro[160]. Image
analyses of metaloped and nodoped NGQDs vyield statistically significant difference (P <

0.05), indicating that all metaloped and noxloped NGQDs are echogenic as compared to
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the control water, although metdbped NGQDs demonstrate around 10 times higher intensity.

To investigate their ultrasound contrast capability in different densitgrras simulating
different types of human tissue, metimiped NGQDs are injected and imaged in chicken breast
(1.15 g/cm) (Figure 16 (b)). Long thick and short thin white lines Figure 16 (b) correspond

to the epimysium and perimysium of a muscle, respectively. An epimysium is thhe sheat
tissue surrounding a muscle, while a perimysium is the sheath of tissue surrounding a bundle
of muscle fibers. Due to their thicker structures, they are both echogenic and appear in a normal
ultrasound image of the tiss{64]. As a resultNd-NGQDs and T/rNGQDsdemonstrate a

high ultrasound response in the place of injection, indicating their ultrasound contrast
capabilities. Water controls again show no substantial contrast enhanddoh&l@QDs and
Tm-NGQDs injected into the chicken breast exhibit higher sitxand contrast than the

oxidized MWCNT at1mgnl?t est ed in the [180Jgds | i ver and

Nd-NGQDs Tm-NGQDs 35

Ultrasound signal

Ultrasound signal

o

0

Chicken breast Vascular phantom

Figure 16. Ultrasound images dd-NGQDsand TmNGQDsin the vascular phantofa)and chicken
breast(b) after injection. Bar plots represent the ultrasound signal per unit area in tbatliedd
vascular phantom and chickbreast tissue regions, respectively.
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The lack of ultrasound enhancement from the NGQDs without any dopants suggests
that even a small metal doping percentage results in substantial scattering. Allopetil
NGQDs were tested using aill MHz linear prob, making them beneficial for bioimaging
comparable to commercial microbubbles that tend to rupture at these frequae&kes
Currently, there are npapers known to the authors that discuss the ultrasound contrast
properties of GQDs. Due to the higher acoustic impedance of graflégjes compared to
biological soft tissue, graphene derivatives such as NGQDsudtiwalled nanotubes are
expected to exhibit some echogenicity. In our work, metal doping further enhances that effect
without substantial detriment to GQD biocompatibility. It is likely that the features observed
in vascular phantom sonogranksgure 16) are not a result of individual QD scattering but can
rather be attributed to loose aggregates or groups of NGQDs injected into the .channel
estimatethe size andstability of NdNGQDs and TiiNGQDs we performe®LS andZeta
potential measurement3dble 4). In aqueoussuspension Nd-NGQDs have an average
hydrodynamic size of 336 + 0.003 nmanda Zeta potentiabf 1.7 £ 0.7 mV, confirming that
theymay formdynamicaggregates. TINGQDshave an average hydrodynamic sizd 5
+ 0.1 nm and exhibitZeta potentiabf -9.25 + 1.31 mV, indicating that they are more stable
than NANGQDs, but still fall within the poor stability region (< 10 mW)is plausible that
lanthanide ions can serve as briddmtween oxygen functional groups of several GQDs as
previously observed with graphene ox[dé2], leadingto the formation of GQBanthanide
complexesand loose aggregateSince in furthein vivo experiments GQDaredispersedn
1x PBS, wealsoperformedDLS andZeta potential measuremetits GQDs in this solvent
For both GQD typg size has increased a@@ta potential hmdecreased, indicatinigpwer

stability andenhanced capacity ftmose aggregates formation. This can occur due to the active
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interaction of lanthanide with phdsates present in PB&cilitating the formation oGQD-
lanthanidephosphate complexefd67]. The effect of agglomeration appears to be less
pronounced in TANGQDs, which nght be related to the fact that TNGQDs ae
synthesized from thulium acetate, wheesidualacetatemay act as a chelator, limiting the
access of phosphattsthe rare earth metal atoms

Table 4. DLS andZeta potential measurements of-NG&QDs and TrNGQDs in water andx PBS.
*Nd-NGQDs form agglomerates that are visible to the naked eye.

GQD type Method Solvent
Water 1x PBS
Nd-NGQDs DLS 3.736+0.003nm 99896+0.0nm *
Zeta 1.7+£0.7 mV -3.87+2.83 mV *
Tm-NGQDs DLS 19.50.1nm 175.6£0.4 nm
489.4+4.0nm
Zeta -9.25+1.31 mV -3.25+1.88 mV

This resultmight suggest that the mechanism of contrast formation is more complex
than justdensitybasedacoustic scattering, with a potential dependence on metal distribution
throughout the NGQDs or microscopic air bubble trapping at the dopant/defeft&#430].

This provides grounds for investigation in future work involving varying doping p&ges.
Following the major hypothesis of this work, medaped NGQDs successfully show both
ultrasound contrast and fluorescence imaging capabilities and, therefore, can be considered
promising novel candidates for complementary dunatle ultrasound anduorescence

imaging.

4.5. Summary

In this chapter, thaltrasound contrast imaging modaligyverified by acoustic sonography
experiments in vascular phantoms and biological tissue phantoms similar in density and/or

structure to soft tissudld-NGQDs and TrNGQDsshow 16fold higher ultrasound contrast
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within the vascular phantom, and chicken btei@ssue in the ultrasound brightness mode
compared to nodoped NGQDs andistilled water. That suggests that metal dopants play an
essential role in ultrasound contrast generation even though deaséy ultrasound
scattering may not be the only menolsn driving such a response. Overall, lightly metal
doped NGQDs demonstrate high potential as both ultrasound contrast ardfraead
fluorescence imaging agents. Having two imaging modalities complementing each other in
high penetration depth (ultrased) and specificity/precision (fluorescence) makesse

GQDs a powerful theragnostic platform for imaging, sensinddrug delivery.
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Chapterb. NIR fluorescence Properties of GQBEs
Vivoandin Vivo

Are GQDs suitable as NIR fluorophon@sviva?

5.1. Overview

In order toenable translation o&QDs into clinic a number of critical parameters
should be considered in the vivo studies including their optimal injection rougtential
acute and chronic toxicity, metabolic pathways, biodistributidood pharmacokinetics and
their clearance time from the organs. Rawivostudies of related nanocarbons showcase the
capability of exploring these parameters while concomitantly performing imaging studies in
the visible and/or NIR. For instance, caon dots labeled with ZW800 and imaged in the NIR
| demonstrate efficient and rapid excretion from mouse organs with the excretion time dictated
by the injection route (intravenous (IV) < intramuscular (IM) < subcutaneous (SC)) [49].
Carboxylated GQDs demastrate minimal to no apparent toxicity in rats at 5 mg/kg or 10
mg/kg dosages for up to 22 days [50]. Their visible fluorescence observed in excised organs
traces their accumulation in the liver, spleen, and kidneys at 24 h post IV injection with no
appaent histopathological abnormalities or lesions observed. PEGylated GQDs labeled with
Cy7 dye exhibit the capacity for NiRimage-guided biodistribution studies with organ
accumulation evaluated in the excised tissues [51]. All these studies, hpveeger
accomplished in the excised organs as visible andINl&brophoresmay not fully enable
guantitative whole animal imaging. Furthermore, all shown examples use either intrinsic GQD
fluorescencen the visibleor GQDs labeled with BIIR dye that can expesnce cleavage and

contribute to the toxicity profile of the formulation [52]. Therefore, there is a pressing need for
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intrinsic NIR-II probesin the spectral regiowith lower biological autofluorescen¢€igure

1) eliminating the reliance on external dyes and enhancing the versatility of bioimaging
applications.n this part of the work, we wilkondud¢ animal studiesvith two most NIRII
fluorescence emissiveQDs (RGQDs and NHIGQDs)i n col | abor ati on with
lab (TCU Biology Department). We will perform toxicity, biodistribution, and
pharmacokinetie studies on Balb/C mice that are intragasly or intraperitoneally
administeredvith GQDs.Analysis of histological samplesilwbe performed in collaboration

with Kseniia Malkova, a pathology resident at th@versity of TexasMedicalBranch In vivo
studies will help validate and expand the results that we got ifnowitro imaging The
assessment of major vivo parameters for the novel GQD platforms can facilitate fodiire
translation into clinicexploiting theiradvantages of deeper tissu®fpstable NIRI image
tracking in a variety of theragnostic applicatiomlose may includeontrolled drug release

with reattime tracking of therapeutic efficacy in pathologies such as glioblastoma, breast

cancer, and atherosclerosis.

5.2. ExperimentaMaterials andethods

Mice handling.

Male and female BALB/c mice between 6 and 9 weeks old were acquired from Jackson
Laboratories and housed at the vivarium of Texas Christian University. All animal experiments
were conducted following NIHyuidelines for housing and care of laboratory animals and
following all relevant protocols and ethical regulations for animal testing and research

approved by the IACUC (protocol number 26@)1of Texas Christian University. Mice were
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caged in groups of to or fewer; all animals were fed a diet of animal chow and water ad
libitum.

Administration of graphene quantum dots.

For toxicity study, female mice (n= 3 mice per group) were intravenously adminigietbe

tail veinwith a single dose (100 pL) of GQDs in 1X PBS at the following concentrations: 16.5
mg ml™* or 85 mg/kg (RGQDs), 132 mml™ or 684 mg/kg (NeNGQDs) Twenty-one days

after the injection, the mice were sacrificed, and their major organs were harvestedifner
hematoxylin and eosin (H&E) staining. For biodistribution study, mice were administered with
100 pL of GQDs in 1X PBS via intravenous (IV) or intraperitoneal (IP) injection, imaged and
further sacrificed at 1, 6, 12, 24 and 48 h post injection.cbheentrations of GQDs in the IV
injection experiments were 16.5 my* (85 mg/kg) for RGQDs, 33 mgl (171 mg/kg) for
Nd-NGQDs. In the IP injection experiment 66 md™! (342 mg/kg) concentration of Nd
NGQDs was used Control mice were injected withOQ0 pL of 1x PBS via IV or IP
administration. Two males and two females were used for each time point. Animals were
anesthetized in an isoflurane chamber before imaging and shaved with a hair removal cream
(Nair). The induction of anesthesia was continuedingd) the imaging with a 1 liter per minute

flow rate and 23% isoflurane concentration. Animals were sacrificed by inhalation of carbon
dioxide followed by cervical dislocation, and the tissues were excised for the fluorescence
imaging. The organs of intest were sectioned following the standard protocol for paraffin
embedded tissues. Briefly, the excised organs were fixed in a 4% paraformaldehyde solution
for over 4 hours before being transferred to a 70% ethanol solution. The samples were then
sent to he Histology Facility at the University of Texas Health Science Center at San Antonio,

where they were cut into 5 um thick sections. These tissue slices were mounted on microscope
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slides for subsequent NIR fluorescence microscopy analysis. For a phamegicskstudy,

the BALB/c mice (n=23 mice per group) were intravenously administered with 100 pL of
RGQDs at 16.5 mgnl™. The mice were then euthanized at 6,25, 3-, and 6hours post
injection, followed by blood collection through cardiac puncture.

Fluorescence Imaging.

In vivoandex vivoNIR fluorescence imaging of RGQDs and-N&QDs was performed using

a preclinical hyperspectral mouse imaging system IR VIVO by Photon. etc. 808 nm excitation
laser light was distributed over the entire mouse witpower density of 143 mW/ém
Fluorescence emission was filtered via 1000+25 nm and 1050+25 nm bandpass filters specific
to either RGQD or NANGQD emission, respectively. To distinguish GQD NIR fluorescence

in mice and their organs from autofluorescertbe,intensity range was specifically adjusted

to zero autofluorescence signal in controls. For consistency, the integration time and laser
power were kept the same for all control and treated mice within each groupg&entitative
analysis was performed assess the fluorescence intensities of GQDs in kidneys, liver, spleen,
lungs, and heart. This analysis was performed by subtracting mean fluorescence intensity of
each organ of the PBtBeated mouse (control) from the mean fluorescence intensity of the
same organ of the GQideated mouse (treated), therefore, accounting for autofluorescence
backgrounds. While not providing absolute GQD amounts in the organ, this method allows for
direct comparison of relative GQD content among those.

Statistical Analyss.

Results were presented as mean + SD. Statistical significance was determined using Tukey's
post hoc test following a ongay ANOVA. A P-value of less than 0.05 was considered

significant.
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Ethics Statement.

All animal experiments wereonducted following NIH guidelines for housing and care of
laboratory animals and in accordance with the protocol approved by the Institutional Animal
Care and Use Committees (IACUC) of Texas Christian University (protocol numbe82021

To avoid disturlng the circadian rhythm of the animals, there was no monitoring after 7:00

pm.

5.3. Results

Toxicity studiesin vivo

Prior to conducting any biodistribution imaging we have to perform toxicity studies with our
GQDs to identify safe imaging concentratiom&l dheir potential toxic implications in mice.

In order to ensure absolutely no toxic response in future biodistribution studies the toxicity of
the GQDs is explored #te imaging dose or at more than twice the imagwgg In this study
potentialin vivo toxic effects ofRGQDs and NdNGQDsare monitored via the changes in
murine body weight compared to the P@8ntrol)-injected miceover a 21day postinjection

(p.i.) period Figurel7). Throughout this period no significant differences in body weight and
behavior are observed suggesting the biocompatibility of the administered doses. Mild
irritation at the injection site is noted in the MNGQD-treated group with no irritation is
observed with lower 171 mg/kg and 342 mg/kg doses. To mitigate this, lower concentrations
are selected for the further biodistribution study withNAQDs. 21 days poshjection, NIR
fluorescence signals are collectednfr the kidneys, liver, spleen, heart, and lungs of the
sacrificed animals. Fluorescence emission in these organs does not differ significantly between
the control and treated groups for all types of GQDs (data not shown), suggesting efficient

clearance o6QDs within 21 days. H&Estained tissue slides (livespleen, kidneysof mice
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administered withtwo types of GQDs reveal no apparent histopathological abnormalities
compared to the control growuring the monitoring period of 21 daysigure18). There is

no evidence of acute or chronic inflammation, fibrosis or malignahieg rurine liver of
GQD-treated mice demonstratesiltiple portal regions and central veingith periportal (pp),
midzonal (mz) and centrilobular (cl) zormsresponding to normal liver architectugections

of the spleen in both control and treated mice revealed no pathological changes, maintaining
thenormal spleen architecture, including the red pulp (RP), white pulp (WP), central arteriole
(CA), germinal center (GC), and marginal zones (M)rine kidneys demonstrate normal
glomeruli containinga network of capillaries supported by mesangial cdiisg with intact

proximal and distal tubules, showing no pathological changes.
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Figure 17. Body weighs of mice treated with a single dose of GQDs (n = 3 mice/group) evaluated
for a toxicity study
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Conrol ‘ RGQDs NdGQDs

Figure 18 H&E-stained images of orgdissuesof micetreated with a singtdose of PBS (control),
RGQDsandNd-NGQDs taken athe 21st day of postinjection. Liver: portal region (P), central vein

(C), periportal (pp), midzonal (mz) and centrilobular (cl) zones are indic&pleen: apsule (C), red
pulp RP), white pulp (WP), central arteriole (CAjerminal cente(GC), marginal zones (MZ) are
indicated Kidney: normal glomeruli (arrows) contain a network of capillaries supported by mesangial
cells, proximal and distal tubules with no pathologic changes

Whole animal imaging, biodistribution and pharmacokinetics studies

Whole animal imaging in the NHR region is performed to showcase the capability of GQD
tracking in live sedated animals without the need to sacrifice those at every imaging time point.
Biodistribution studies are conducted in Balb/C mice to evaluatenaaigaumulation and
clearance of the GQDsvaluate their potential as NHRfluorophoresandfind specific organ

targets for their bioimaging applications. Pharmacokinetics studies are conducted to assess
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GQD blood circulation timeswhich can aid in evalating their metabolic pathways and

imaging timelines for developing future theragnostic approaches with these fluorophores.

RGQDs

The primary advantage ong NIR-1I fluorescence for diagnostic imaging lies in its ability

to facilitatein vivo visualizationin live sedated animal targedsie to high tissue penetration
depthof light in this spectral rang&hus prior to organ harvesting, all mice undergo sedation
followed by NIRII fluorescence imagingf whole animalgFigure19). The majority of NIR

Il fluorescence signadt the early time pointis predominantly localized within the abdominal
region, particularly irthe bladder and intestines. Additionally, NIR fluorescence is detected
within the liver and spleen and at the injection site in the tail. Notably, strong fluorescence is
also observed imurinejoints, which is further corroborated ey vivoimaging Eigure20).

A pharmacokinetisstudy is conducted on Balb/C mice intravenously injected with RGQDs at
the same dose as used for imaging. Plasma samples are collected at 0.25, 0.5, 1, 3, and 6 hours
postinjection. The integrated fluorescence intensity is converted sgtmatedRGQD
concentrations in plasma using a-pstablished calibration curveigure21(a)). The temporal
variation in RGQD plasma concentration at different time points reveals that RGQDs exhibit

aprolongedhadf i f e ( t Figure21f).2. 8 h) (
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Figure 19. Representative NIR fluorescence images of mice IV administered with either PBS
(control) or RGQDs (n = 4 mice/group) and their excised organs, taken at different time points with
808 nm laser excitation and 1000£25 nm emission filter in Photon Etc. iRaviivnal imager.

Yellow dashed circles indicate RGQD fluorescence arising from murine leg bones/joints.

Control 6h 12h 24h 48h 240h

Mouse leg

Leg bone

Figure 20. Ex vivoNIR fluorescence images of mouse legs and leg bones. Mice were IV
administered with a singléose of either PBS (Control) or RGQDs and sacrificed at different time
points after treatment. Emission is collected at 1000+25 nm with an 808 nm excitation.
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Figure 21. (a) Calibration curve representing the correlation between integrated fluorescence

intensity of RGQD emission in plasma and RGQD concentration. (b) Concentration of RGQDs in
plasma. Inset: Corresponding fluorescence images of plasma samples.
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To evaluatehe biodistribution of RGQD®alb/C miceare injectedV with 85 mg/kg RGQDs

andwith furtherNIR-II fluorescence imaging at 1, 6, 12, 24, and 48 hpass injectionFigure
22.Wi t hin 48 hour s, fluorescence intensity f
spleen> heart. The kidneys exhibit the highest NIR fluorescence as early as pdsiur
injection, indicating preferential renal accumulation and clearance of RGBiDareé 23).

Notably, at 1 and 6 houngostinjection male mice demonstrate lower renal fluorescence
compared to females, possibly due to the accelerated metabolism and enhanced clearance
observed in rale mice[171]. This may facilitate substantial RGQD clearance before the 1

hour time point. Between 12 and 48 hours, both male and female mice contiexiahio
statistically significant renal fluorescence
supporting sustained RGQD excretidxigure 23). Whole organ fluorescence images reveal
widespread NIR emission throughout the liver parenchyma from 1 to 48 houwigjpotbn,

with gradual clearance becoming evident after 12 hours. Statistically significant differences in
hepatic fluorescence betem treated and control groups are observedhathighest
accumulation time points of 6 and 12 holkg(ire23). RGQD retention in the spleen remains
evident, with fluorescence intensities consistently being higher than those of the control group
across all time points, while no statistically significant variation is detected among treated
groups. This suggests prolonged spleatcumulationof RGQDs. h the heart, NIR
fluorescence is detectable from 1 to 12 hours-pgsttion, with statistically significant
differences at 1 and 6 hours, indicating early cardia@umulation Eigure 23). The lungs

exhibit prominent fluorescence across all time points; however, statistical significance is

observed only at 1 and 24 hours pogection Figure23). By 48 hours, fluorescence intensity
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in both the heart and lungs declines, suggesting progressive RGQD clearance from the

circulatory system and these organs.
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Figure 22. Controlsubtracted mean fluorescence intensities of organs excised from mice at the given
time points. (n = 4 mice/group)
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Figure 23. Tukey's paired comparisons of integrated fluorescence intensity collected from mouse
organs. Mice in this study are IV administered with either PBS (Control) or RGQDs and sacrificed at
1-48 h time points for organ imaging (n=4 mice/group). Fluorescermgasiare taken with an 808

nm laser excitation and a 1000+£25 emission filter of the IR Vivo Photon Etc. Animal Imager-M
male, F- female mice.
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Nd-NGQDs

The biodistribution study of NMGQDs in Balb/C mice is first performed with IV
administration oNd-NGQDs at a previously determined atmxic dose of 171 mg/kg. NIR

Il fluorescence ifive sedated mice is localized primarily to the intestinal region and injection
site (Figure 24) showcasing the capability of NAQD detection within live animals The
fluorescence intensity within major organs assessed in the animal imxageofollows the
sequence: liver >spleen ki dneys > | un-bosr tife periediigire24 ver a
Figure 25). Fluorescence imaging reveals predominant accumulation €é®@dDs in the

liver, with maximum intensities observed at 24 hours-pgsttion. The kidneys exhibit some

NIR fluorescence from2 to 24 hours poshjection. The spleen demonstrates uptake of Nd
NGQDs, with statistically significant fluorescence intensity at 24 hours(Figure 25).

Minimal to no fluorescence is detected in the heart and lungs, indicating limited retention of
Nd-NGQDs in these organs following intravenous (IV) injection. Due to the relativelgxow

vivo andin vivo NIR-II fluorescence of NINGQDs, higher nottoxic concentrations can be

used to address this limitation. While sequoiantitative evaluationg-{gure25) exhibit strong
correlation withex vivo imaging data Kigure 24), the substantial fluorescence variability
among individual mice results in a lack of statistically significant diffezenic fluorescence
intensities between the control and treated groups even in the major in organs such as the liver,

kidneys, heart, and lungs.
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Control 1h 6h 12h 24h 48h

Figure 24. Representative NIR fluorescence images of micadministered with either PBS
(control) or NANGQDs (n = 4 mice/group) and their excised organs, taken at different time points
with 808 nm laser excitation and 1050+25 nm emission filter in Photon Etc. IR Vivo animal imager.
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Figure 25. Left: Controlsubtracted mean fluorescence intensities of organs excised from mice at the
given time points. (n = 4 mice/grouight: Tukey's paired comparisons of integrated fluorescence
intensity of spleen images. Mice are IV administered with either PBBtr@)por with NdNGQDs,

and treated for different periods of time (n=4 mice/group). Fluorescence images are taken with a
1050+25 nm emission filter upon 808 nm laser excitation.
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To further investigate biodistribution and address this issue, the intoayeit(IP)
administration of NeNGQDs is tested at a higher 342 mg/kg concentration that is still below
the limit used in toxicity studies. While 1V injection is generally preferred in the clinic, IP
administration in rodents is a less invasive and etlpigastifiable approach for proedf-
concept evaluations of novel drug formulati¢h82]. Fluorescence imaging of sedated mice
reveals brighter NIRI fluorescence signals arising from liver, spleen and intestinal region as
well as some from the injection site for up to 48 hours showcasing a higher suitability of Nd
NGQDs for norinvasivein vivodiagnostics with IP rather than Béministration(Figure26).

With IP administration, the fluorescence intensity in major organs follows a similar sequence:
liver > kidneys O spl e Eigure26 FigureRd.Ex vivoinnagirgr t o v e
of excised organs reveals consistent and more intense NIR fluorescence emission within each
experimental group. Compared to the more homogeneous fluorescence distribution observed
with IV administration [Figure24), IP injection results in localized bright fluorescence spots
within and on the surface of the orgaRgy(ire26). Based on ex vivo organ imagingigure

26) and semyuantitative fluorescence evaluatidfiqure27), fluorescence emission remains
detectable in the liver at all time points, confirming-N&QD accumulation within hepatic
parenchyma. The &neys exhibit NIR fluorescence with a progressive increase in intensity at
later time points. The spleen retains-N&QDs across all time points, with a gradual decline

in fluorescence at 48 hours pasfection, suggesting slow clearance of-N&QDs from

splenic tissue. The heart exhibits minor NIR fluorescence exclusively at 48 hours, while the
lungs show continuous fluorescence enhancement at each time point, indicating gradual

accumulation of NeNGQDs by 48 hours postjection.
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Nd-NGQDs

Figure 26. Representative NIR fluorescence images of nmicadiministered with either PBS
(control) or NANGQDs (n = 4 mice/group) and their excised organs, taken at different time points
with 808 nm laser excitation and 1050+25 nm erois§iter in Photon Etc. IR Vivo animal imager.
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Figure 27. Controlsubtracted fluorescence intensities of organs excised from mice treated with Nd
NGQDs at the given time points (n = 4 mice/group).

5.4. Discussion

In this work, singledose experiments are conducted with Balb/c mice to assess toxicity,
biodistribution, clearance, pharmacokinetic properties and perforin aivo evaluation of
two types of NIRIl emissive GQDs: RGQDandNd-NGQDs. The consistent murine body
weights between the treated and control groups throughout 21 days of toxicity studiéés as we
as the absence of histopathological changes in treated animal tissues confimvitree
biocompatibility of GQDs at 85 mg/kg (RGQDsynd 684 mg/kg (NeNGQDs). The
concentrations used in this study are relatively high compared to the doses usedstudibs

with GQDs, which typically range from 5 to 20 mgfRg'3, 174] or with other nanomaterials.
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This reflects both the purity of our products as well as remarkabt®mpatibility of the
GQDs in general preceding that of varimasmoformulations that were developed to date. This
advantage facilitates the utilization of the GQDs in a variety of biomedical applications
including noninvasive NIRII imaging explored irthis work. Here we aim to confirm their
imagetracking capabilities in animal models and compartmentalize their internalization in
organs while also studying metabolic pathways. Whole animal imaging performed in live
sedated mice shows accumulationweb types of GQDs mostly in the adnominal area, with
highest intensities arising from RGQDs making those a promising candidaie ¥oro
imaging in clinic. Amongwo live animal imaging experimental arms, RGQDs exhibit the
most profound NIR fluorescence asion in liver and splenic areas, INGGQDs show less
intense fluorescence emission arising from the liver, and left kidney/spleen areas (Figure 2, 3).
Optimizing such live animal imaging can facilitate réale monitoring to support diagnostic
and imageguided therapy for a variety of disease targets including splenomegaly, liver fibrosis
and metastases, kidney injury and renal carcinoma. Additionally, the capability of tHe NIR
fluorescing GQDs for neinvasive image tracking in live animals can elimethe need of
sacrifiee mice at each imaging time point by quantifying the fluorescence originating from
imaging targets detected through the animal body.

Ex vivobiodistribution study is performed by imaging the organs isolated from mice
after IV or IP njection of each GQD type at 1, 6, 12, 24, and 48 hours. Compared to RGQDs,
Nd-NGQDs do not exhibit consistent NHIRfluorescence from mous®-mouse when injected
intravenously likely due to their low quantum yields and low concentrations used. After
injection into the tail vein, GQDs start circulating in the blood and travel to the right atrium

and right ventricle, from where they enter the pulmonary artery and get distributed throughout
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the lungs. This route results in the early accumulation of GQDs indhe heart and the lungs.

The heart does not retain GQDs for prolonged time, while some retention of all three GQD
types is observed in the lungs at different time points with noticeable clearance by 48 h point.
Previous studies on graphene oxadrived GQDs report even earlier clearance from the lungs
by 24 h post injectiofil75]. After passing through the lungs, GQDs can reach the left atrium
and left ventricle and then enter systemic circulationglBrNIR fluorescence is observed in
kidneys after RGQD administration as early as 1 lpmst injection suggesting their active
retention in kidneys and further excretion from the body via renal clearance. This correlates
with work by Chong et al., withEGylated GQDs mainly accumulating in the kidneys$hat

first hour post injection due to their water solubility and small size, allowing them to pass
through the glomerular capillarig$76]. Nd-NGQDs do not experience substantialriag
accumulation, however, this can be explained by a greater average sizIGQIds. In the
first-pass metabolism, GQDs can accumulate in liver and undergo hepatic clearance from the
body. With its extensive network of blood vessels and sinusoidsyénés expected to retain

the GQDs within hepatocytes and sinusoids. In contrast to their fast clearance through the
kidneys, maximum accumulation of RGQDs andN@QDs in the liver is observed at later
time points within 624 hours. This could potenifigarise from the internalization of GQDs

by hepatocytes through endocytosids we demonstratedn Chapter 3, maximum
internalization of RGQDs and NdGQDsin noncancerous cell lineccur at 6 h and 12 h

post treatment, respectively, that falls withine timeline of GQD liver accumulation. GQDs

can also accumulate in hepatocytes due to the Kupffemmaliated transport from sinusoids.
GQDs can be consistently captured by Kupffer ¢&lf§], however, anionifl 78] RGQDs are

not expected to show strong interaction with thd$§& fluorescenceemission of GQDs in
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spleen is relatively high acrosmth GQD types likely due to their sequestration by the
macrophages residing eventuallyte splenic marginal zone and the red pulp. RGQDs exhibit
consistent accumulation in spleen organ at all time points WWdNGQDs demonstrate
statistically significant signal at 24 h. The possibility of GQDs to be uptaken by macrophages
is confirmed by aiecent work exploring the deliberate loading of macrophages with GQDs for
useas biomimetic drug delivery system for targeted thefa@9]. GQD metablic pathways
as well as their accumulation in murine organs are influenced significantly via their
pharmacokinetics that is studied in the present work for most fluorescing RGQDs IV
administered at imaging doses. The temporal analysis of RGQD conceniragxasma
indicates a prolonged hdlfi f e (t / a 2.8 h) , shasec r i or
nanomaterials including nitrogeand borord o p e d GQDs [(80]ardd PEGR00Q . 5 h)
modi fied SWCNTME4.(tThli s dG&xad.esndle)d circul ati on
ability to reach the target site, thereby prolonging the therapeutic effects of the delivered drug.
Longer circulationtimes are also desired for enhanced tumor accumulation of therapeutic
carriers. This positions RGQDs developed in the present work as advantageous theragnostic
candidates for such complex conditions as cancer of kidneys, liver, arrfgs vaccinations,
allowing longer interaction with immune cells in the spleen

Besides the retention in major murine organs;atimninistered RGQDs are also
observed in bonesvhich is supported by some previous evidence of the GQD bone marrow
accumulatiorj174]. The bone marrow is hard to access and it reguiigh drug doses due to
the rapid metabolism and clearance of the drug caffi8dd. Our study suggds that GQDs,
thathawe already demonstrated their effectiveness in therapeutic delivery and tfdclihg]

could be utilized to address thdseitations via enhancing drug transport to the bone marrow
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with concomitant imaging of the delivetycation. Such a capability is highly relevant for a
number of disease targets including, multiple myeloma and aplastic anemia.

In order to better describe the biodistribution ofFN@QDs while circumventing the
issues of lower signals anthouseto-mouse variation in GQD fluorescence, an IP
administration of tts material is attempted athigher yet biocompatible concentrati(sv2
mg/kg). Several works indicate that GQDs exhibit minimal/no difference in biodistribution
with IP and IV injetion routes[176, 182] suggesting an IP administration as a viable
alternative. Similarly taV injection, IP administered NHIGQDs mice demonstrate NIR
fluorescence in major internal organs, but in the following order: liver > kidneys > spleen >
lungsOheart. IP administered mice demonstrate more consistent NIR fluorescence emission
from mouseto-mouse, that can be related to the higher dosage-f®I@Ds used. Compared
to IV injection, IP administered GQDs may undergo a-ghaghway distribution through both
vascular and lymphatic systems. The latter pathway can result in the early time Qaint G
accumulation in spleen demonstrated by substantiatINflRorescence arising from spleen
as early as 1 h postjection (Figure26). Both vascular and lymphatic distribution routes also
lead to the accumulation of NdGQDs in the liver tissue, reflected by the brightest NIR
fluorescence arising from the liver at ngaall time points. Upon IP injection, the vascular
absorption pathway can result in delayed entrance oNA@Ds into the bloodstream
compared to IV administration. However, the-N&QD fluorescence in the heart, lungs, and
kidneys is observed as early ashour post injection, confirming GQDs entrance to the
bloodstream at this time point and highlighting the similarity in biodistribution between IP and
IV-injected GQDs. Interestingly, with the IP injection of -N&QDs, murine organs

demonstrate concenteat bright NIRII emission spots withirliver, spleen and kidneys,
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compared to the homogeneous fluorescence observed in organ¥ umection. This can be
explained by the formation of loose MGQD aggregateat high GQD concentrations with
lanthanide @ns serving as a bridge between oxygen functional groups of several GQDs as is
previously observed with graphene ox|d83].

Based on the biodistribution study amdvivo experiments, we infer that RGQDs
experience most clearance through the renal pathway, whid@@Ds prefer hepatobiliary
and splenic pathways. Previoumsvivo biodistribution studies of GQDs with diameters less
than 10 nm suggest the kidneys as the mia@rance orgafi 75, 184] The charge afjuantum
dots and surface functionalization play an important role in the adsorption of proteins affecting
the hydrodynamic size of GQIPE35]. RGQDs demonstratesubstantidy high Zeta potential
for a nanomaterialwith valueo f T 49. 4 [142], that 4an fead to the minimum
absorption of negativelgharged proteins and a smaller protein corfonmation In addition
to potential loose agglomeration through theHantde ions, NINGQDs exhibit a positive
Zeta potential o1.7+ 0.7 mV(Table4) that can lead to larger protein corona sizes preventing
those from extensive renal filtration. Further studies on protein corona formation are necessary
to examine this hypothesis. Given the observed accumulation and clearance timelines we can
suggest RGQB as more effective imaging/delivery agents for kidney conditions with
additional capabilities of imaggeacking in liver, spleen, heart and even brain and joints,
posing them as unique candidates for hard to access delivery imaging targets including brain
and bone marrow.Nd-NGQDs, due to their apparent spot agglomeration with IP
administration, as discussed in Chapter 4, may have potential femddal NIR fluorescence
and ultrasound imaging, particularly for targeted small tumor detection and therapeuti

delivery.In addition,although the clearance of GQDs from the body has been evaluated up to
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48 hours posadministration, further investigation at extended time points would be valuable
to comprehensively understand the ldagn biodistribution, excran pathways, and
potential accumulation of GQDs in various organs. Such studies are crucial for assessing the
long-term safety and biocompatibility of GQDs for clinical or biomedical applications.
Finally, using multiple GQD types with spectralseparated signatures alle¥or multiplex
imaging that can enable simultaneous delivery and tracking of several combination therapies.
This technique offers unparalleled advantage for the diagnostics and treatment of such complex
condition as cancebffering, for instance, a capability of simultaneous drug/gene treatment
and their delivery trackingrhis unique advantage is enabled via simultaneous IV injection of
RGQDs and NeNGQDs that are imaged with two different channels (100025 nm and
1050+25nm) of an NIR animal imager in live sedated migemn 808 nm excitatio(Figure

28). This proofof-concept imaging study showcases the unique advardagleveloping

several NIRII-emissive GQDs for enabling complex theragnostic applications.

RGQDs Nd-NGQDs RGQDs/Nd-NGQDs

BF/BP1000%25 nm BF/BP1050%+25 nm

BF/BP1000%+25 nm/BP1050+25 nm

Figure 28. Falsecolour fluorescence imagef Balb/C micetaken at 24 h post injectiamth 808 nm
laser excitation and D0+25nm (RGQDs (red)and1050+25 nn(Nd-NGQDs (green)gmission filter
in Photon Etc. IR Vivo animal imager

75



5.5. Summary
In this studytwo types of NIRII fluorescent GQDs (RGQDandNd-NGQDs) are assessed

for potential biocimaging applications by evaluatitigeir toxicity, biodistribution and
pharmacokinetics in Balb/C mice. Their fluorescence in the-INHegion allows detecting
GQDs through the organs and the bodies of live sedated mice with little attenuation or
background autofluorescence. In the tayistudy, none of the GQDs demonstrate acute toxic
response in mice at above the imaging doses (85 mg/kg (RGQDs), 684 mg/kigsIds)

within 21 days post injection as evidenced via monitoring animal behaviors, weights and organ
tissue pathology.

The biodistribution studies show thHaith GQD species exhibit retention in the liver,
kidneys, spleen, lungs, and heart at different timentpoivithin 48 hours post injection,
regardless of the injection route. Semiquantitative assessment of GQD accumulation in organ
tissues is performed using anhiouse image analysis software identifying organ boundaries
and calculating GQD fluorescence @nsity per unit organ area. RGQDs possessing the
brightest emission demonstrate high kidney accumulation making them suitable for
theragnostics of such conditions as kidney injury caused bytéong diabetes, systemic
infection or chemotherapy agents alethal carcinoma. Their remarkable localization in leg
bones, makes RGQDs unique candidates for therapeutic delivery and tracking in bone marrow
uncommon for a majority of nanocarriers. Their prolonged, compared to most carbon
nanomaterials, blood circulati times (2= 2.8 h) study can allow for enhanced therapeutic
accumulation in cancer tumors and other disease diies/ivoorgan analysis help identify
GQD metabolic pathways suggesting that RGQDs undergo primarily renal clearance, while

Nd-NGQDs exprience most excretion through the hepatobiliary and splenic systems. This
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poses the latter GQD species as potential imaging/therapeutic delivery agents for liver and
spleen targets. While RGQDs show sufficienvivo andex vivoimaging intensities wittthe

IV injection, Nd-NGQDs require IP administration and higher doses to yield consistent signals
within all tested mice. Compared to RGQDs,-N&QDs can form small agglomerates upon

IP administration suggesting their potential duatmode NIR fluorescermzultrasound
imaging anddetection of localized targets including small tumors.

Both GQD types enablén vivo imaging in live sedated mice with the highest intensities
residing in the abdominal area at the first hour post injection. RGQDs yielding tieshig
signal to noise ratios can be localized to animal liver and spleen areas with some potential
signal from the kidneys. Their N{R fluorescence detected within the animal bodies enables
imagetracing without the neetib sacrifice mice at each imagingme point and, thus, saving
animal lives. The development of different GQD species with speetafigrated emission
signatures allows for multiplex imaging in the NIRsuccessfully shown with RGQDs and
Nd-GQDs in this work. This innovation paves thayo using different GQD species for the
delivery and simultaneous tracking of multiple combination therapies for complex diseases
such as cancer. Overall, RGQDs, -N&QDs are shown in this work to be promising
biocompatible candidates for deeper tissuR-N diagnostic imaging in the liver, kidneys,

spleen, lungs and heart as well as bone marrow (RGQDs).
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Chapter6. NIR fluorescenchllltrasound Properties of
GQDsEx Vivoandin Vivo

Can GQDs serve as dualode ultrasound and fluorescence
contrast agents viva?

6.1 Overview

Carbon dots and graphene quantum dots (GQDs) exhibiting NIR fluorescence already
attract substantial attention in biomedical research as they present minircisy toxiitro and
in vivodue to their small size, water solubility, and rapid excretisndiscussed ichapter 5
[2]. GQDs, in particular, present a versatile gatf that is successfullysad for multiple
imaging, sensing, and delivery applications. They deliver several drug and gene payloads
including molecular therapeutics, plasmids, nucleic ald486] and, when functionalized
with hyaluronic acid, can target cancer cells potentially enabling small tumor de{@é&rn
This application is particularly relevant for duabdeultrasoundfluorescence contrast agents
due to the apparent limitation of the roontrastultrasoundin small tumor identification.
While duatcontrast capabilities are not observed witQ% on their own, doping those with
rare earth metals facilitates ultrasound signal enhancement in vascular and animal tissue
phantomsas demonstrated in chapterRare earth metal dopants such as Tm and Nd also
enable multichannel NIR imaging with 808 raxcitationas shown in chapter. I this last
part of thework, we advance the exploration of ultrasound and NIR fluorescence imaging
capabilities of these materials ito vivo and ex vivostudieson Balb/C mice In addition to
providing proof of concept, this work evaluates retention/clearance times, as well as the
optimal times of duamode imaging with GQD contrast agents in different organs. The

development of such duaiode contrast agents can enhance theradlvperformance of
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disease diagnostics, eliminating the need to use complicated and, in some instances, toxic
nanobubble/dye systems. Clinically such dmalde imaging techniques can provide a critical
advantage in the detection of small cancer turfiof} inflammation site$18], and sential

lymph node biopsiefd 9].

6.2 ExperimentaMaterials andMethods

Mice handling.

Male and female BALB/c mice between 6 and 9 weeks old were acquired from Jackson
Laboratories and housed at the vivarium of Texas Christian University. All animal experiments
were conducted following NIH guidelines for housing and car&lobratory animals and
following all relevant protocols and ethical regulations for animal testing and research
approved by the Texas Christian University Institutional Animal Care and Use Committees
(IACUC protocol number 2023) of Texas Christian Univsity. Mice were caged in groups

of four or fewer; all animals were fed a diet of animal chow and water ad libitum.
Administration of graphene quantum dots.

Mice were administered 100 ul of GQDs in 1X phosptimatiered saline (PBS) solution via
intravenow (IV) or intraperitoneal (IP) injection, imaged and further sacrificed at 1, 6, 12, 24
and 48 h post injection. The concentrations of GQDs in the IV injection 3¥&mgkg for
Tm-NGQDs andl71 mgkg for Nd-NGQDs. In the IP injectio®42 mgkg concentrabn of
Nd-NGQDs was used. Control mice were injected with 100 ul of 1x PBS via IV or IP
administration. Two males and two females were used for each time point. Animals were
anesthetized in an isoflurane chamber before imaging and hair removed usingeenbaal

cream (Nair). The induction of anesthesia was continued during the imaging with a 1 liter per
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minute flow rate and-3% isoflurane concentration. Animals were sacrificed by inhalation of
carbon dioxide followed by cervical dislocation, and tissuere excised for the fluorescence
imaging.

Fluorescence Imaging.

In vivoandex vivoNIR fluorescence imaging of THtNGQDs and NeNGQDs was performed
using a preclinical hyperspectral mouse imaging system IR VIVO by Photon. etc. 808 nm
excitation laser {ht was distributed over the entire mouse with a power density of 143
mW/cn?. Emission light was filtered through 1000 nm and 1050 nm bandpass filters specific
to TMNGQD and NaNGQD emission, respectively.

Ultrasound Imaging.

In vivo ultrasound imaging wsa performed with the GE Logiq e ultrasound system. The
instrument was used in therBode, with a depth of 5 cm, with a mechanical index afQH4

and with a gain of 6@®G4. The transducer was coated with Aquasonic 100 ultrasound
transmission gel. Animahiages were taken by using 486 MHz linear probe and obtained

in a transverse plane.

Ethics Statement.

All animal experiments were conducted following NIH guidelines for housing and care of
laboratory animals and in accordance with the protapproved by the Texas Christian
University (IACUC protocol number 2023). To avoid disturbing the circadian rhythm of the

animals, there was no monitoring after 7:00 pm.

6.3 Results an®iscussion

Building on the demonstrated fluorescence and ultrasanading capabilities of NNGQDs

and TmNGQDs in vascular and tissue phantoms, further animal experiments are conducted
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using BALB/c mice to explore tha vivoapplicability of these contrast agents. In this animal
study, TmMNGQDs or NANGQDs in PBS are itially administered via the IV route, the
clinically preferred method of contrast agent administration due to rapid distribution and
precise dosing control. Ultrasound and fluorescence imaging are conducted at 1, 6, 12, 24, and
48 hours concomitantly assng the biodistribution of TANGQDs and NeNGQDs. While
control ultrasound images of mouse kidneys, liver, and spleen demonstrate normal
echogenicity and homogenous echotexture, mice injected with GQDs show ultrasound
enhancement manifesting in an in@ed echogenic texture of their organ tissues. To
distinguish GQD NIR fluorescence in mice and their organs from autofluorescence, the
intensity range is specifically set to eliminate autofluorescence signal. For consistency, the
integration time and las@ower are kept the same for all control and treated mice within each
group.

Tm-NGQDs(1V)

Upon intravenous (V) injection, the FIMGQDs are introduced into the bloodstream,
where they are distributed throughout the body. Control mice treated witld&B&nstrate
standard echogenicity across the kidney, liver (female), and spleen tisguesZ9), serving
as a reference for assessing echogeribianges due to TINGQD distribution and retention.
There is only a slight diffusely increased e
otherwise no substantial signal throughout the orgiastestingly, the fluorescence image
asoshows increased autofluorescence in the co
(Figure30). This can happen possibly due to a fatty liveedssg188, 189]although it is not

expected to be observed in young mice.

81



Kid neys
LT

Figure 29. In vivo ultrasound images of BALB/c mouse organs IV administered with eithe
PBS (Control) or with TRNGQDs at different time points (n=4 mice/group). The dashed
circles indicate an organ, arrows point to the region with an increased echogenigitgfl T
kidney, RTi right kidney. Image depth is 2 cm.
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Figure 30. NIR autofluorescence and ultrasound images of male and female mice liver used as controls
for mice group treated with TINGQDs.

Female
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During the first pass metabolism, a significant accumulation of theNG@QDs is
expected in the liver. Ultrasound imagé&sg(re 31) show diffuse (1h) and patchy-ggth)
increase in parenchymal echogenicity of the liver, indicating early and widespread
accumulation of TAMNGQDswithin the liver tissue. Further at 48 hours uniformly increased
echogenicity across the liver parenchyma is observed, resulting in a more homogeneous
echogenic patterzluorescence images of mouse livéfg(ire31) show substantial emission
arising from TmNGQDs at 6,12, and 48 h time points. Since control male mice demonstrated
abnormally increased autofluorescence, female control issfunged for comparison of NIR
and ultrasound signal. NIR fluorescence emission in livigufe32) at all time points follows
ultrasound images, wleildecreasing noticeably after 24 hours. These results demonstrate
continued retention in liver with potential redistribution of -N®QDs within 48h and
clearance starting at 24 h. NIR fluorescence images show maximum accumulatior of Tm
NGQDs in liver withn 6-12 hours, though not all mice in a group (nedce/group
demonstrate consistent enhanced echogenicity at 1 h and 6 h time points. This suggests 12
hours as an optimal time for dualode ultrasound and NIR fluorescence imaging of mouse
liver with Tm-NGQDs.
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Figure 31 In vivo andex vivoNIR fluorescence images of Balb/C mice IV administered with either
PBS (Control) or with T’NGQDs in PBS at different time points (n=4 mice/group). Emission is
collected at 1000 nm with an 808 nm excitation.
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Control

Liver

Figure 32 NIR fluorescence images of the same livelRagure 31 but at different intensity range,
where female mouse liver is used as a control.

Tm-NGQDs are also expected to gradually accumulate in the spleen due to its extensive
blood supply and filtering function. During the first to twenty forth hour post injection, a slight
increase in parenchymal echogenicity is noted, suggestive of initiakel and continued
retention of TMNGQDs in splenic tissud-{gure 29). While this result is not observed in all
mice, fluorescence images demongtriaiR fluorescence emission in spleen of most of the
mice whose echogenicity is increased. At #8he echogenicity of spleen returns to the
baseline, corresponding to the clearance ofNGQDs from splenic tissue, in contrast to the
late clearance timesbeerved in the liver. Although duaiode ultrasound and NIR
fluorescence imaging is not consistent across all animals, a correlation between NIR
fluorescence and enhanced echogenicity confirms splenic uptake NfGIRDs.

The kidneys, as the primary excngtoorgans, are expected to actively filter and
temporarily accumulate few nanomegized TmMNGQDs within the renal tubules and
glomeruli [190, 191] During the first hour of poshjection, a mild increase in renal
parenchynal echogenicity is observed in one of the mice, indicating initial uptake of Tm
NGQDs. At the next time points echogenicity returns to normal levels. Mild NIR fluorescence
(Figure3l) is observed in kidneys within 6 and 12 h time points. While there is no substantial
correlation between ultrasound and NIR fluorescence images, both results suggest effective
clearance of TANGQDs from the renal tissue at tharly time points, with no evidence of

prolonged retention over the observation period. NIR fluorescence images of sedated mice
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(Figure 31) alsodemonstrate TANGQD emission signal in the bladder ah land intestine
within 48 hours, confirming early renal and prolonged hepatobiliary clearance. Overall, Tm
NGQDs exhibit duamode ultrasound and NIR fluorescence contrast agent properties most
vividly in the liver, suggesting its potential application in early diagnostics of liver conditions
such as MASH (Metabolic dysfuncti@ssociated steatohepatitis) and cirrhosis.
Nd-NGQDs(IV)

Given the structural similarities between TMGQDs and NeNGQDs, NANGQDs
are also expected to experience retention in the liver during thedsstmetabolism. At the
first hour heterogeneous areas of increased echogenicity are obsagued 33), reflecting
widespread early accumulation of MW5QDs within the liver. At 6 hours, echogenicity
returns to baseline in some cases, while others retain areas of mild increased echogenicity,
indicating partial clearanceAt 12-24 hours persistent increased echogenicity is evident,
suggesting ongoing retention in liver parenchyma. At 48 hours heterogeneous parenchymal
echotexture is present, with uneven areas of increased echogenicity, sgggestntial
redistribution of NeNGQDs within the liverAs shown in chapter 5t 4 and 12 hours three
out of four mice demonstrate NIR fluorescence emission in the liver arising from the Nd
NGQDs indicating prolonged 12 h retentidfigure24, Figure25). Furthermore, all four mice
exhibit NIR emision in the liver at 2dour time point, which correlates with increased liver
echogenicity in the ultrasound images. By 48 hours, a decrease in NIR fluorescence intensity
suggests gradual NdGQDs clearance. The strong correlation between ultrasound l&d N
fluorescence at 24 hours indicates this as the optimal time fonthge imaging of the liver
with IV-injected NANGQDs. Unlike TrANGQDs, NANGQDs do not undergo active uptake

by the spleen during the first hgoui.: only one mouse has focal increasetiogenicity in the
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spleen, while none exhibit NIR fluorescen&ggure 33). At 6 hours, three out of four mice
demonstrate both diffuse increased echogenicity and mild NIR fluorescence emission in the
spleen, suggesting maximum accumulation and potential fornolo@dé imaging at this time

point. 12 to 48 hour time points show mildly increased echogenicity in the spleen of some mice
that is localized in smaller regions. Few mice demonstrate NIR fluorescence during this time
interval, suggesting overall ongoing cleara and reduced retention of NGQDs in the
spleen.

During the first hour post injection, no significant changes are observed in the
echogenicity of renal parenchymal. At 6 hours, increased echogenicity is observed in several
mice, suggesting early acculation of NdANGQDs in renal tissuérigure33). At 12 hours,
hyperechoic areas are noted, indicating a more prominent retention GRS within the
kidney parenchyma. At the 24 h time point only localized hyperechoic areas are dpserve
corresponding to a gradual clearance with residual focal retention. NIR fluorescence images
of three out of four mice do not show fluorescence emission in the kidneys at 1 and 6 hours
(Figure24, Figure25), suggesting either delayed clearance through the kidneys (possibly due
to larger NANGQD sizes) or clearance occurring between the imaging time points. At the 12
h time point, however, three out of four mice demonstrate increased NIR fluorescence that
correlates with ultrasound imaging results, suggesting 12 hours as the optimal time for dual
mode imaging. Nedbaseline echogenicity and NIR fluorescence at 48 hours indicate effective
cl earance, confirming the kidnNGQRPDovertone.e i n
Similarly to TmNGQDs, NIR fluorescence images of sedated r(fiegure 24) demonstrate
fluorescence emission in the intestine arethiwi 6 to 24 hours, confirming prolonged

hepatobiliary clearance. Due to the IV administration, some mice cary@@D depot in
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the tail, visible inFigure 24. This can contribute to slow GQD release over time and some
inconsistencies in moude-mouse results. Overall, NdGQDs demonstrate duaiode
ultrasound and NIR fluorescence contrast agesypgrties in mice with optimal time points for
imaging in the spleen att§ kidneys at 18, and liver at 24, thus presenting a more promising

imaging potential than TINGQDs.
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Kidneys

Figure 33. In vivoultrasound images of Balb/C mouse organs IV administered with either PBS
(Control) or with NANGQDs at different time points (n=4 mice/group). The dashed circles indicate
an organ, arrows point to the region with an increased echogenicityleffTkidney, RT1 right

kidney. Image depth is 1.5 cm.
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Nd-NGQDs (IP)

While IV is considered a preferable administration route in the study of contrast agents,
intraperitoneal (IP) administration of drugs in rodents is a less harmful and more justifiable
route for proofof-concept studies of a drug formulatifli72]. NO-NGQDs demonstrating
better NIR/ultrasound correlation upon IV administration are further studied under IP
administration. In this stly, BALB/c mice are injected IP with 100 pl of NdGQDs at342

mgkg yielding no apparent acute toxicity in a parallel toxicity study for at least 21adays
shown in chapter Bigure18).

To assess the biodistribution of MGQDs ultrasound and fluorescence imaging are
conducted at 1, 6, 12, 27, and 48 hours. At the 1 h time point the liver demonstrates an increase
in echogenicity with a mildlgoarse echotexture, indicative of early-N&QD accumulation
(Figure34). By 6 and 12 hours, the liver exhibits a diffusely coarse echotexture widageo
echogenicity, persisting through 27 hours. At 48 hours, the liver continues to display increased
echogenicity, suggesting long NNIGQD retention and identifying the liver as a primary site
of deposition. NIR fluorescence images of mouse liver algeal signals from the NNGQDs
at all time pointsKigure 26, Figure27). At 1 h there is a small area with NIR fluorescence
emission similar to observation in ultrasound images.-f&t-83-hour time points the livers

show areas with bright NIR fluorescence irsituns that fully correlate with ultrasound images.
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Figure 34. In vivoultrasound images of BALB/c female mice IP administered with either PBS
(Control) or with NANGQDs at different time points (n=4 mice/group). The dashed circles indicate
an organ, arrows point to the region with an increased echogenicityleffikidney, RTT right

kidney. Image depth is 1.5 cm.
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