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ABSTRACT
Cancer is a critical health concern worldwide. Although significant progress in cancer
diagnosis and therapy has been made to date, the lack of efficient delivery of active
compounds to the target site and adverse systemic effects remain a major challenge in
cancer treatment. For those reasons, different therapeutic strategies have been developed to
improve the target specificity and reduce side effects in conventional therapy. Nanomedicines
are innovative nanoparticulate drug delivery systems constructed from biocompatible,
biodegradable, and nontoxic materials. Nanoparticles can transport diagnostic and
therapeutic agents with increased bioavailability, reduced dosing frequency, and less offtarget side effects. Recently, cellulose nanocrystals (CNC NPs) and lignin nanoparticles
(LNPs) have attracted attention as abundant natural nanomaterials that can be derived from
various bioresources, especially plant-based lignocellulosic biomass. CNC NPs and LNPs
have been intensively explored as material scaffolds in numerous biomedical applications due
to their unique physicochemical and biological properties.
Nuclear molecular imaging techniques, including single-photon emission computed
tomography (SPECT) and positron emission tomography (PET) are non-invasive and
sensitive imaging technologies that allow the tracking of a tracer dose of
radiopharmaceuticals in vivo to determine their target occupancy, circulation, biodistribution
profiles, and elimination kinetics. Nanomaterials tagged with a radioactive label can be traced
after systemic administration through the detection of gamma photons emitted by the
radioactive isotopes outside the body (single γ photon for SPECT and annihilation of two antiparallel 511 keV photons for PET). Moreover, several radioisotopes can concomitantly
release diagnostic γ radiation and ionizing particles (α or β-) during their decay, enabling the
consolidation of diagnostic imaging and radiotherapy.
The combination of imaging labels and therapeutic agents into a single nanoparticle platform
creates a theranostic nanosystem, which can be used for simultaneous imaging and therapy
of cancer. This thesis aimed to develop theranostic nanoparticle drug delivery systems based
on CNC NPs and LNPs. The project comprised of several studies: 1) radiolabeling chemistry
development, 2) in vitro cytotoxicity and cellular uptake investigation, 3) in vivo biodistribution
and imaging studies in tumor-bearing animal models with the developed tracers, and 4) a
theranostic nanosystem development and biological evaluation based on the observations
from 1–3. Firstly, CNC- and LNP-based imaging probes for nuclear and optical imaging were
developed for the in vitro and in vivo investigation using two modification strategies: sitespecific hydrazone linkage to the terminal aldehyde of the CNC and non-site-specific
conjugation using CDI activation. Both multimodal CNC NPs and LNPs demonstrated low
cytotoxicity and favorable interactions with macrophage and cancer cell lines. Following
extensive validation in material characterization and in vitro cell models, radiometal chelator
DOTA-modified CNC NPs from both synthetic pathways were selected to further explore the
in vivo behavior through the labeling with diagnostic radionuclide 111In in both healthy and 4T1
breast tumor-bearing mouse models. The ex vivo biodistribution and SPECT/CT imaging
revealed comparable pharmacokinetic profiles where the accumulation of all developed 111Inlabeled CNC NPs was primary in the lung, liver, and spleen, which are the clearance organs
of nontargeted nanoparticles. Due to high retention of the CNC in the lung capillaries,
theranostic CNC NPs were further developed for co-delivery of radiotherapeutic 177Lu and
chemotherapeutic vemurafenib to target YUMM1.G1 metastatic melanoma in the lung through
vascular trapping. The theranostic CNC NPs exhibited excellent radiolabel stability and
sustained drug release profiles in vitro. The therapeutic studies also showed that the lifespan
of tumor-bearing animals treated with theranostic CNC NPs was increased about twice from
the median survival time of animals receiving only the vehicle or CNC NPs carrying only a
single component of the theranostic system.
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In conclusion, the work presented in this thesis demonstrates the successful development of
novel CNC- and LNP-based molecular imaging nanoprobes and the theranostic CNC NPs for
the delivery of radio- and chemotherapeutic agents with enhanced therapeutic efficacy
compared to the conventional chemotherapy in metastatic melanoma. The studies provide a
breakthrough on the development of systemically administered CNC drug delivery systems
and warrant further investigation on the potential of CNC NPs as a renewable scaffold for
theranostic drug delivery systems.
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1. INTRODUCTION
Cancer is a serious health problem around the world due to its high mortality rate. The World
Health Organization (WHO) and the American Cancer Society (ACS) projected rapid growth
of cancer incidence for the forthcoming years because of the influence from different factors,
such as personal lifestyle, aging, pollution, and the increase in the world population (Bray et
al., 2018; Siegel et al., 2020). Cancer is a heterogeneous and adaptable disease with unique
characteristics (e.g. invasiveness, ability to metastasize and adapt in response to therapy)
that make the diagnosis and therapy difficult. In clinical practice, surgery, chemotherapy, and
radiation therapy are the standard treatment of cancer. Chemotherapy is sometimes the only
treatment method; however, it is frequently used in combination with the others depending on
the type, condition and the stage of the disease. Although the technologies in cancer
diagnosis and therapy have advanced in the past years, the management of cancer remains
challenging in terms of achieving satisfactory therapeutic outcomes and quality of patient life
(Cagan and Meyer, 2017). Because conventional chemotherapy cannot differentiate between
healthy and cancerous cells inside the body, a major problem is the adverse side effects
arising from the toxicity of chemotherapeutic drugs that can damage the normal cells after
treatment. Therefore, significant efforts have been steered toward the development of a new
therapeutic platform that can incorporate these potent therapeutic compounds and specifically
deliver to the cancer site without interacting with the healthy cells.
Over the past years, nanomedicine has been extensively investigated as an alternative
therapeutic approach intended to overcome the limitations of conventional chemotherapy.
One of the main goals in nanomedicine development is to investigate suitable drug delivery
systems (DDS) by nanoparticle (NP) platforms, which can deliver a sufficient amount of
diagnostic and therapeutic payloads to a specific target while minimizing undesirable side
effects (Farokhzad and Langer, 2009). The recent NPs used in DDS development range from
natural resources to inorganic materials, for instance, natural biopolymers, synthetic
polymeric micelles, inorganic gold NPs, mesoporous silica NPs, and porous silicon NPs. In
general, the minimum requirements for NP-based DDS are nontoxicity, biocompatibility, and
biodegradability regardless of the type of NPs (Aftab et al., 2018). Furthermore, the
integration of nuclear molecular imaging techniques to nanomedicine plays a crucial role in
the progress of NP-based DDS development, especially in preclinical evaluation where the
image-guided NPs allow real-time monitoring and non-invasive studies of pharmacokinetics
and biodistribution of tested drug delivery systems (Man et al., 2018).
Nuclear molecular imaging methodologies, including positron emission tomography (PET)
and single-photon emission computed tomography (SPECT) are sensitive technologies of
non-invasive molecular imaging, capable of providing information on tissue function and
biochemistry. Nanoparticles labeled with a suitable radioisotope can be traced after systemic
administration in order to determine their biodistribution, specific uptake, and elimination (Ding
and Wu, 2012). Additionally, radiolabeled NPs can be used to detect and monitor pathological
and molecular changes related to therapeutic delivery with nanoscale DDS, providing
researchers with direct feedback on the in vivo performance of the developed nanosystems.
Although most of the medical radioisotopes are diagnostic isotopes either for PET or SPECT
imaging, several radioisotopes present theranostic properties that can provide simultaneous
diagnostic and radiotherapeutic functionalities within the same isotope. The use of theranostic
radionuclides is envisaged to be a promising approach for more innovative oncological
applications in the future (Filippi et al., 2020).
In this thesis, multimodal theranostic nanoprobes based on cellulose nanocrystals (CNC) and
lignin nanoparticles (LNP) drug delivery systems were developed. Bifunctional chelators for
radiometal labeling (111In and 177Lu in this work) and fluorescent dyes (Cyanine5
amine/hydrazide) were used as imaging agents for SPECT imaging and fluorescence
microscopy, respectively. The bifunctional chelators were conjugated onto the surface of CNC
13
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NPs and LNP through the selective carbonyldiimidazole (CDI) activation or non-catalytic
aldehyde-hydrazide coupling reactions. The radiosynthesis of 111In/177Lu-radiolabeled CNC
NPs was mainly carried out in metal-free acid buffer at high temperature and the radiolabeled
products were purified using a multi-step centrifugation procedure. The multimodal CNC and
LNP imaging probes were successfully characterized using various advanced techniques. In
the first subproject, the systemic in vitro biocompatibility and cell interactions of multimodal
CNC NPs and LNP were studied in murine RAW 264.7 macrophages and murine 4T1 breast
adenocarcinoma cell lines using a number of commercially available cell viability assays,
providing useful guidance of nanoparticle-compatible cell viability assay for CNC and LNP
studies. Next, CNC NPs were radiolabeled with 111In ([111In]In-CNC NPs) and the in vivo
behavior of radiolabeled CNC NPs was investigated in both healthy and 4T1 tumor-bearing
animals. The information obtained from ex vivo biodistribution and non-invasive small animal
SPECT/CT imaging could guide the structural optimization of CNC-based DDS for targeted
drug delivery applications. The biodistribution of [ 111In]In-CNC NPs demonstrated a transient
uptake and retention in the lung, suggesting the possibility to target the highly vascularized
metastases. In the final study of the series, we further explored the capabilities of theranostic
CNC DDS by developing 177Lu-labeled CNC loading with the BRAF kinase inhibitor
vemurafenib payload ([177Lu]Lu-CNC-V NPs). The BRAF gene encoding the serine-threonine
kinase BRAF shows to be mutated predominantly in metastatic melanoma (Johansson et al.,
2014). About 50% of melanomas harbor the activating BRAF mutation at the codon V600E
(BRAF V600E). In this subproject, the in vitro evaluation of the theranostic CNC NPs,
including cytotoxicity, cellular uptake, and cell survival assay was carried out in murine
YUMM1.G1 and human A375 melanoma cell lines (activating BRAF V600E mutation) while
murine B16-F10 melanoma was used as a control of wild-type BRAF gene expressing cell
line. Further to this point, the ex vivo biodistribution and therapeutic studies of [177Lu]Lu-CNCV NPs were done to examine the potential synergistic effects of vemurafenib chemotherapy
and 177Lu radiotherapy in mice bearing YUMM1.G1 lung metastatic melanoma tumors to
show the potential of the theranostic nanosystem for therapy of metastatic melanoma.
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2. LITERATURE REVIEW
2.1 Radiochemistry: radiometals, bifunctional chelators, and nuclear imaging
The use and selection of radiopharmaceuticals in diagnostic nuclear medicine procedures
have increased rapidly over the past 30 years (Drozdovitch et al., 2015).
Radiopharmaceuticals used in nuclear medicine can be employed as diagnostic and
radiotherapeutic agents or more rarely as theranostic agents depending on the nuclear
properties of the radionuclides they carry. Recently, the development of radiopharmaceuticals
has been broadening to support the clinical capabilities for the more precise diagnosis
(imaging) and treatment (radiotherapy) of various cancers (Sgouros et al., 2020). In general,
the radioisotopes used in radiopharmaceutical production are typically divided into two
categories, which are metal and nonmetals. The nonmetal radionuclides (e.g. 11C, 13N, 15O,
18
F, 123I, and 124I) are generally incorporated into organic molecules or targeting biomolecules
via the covalent bond formation, while radiometals (e.g. 64Cu, 68Ga, 89Zr, 111In, and 177Lu) form
the coordination complex with chelators or ligands. Most chelators used in radiometal
coordination are bifunctional chelators with at least one functional group available for the
covalent conjugation with the targeting molecules. In terms of applications, positron emission
tomography (PET) and single-photon emission computed tomography (SPECT) are the most
widely used imaging modalities for the detection of the emitted positron and subsequent
annihilation gamma (for PET) and gamma-ray photon (for SPECT) through the decay of
radionuclides after systemic administration of radiopharmaceuticals into the studied subject.
In addition to those nuclear imaging modalities, X-ray, computed tomography (CT), and
magnetic resonance imaging (MRI) are commonly combined to supplement the PET and
SPECT imaging for the visualization of the anatomical features inside the body, endowing
superior integrated data set for the improvement of diagnostic accuracy and localization of
tumor lesions. In the following sections, the metal-based radiopharmaceuticals and SPECT
imaging are focused on as a complementary review for the radionuclides and imaging
technique used in this thesis.
2.1.1 Radiometal-labeled radiopharmaceuticals
Radiometals are radioactive isotopes of various metallic elements in the periodic table and
have become the cornerstone of both diagnostic and therapeutic applications in nuclear
medicine. A wide collection of radiometals is available for radiopharmaceutical development.
The selection of radiometals is commonly based on nuclear decay characteristics and the
chemical properties of radioisotopes for desired applications. The decay mode of radiometals
determines the applicability of radioisotopes with the imaging modalities: gamma (γ) emitter
for SPECT and positron (β+) emitter for PET imaging. Although SPECT is a sensitive imaging
technique, the energy of gamma photon released from radioisotope needs to be sufficient
(>86 keV) to achieve the minimum limit for qualitative detection from the outside of the body
(Yao et al., 2013). Moreover, the physical half-life (t1/2) of most radiometals for SPECT
imaging is relatively longer than those for PET imaging, allowing long-term monitoring of
biological processes in vivo. For example, in drug delivery applications, the long physical halflife of radioisotopes enables the possibility to track the full range of pharmacokinetics of
injected drug delivery carrier through the observation of biodistribution, target accumulation,
loss in target accumulation, and excretion, which might be challenging to study with a nonimage-guided approach (Fernandes et al., 2017).
While most radiometals in nuclear medicine are mainly used for diagnostic purpose, several
radiometal isotopes, known as theranostic (diagnostic + therapeutic) isotopes, have a crossfunctional nuclear property in which the radionuclide can simultaneously emit γ or β+ for
diagnosis along with alpha (α) particles, beta (β-) particles or Auger electrons for radiotherapy
with the same isotope. The theranostic radiometals and their applications will be further
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discussed in section 2.3.3. The nuclear properties of the most relevant radiometals in current
radiopharmaceutical synthesis are listed in Table 1.
Table 1: Physical decay characteristics of common radiometals used for SPECT, PET, and theranostics
in both preclinical and clinical applications (Data retrieved from National Nuclear Data Center (NNDC) of
Brookhaven National Laboratory, Upton, NY, U.S.A.: https://www.nndc.bnl.gov/nudat2)
Metal

Half-life
(t1/2)

Decay
mode

Eβ,max MeV (%
intensity)

Eγ keV (%
intensity)

2.694 d

β-/γ

0.961 (99)

411.8 (95.62)

3.139 d

-

β /γ

0.2936 (72)
0.4520 (6.5)

Au

158.38 (40)
208.20 (8.72)

64

Cu

12.701 h

β+/ β-/EC

0.653 (17.6)

511 (35.2)

67

Cu

61.83 h

β-/γ

0.377 (51)

91.27 (7)
93.31 (16.1)
184.58 (48.7)

SPECT/
theranostic

Isotope
198

Au

Gold (Au)
199

Copper (Cu)

165

Dy

2.334 h

β-

1.191 (15)
1.286 (83)

-

radiotherapy

166

Dy

81.6 h

β-/γ

0.404 (97)

82.47 (13.8)

SPECT/
theranostic

67

Ga

3.262 d

EC/γ

-

68

Ga

67.71 m

β+/EC

1.899 (87.72)

2.8047 d

EC/γ

Lu

6.647 d

-

β /γ

Rb

1.258 m

β+/EC

3.718 d

-

β /γ
-

Dysprosium (Dy)

Gallium (Ga)

Indium (In)

111

Lutetium (Lu)

177

Rubidium (Rb)

82

In

Re

17.005 h

β /γ

44

Sc

3.97 h

β+/EC

47

Sc

3.3492 d

β-/γ

0.600 (31.6)

Re

Rhenium (Re)
188

Strontium (Sr)

89

155.044 (15.49)
1157 (99.9)
159.38 (68.3)

β-

1.500 (99.99)

-

EC/γ

-

105.318 (25.1)

161

6.89 d

β-/γ

94m

52 m

β+/EC

99m

Tc
Y

6.01 h
14.74 h

IT
β+/EC

0.461 (25.7)
0.518 (65)
1.592 (8.9)
1.938 (4.1)
2.438 (67.6)
3.460 (12.8)
1.221 (11.9)

Y

64 h

β-

2.280 (99.99)

-

Tc

86

Zirconium (Zr)

137.16 (9.47)

5.32 d

Tb

Ytterbium (Yt)

776.52 (15.08)

50.563 d

Sr

Terbium (Tb)

Yttrium (Y)

93.31 (38.81)
184.58 (21.41)
300.22 (16.64)
393.53 (4.56)
171.28 (90.7)
245.35 (94.1)
112.95 (6.17)
208.37 (10.36)

155

Tb

Technetium (Tc)

0.177 (11.61)
0.4983 (79.4)
2.601 (13.13)
3.378 (81.76)
0.932 (21.54)
1.070 (70.99)
1.965 (25.8)
2.120 (70.7)
1.474 (94.27)

186

Scandium (Sc)

Imaging
modality
SPECT/
theranostic
SPECT/
theranostic
PET/
theranostic

90

74.57 (10.2)

PET
SPECT
SPECT/
theranostic
PET
SPECT/
theranostic
SPECT/
theranostic
PET
SPECT/
theranostic
radiotherapy
SPECT/
theranostic
SPECT/
theranostic

871.091 (94)

PET

140.51 (89)
443.13 (16.9)

SPECT
PET
SPECT/
theranostic
SPECT/
theranostic
PET
SPECT/
theranostic

-

Yb

4.185 d

β /γ

0.470 (72.9)

89

Zr

78.41 h

β+/EC

0.902 (22.74)

113.805 (3.87)
282.522 (6.13)
909.15 (99.04)

97

Zr

16.749 h

β-/γ

1.916 (87.8)

743.36 (93.09)

175

SPECT

Radiometals are not usually administered in vivo alone due to their non-specificity and rapid
urinary excretion, except for specific radionuclide therapy, such as bone metastasis treatment
with [89Sr]SrCl, [153Sm]Sm-EDTMP, and [223Ra]RaCl (Manafi-Farid et al., 2020). Hence,
radiometal-based pharmaceuticals are typically presented in the form of radiolabeled drug
compounds (Fellner et al., 2010; Ogawa et al., 2011), small molecules (van Dam et al., 2011;
Chin et al., 2012), nanoparticles (Nahrendorf et al., 2008; Lin et al., 2011), and biomolecules
(Sampath et al., 2010; Mikolajczak and Maecke, 2016). In general, a radiometal-labeled
compound consists of four major components that are the radiometal, the chelator, the linker
or spacer, and the targeting vector or carrier (Figure 1). To label a compound, the chelator is
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a crucial part that acts as an active site to form the coordination complex with radiometal
while the reactive functional group on one end of the ligand can be covalently conjugated to
the spacer or targeting vector through available bioconjugate chemistries, such as amide
coupling reactions (Nakajima and Ikada, 1995; De León-Rodríguez and Kovacs, 2008) and
click reactions (Breinbauer and Kohn, 2003; Baumhover et al., 2011). The concept of
chelator-mediated radiolabeling and bifunctional chelator will be addressed in section 2.1.2.
While the selection of targeting vectors and conjugation chemistry is out of the scope of this
review, significant efforts have been made to the development of radiolabeling chemistry and
site-specific conjugation of chelators to antibodies and proteins in order to minimize the
impact on the targeting ability, metabolic stability, and pharmacokinetics of those targeting
vectors in vivo (Morais and Ma, 2018; Fay and Holland, 2019).

Figure 1: General structure of radiometal-labeled compound. The biomolecules or targeting vectors
usually contain chemically active functional groups that can be covalently bound with a spacer or linker
while the radiometal-labeled chelator can be covalently attached to the other end of the same spacer.

Further to the discussion of radiometals, the development of radiopharmaceuticals based on
several relevant radiometals for SPECT imaging (e.g. 99mTc, 111In, and 177Lu) is briefly
reviewed next. Technetium-99m (99mTc) has been known as the most classical radiometal
frequently used as a diagnostic agent for more than 60 years and has become a workhorse
for nuclear imaging worldwide. 99mTc has remarkable nuclear properties, including optimal γ
emission energy (Eγ = 142.7 keV, 100%) that cannot cause tissue damage (no α or βemission) while high enough energy for SPECT imaging, intermediate physical half-life (t1/2 =
6 h) that allows adequate time for preparation and administration of radiotracer, and wide
availability of transportable generators for on-site production (Martini et al., 2018). Unlike
other radiometals, 99mTc has versatile chemistry due to its different forms of molecular
geometry and multi oxidation states ranging from +7 to +1, which can create various types of
complexes. A number of 99mTc radiolabeling kits are currently in use in the clinic for the
diagnosis of a large number of diseases, such as those in the bone, heart, brain, liver, and
thyroid (Kumar et al., 2015; Boschi et al., 2019).
Indium-111 (111In) is one of the most common gamma emitters for SPECT imaging (Eγ1 =
171.28 keV, 90.7% and Eγ2 = 245.35 keV, 94.1%) with a long physical half-life (t1/2 = 2.8 d).
Indium-111 is prepared in a cyclotron accelerator through proton bombardment of a cadmium
target. Nowadays, numerous cyclotrons are in operation worldwide, which makes 111In widely
available in most of the cyclotron sites (Lahiri et al., 2013; Synowiecki et al., 2018). Moreover,
the half-life of 111In enables the tracking of targeting peptides, nanoparticles, and
biomolecules (e.g. antibodies) that have long systemic circulation and slow kinetics in uptake
and clearance in vivo (Blower, 2016). For this reason, 111In-labeled radiopharmaceuticals
have been continuously developed to date. Recently, the 111In-labeled pertuzumab was
explored as a diagnostic radiopharmaceutical for monitoring the therapeutic response to
trastuzumab combined chemotherapy in HER2-positive breast cancer patients. The studies
showed high radiolabeling yield (>90%) and stability of [ 111In]In-BzDTPA-pertuzumab with
excellent pharmaceutical quality for human use. The SPECT imaging studies confirmed
specific uptake in HER2-positive tumor, advancing the further investigation in Phase I/II
clinical trial of the kit (Lam et al., 2015). The novel 111In-labeled anti-PSMA nanobodies were
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developed as a promising approach for targeted SPECT/CT imaging of prostate cancer due
to their high target specificity and rapid clearance from non-target tissues. The 111In-labeled
anti-PSMA nanobodies demonstrated good tumor uptake with low retention in non-target
tissues, allowing the SPECT/CT scan of prostate cancer within a few hours after
administration with low background signal (Chatalic et al., 2015). Apart from γ photon
emission, 111In also releases an Auger electron that can be used for radionuclide therapy. Gill
et al. reported the development of theranostic 111In-labeled human epidermal growth factorinstalled polymeric nanoparticles loaded with ruthenium radiosensitizer for EGFR-targeted
combination therapy in oesophageal cancer. The studies revealed that the co-delivery of 111In
and ruthenium decreased the survival of EGFR overexpressing cells compared to singleagent formulations and showed the enhancement of DNA damage generated by the
combination of 111In radiotherapy and ruthenium chemotherapy (Gill et al., 2018). However,
the very short range of Auger electron in biological tissue can limit the use of 111In in
radiotherapy due to a non-uniform distribution of radioactivity, especially in a large and
heterogeneous tumor. Therefore, longer-range β- particle emitters, such as 90Y and 177Lu
have been found to be more suitable for theranostic applications (Sgouros et al., 2020).
In recent years, there has been an increasing research trend using theranostic approaches
for simultaneous diagnostic imaging and radiotherapy. A matched pair of radionuclides has
been developed for tandem applications where the same biological vector is labeled with two
different radioisotopes (one for diagnostic and another for therapeutic) using similar
complexation chemistry. Although the radiolabeling of two isotopologues can be done with
standard and robust procedures, the economic constraints for acquiring two radioisotopes can
be the greatest obstacle limiting the future use of this approach (Notni and Wester, 2018).
Therefore, theranostic radionuclides might create a more convenient avenue by utilizing only
one radionuclide for both purposes. Among SPECT radioisotopes, lutetium-177 (177Lu) is one
of the most relevant theranostic radiometals in current clinical use. 177Lu emits both a βparticle (Emax = 0.4983 MeV, 79.4%) for radiotherapy and γ photons (Eγ1 = 112.95 keV, 6.17%
and Eγ2 = 208.37 keV, 10.36%) for SPECT imaging. The half-life of 177Lu is relatively long (t1/2
= 6.647 d), which allows long-term mapping of pharmacokinetic profile of targeting molecule.
In general, 177Lu can be synthetically produced using two methodologies: charged particle
accelerator (cyclotron) and neutron irradiation in a nuclear reactor, however, the latter option
is more effective and cost-efficient. In a nuclear reactor, there are two possible routes to
prepare 177Lu, which are the direct neutron activation of 176Lu and the activation of Ytterbium176 (176Yb) to 177Yb (t1/2 = 1.9 h) followed by the β- decay to 177Lu. The oxidation state of 177Lu
is +3, which can form a stable complex through the coordination bonds with available donor
atoms (O and N) on those ligand structures (Banerjee et al., 2015). A vast number of 177Lulabeled radiopharmaceuticals have been investigated in preclinical research and several have
been translated into clinical applications. The most potential carriers of 177Lu-based
radiopharmaceuticals are antibodies (Perk et al., 2005; Rasaneh et al. 2009), peptides (De
Jong et al., 2002; Chakraborty et al., 2013), and nanoparticles (Satterlee et al., 2016; Goos et
al., 2020).
One of the foremost examples of 177Lu-based radiopharmaceuticals is 177Lu-labeled
somatostatin peptide analogs for neuroendocrine tumor (NET) radiotherapy. The
incorporation of 177Lu to somatostatin analogs has proved to be the most effective strategy for
NET treatment compared to conventional therapy with an improvement in treatment response
and quality of life in patients (Khan et al., 2011). Delpassand et al. reported the therapeutic
efficacy of 177Lu-radiolabeled DOTATATE somatostatin analog in patients with metastatic
gastroenteropancreatic NETs. The results demonstrated a controlled tumor progression after
multi-cycle treatments of 177Lu-DOTATATE (cumulative dose of 29.6 GBq ± 10%) in most
patients (Delpassand et al., 2014). However, the absorption of 177Lu radiopeptide in the
kidney may cause long-term effects of renal toxicity and kidney failure after repeated cycles of
treatment (Melis et al., 2010). Brabander et al. studied long-term efficacy, survival, and safety
of 177Lu-DOTATATE in 610 patients with NETs (cumulative dose of ≥ 3.7 GBq). The results
demonstrated a good response rate with 29 months of progression-free survival and 63
months of overall survival. Moreover, long-term renal and hepatic failures were not observed
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(Brabander et al., 2017). Apart from NET radiotherapy, 177Lu has been also investigated for
the treatment of prostate cancer patients. Baum et al. studied the safety and therapeutic
efficacy of 177Lu-labeled prostate-specific membrane antigen (177Lu-PSMA) targeting
metastatic castration-resistant prostate cancer (mCRPC). 177Lu-PSMA demonstrated a higher
absorbed dose in tumor than other normal organs and proved to be effective for end-stage
progressive mCRPC treatment with 13.7 months of median progression-free survival. All
patients tolerated well the therapeutic dose of 5.76 GBq/cycle throughout the treatment
course (2-3 cycles) while no long-term side effects were found (Baum et al., 2016). A similar
study was conducted to explore a tolerance dose limit of 177Lu radioligand therapy in prostate
cancer patients by varying the injected activity of 177Lu-PSMA-617. The studies showed that
the patients without chemotherapeutic pretreatments tolerated up to 3 injections of 9.3 GBq
every 2 months (Rathke et al., 2018).
With regards to the advantages of 177Lu nuclear properties, theranostic nanosystems based
on 177Lu have also been actively explored with the intention to expand the diagnostic and
therapeutic options for oncologic applications. Recently, polymeric nanostars for molecular
imaging and radiotherapy based on passive targeting were developed. The 177Lu-labeled
nanostars (~11 nm in size) showed high tumor accumulation (14.8–21.7%ID/g). Besides, the
therapeutic studies confirmed the significant improvement of the survival rate in CT26 tumorbearing animals treated with theranostic nanostars (P-value = 0.001), demonstrating the
potential use of nanostars for theranostic drug delivery systems with highly efficient passive
targeting via EPR effect (Goos et al., 2020). Following the same year, Zhang et al. reported
the targeted radiotherapy using 177Lu-labeled α-melanocyte stimulating hormonefunctionalized ultrasmall core-shell silica NPs (~6 nm diameter) for melanoma treatment. The
theranostic core-shell silica NPs exhibited good radiolabel stability and high cellular binding
affinity and internalization. The biodistribution showed high tumor uptake (~10%ID/g) in both
murine B16-F10 and human M21 tumor-bearing animals at 24 h post-injection. Finally, the
theranostic silica NPs prolonged the survival rate of the animals in both tumor models
compared to the PBS (P-value ≤ 0.036) and non-radiolabeled silica NP (P-value ≤ 0.01)
groups (Zhang et al., 2020).
2.1.2 Chelator-mediated labeling with radiometals
As discussed in the previous section, the chelator or ligand is one of the most essential
components for radiolabeling with radiometals. The chelator promotes a stable complex with
radiometal to prevent the unwanted hydrolysis especially in a highly diluted environment after
systemic administration, and transchelation by competing metals and biomolecules in vivo
before reaching the target site of interest (Okoye et al., 2019). Therefore, the choice of
chelator must be carefully selected to match the physicochemical properties of radiometal. In
radiopharmaceutical production, bifunctional chelators (BFCs) have been greatly employed as
a dual-function ligand that can form a coordination complex with a radiometal and attach to a
targeting vector. In addition to the carbon backbone, BFC molecules usually contain nitrogen
(N) and oxygen (O) atoms that behave as donor atoms to donate an electron pair to form a
coordinate covalent bond with radiometal. Furthermore, BFCs are typically modified on one
end with a reactive functional group, such as amine (NH2), isothiocyanate (SCN), Nhydroxysuccinimide (NHS), carboxylic acid (COOH), thiol (SH), azide (N3), maleimide
(CONHCO), trans-cyclooctene (TCO), and dibenzocyclooctyne (DBCO), to facilitate the
covalent conjugation with the reactant pair group available on a targeting vector. The
attachment of reactive functional group on the BFC molecule is more preferable to the carbon
atom on BFC backbone while leaving donor atoms (N and O) available for the complete
coordination with radiometal, resulting in a more stable complexation (Price and Orvig, 2014).
A wide variety of metal-chelating molecules and their bifunctional derivatives have been
continuously developed and synthesized that can be simply divided into two classes: acyclic
and macrocyclic chelators. The acyclic chelators are an open-chain ligand, which is less inert
than macrocyclic chelators. The open-chain structure of acyclic ligands facilitates rapid
radiolabeling in mild condition even at room temperature, nevertheless, it becomes less stable
compared to macrocyclic ligands due to its unorganized binding structure. The macrocyclic
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chelators are polydentate ligands where donor atoms are embedded in the pre-organized
closed-ring structure. Thus, the radiometal complex formed with a macrocyclic ligand is likely
to have better thermodynamic stability and kinetic inertness (Ma and Blower, 2017; Zhou et
al., 2019).
Radiolabel stability between metal and chelator is one of the most important parameters in
radiometal-labeled pharmaceutical compounds, as the loss of radiometal-chelator
complexation in vivo could cause an off-target signal and undesirable radiation dose outside
the target. The stability of radiometal-chelator complex depends on different factors relating to
the physical and chemical properties of radiometal, and choice of the chelator. From a
thermodynamic point of view, the radiometal complex formed with a polydentate ligand is
more stable than that formed with a monodentate ligand because of the higher enthalpy and
entropy contribution from the coordinating groups in the ligand structure (Anderson and
Aaseth, 2002). In fact, different radiometal ions have different chemical requirements to form
a complex with a chelator, for instance, charge, suitable donor atom, coordination number,
and coordination geometry. Thus, a matched pair of radiometal and chelator must be carefully
selected for the optimal radiolabel stability (Price and Orvig, 2014). A quick reference of
radiometal-chelator compatibility and radiolabeling conditions is listed in Figure 2. To form a
stable radiometal complex, chelator should have at least four-electron donor atoms, however,
most of the recent chelators usually contain a higher number of coordinating atoms from six
or more, which constitute to suit the coordination geometry and d-orbital configuration of the
metal atom, increasing bond strength and stability (Zeglis and Lewis, 2011). Also, chelation
chemistry relies on radiolabeling conditions. The pH value of the radiolabeling buffer and
temperature contributes significant effects in the coordination reaction rate and radiolabeling
yield of the final radiopharmaceutical product. The pH value for the radiolabeling is crucial for
the prevention of hydrolysis of the radiometal before coordinating with the chelator while the
elevated temperature accelerates the coordination kinetics in most cases. In many
radiometal-chelator pairs, the radiolabeling reaction requires harsh conditions, such as low pH
and high temperature (above 90 °C), however, some biomacromolecules (e.g. proteins,
nucleotides, and monoclonal antibodies) are highly sensitive to pH and temperature and room
temperature and pH close to neutral are more preferable for the radiolabeling reaction (Price
and Orvig, 2014). When working with short half-life radiometals (e.g. 68Ga, 188Re, and 44Sc),
the duration from radioisotope preparation to obtaining the final radiopharmaceutical product
needs to be relatively short but efficient, thus, the reaction kinetics must be fast and provide
high radiolabeling yield and specific/molar activity.
In a nutshell, the use of radiometals in radiopharmaceuticals requires interdisciplinary
knowledge, including radiochemistry, inorganic chemistry, organic chemistry, and
biochemistry for the design and synthesis of BFCs. Several factors are involved in the
determination of an appropriate radiometal-chelator matched pair for radiopharmaceutical
applications. The key factors that need to be considered for the radiometal-chelator selection
are complexation kinetics, chemical and biological stabilities of the complex, and the influence
on changing pharmacokinetic properties of targeting vector in vivo. Regarding the
radionuclides used in this thesis, the most common chelators for 111In and 177Lu are
ethylenediaminetetraacetic acid (EDTA), diethylenetriamineoentaacetic acid (DTPA),
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid
(DOTA),
1,4,7,10tetraazacyclododecane-1,4,7-triacetic
acid
(DO3A),
and
[(R)-2-amino-3-(4aminophenyl)propyl]-trans-(S,S)-cyclohexane-1,2-diamine-pentaacetic acid (p-NH2-Bn-CHXA”-DTPA). Among all chelator choices, DOTA chelators have proved to be a superior ligand
that forms the most thermodynamically stable and kinetically inert complexes with 111In3+ and
177
Lu3+, resulting in lower dissociation rate and release of radiometals in physiological
conditions (Woods et al., 2004; Brechbiel, 2008; Dai et al., 2018).
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Figure 2: Demonstration of relevant acyclic and macrocyclic chelators with their common bifunctional
derivatives as well as guidelines of suitable radiometals and radiolabeling conditions. Adapted from Ref.
Price and Orvig, Chem. Soc. Rev., 2014, 43, 260 with permission from The Royal Society of Chemistry.

22

LITERATURE REVIEW

2.1.3 Introduction to single-photon emission computed tomography (SPECT)
Single-photon emission computed tomography (SPECT) is one of the nuclear molecular
imaging techniques used to map the distribution of administered radiopharmaceuticals in vivo.
SPECT has become a routine of non-invasive imaging procedures in both preclinical research
and clinical practice, capable of providing semi-quantitative information on pathological
changes and physiological processes taking place inside the body, such as tissue function
and metabolism (Groch and Erwin, 2000; Holly et al., 2010). In principle, SPECT imaging is
based on the detection of emitted gamma photons from the decay of the radioisotope. The
overview of the structure of the SPECT scanner hardware is illustrated in Figure 3. SPECT
usually consists of more than one set of the rotatable gamma detector arrays, which can
record projection images from different angles around the body. The collimator is the foremost
part of the gamma camera made of high density and high atomic number materials, such as
lead, tungsten, gold, and platinum. The collimator sorts the incoming gamma rays passing
through the holes, after which the rays hit the surface of a scintillation crystal (NaI(Tl)
detector) perpendicularly (van Audenhaege et al., 2015). Moreover, the collimator functions
according to specific ranges of photon energy: low (< 200 keV), medium (200 to 300 keV),
and high (> 300 keV); therefore, the appropriate type of collimators must be carefully
designed and selected since it may affect the sensitivity and image resolution (Zanzonico,
2012). The photons detected in the scintillation crystal are further multiplied with
photomultiplier tubes (PMT) before digitizing and calculating the event positions with an
analog-to-digital converter. Then, the output signal is processed and reconstructed using
imaging software.
In addition, most of the modern SPECT systems are equipped with CT unit (conventional Xray scan) that provides anatomical details inside the body (Seo et al., 2008). The X-ray beam
passes through the body from different directions and is attenuated by the object. Different
organs can give different amount of attenuation due to the variation in organ density. As a
consequence, higher attenuation of X-ray beam yields a brighter CT image. The attenuated
signals are processed to reconstruct before overlaying with the SPECT image. The
combination of both SPECT and CT scans is usually performed under identical conditions in
which CT is usually scanned immediately after SPECT imaging in order to minimize the
spatial and temporal resolution differences between both modalities (Ritt et al. 2014).
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Figure 3: (A) Basic components and principle of SPECT imaging. The main components of the gamma
camera used in SPECT are collimator, scintillation crystal, photomultiplier tube (PMT), analog-to-digital
converter, and image processing computer. (B) The illustration of planar images acquired by rotating the
camera heads of SPECT.

2.2 Lignocellulosic materials: cellulose nanocrystals (CNC NPs) and lignin
nanoparticles (LNPs)
2.2.1 Introduction to lignocellulosic materials
Lignocellulosic materials are biomaterials that can be derived from various renewable natural
resources. Currently, lignocellulosic materials become more attractive because the supply of
the feedstock can be achieved in high cultivation yield and no competition with the food crops
(Ahorsu et al., 2018). Also, serious concerns in economic and environmental issues have
directed the interest of scientists around the world to look more into the possibility of
substituting the synthetic materials with naturally occurring lignocellulosic materials (Bilal et al.,
2017). Lignocellulosic materials have been intensely investigated as functional material in
various applications, including bio-composites, food and cosmetic additives, biotechnology,
and pharmaceutical products (Fernandes et al., 2013; Fortunati et al., 2016; Brodin et al.,
2017). Lignocellulosic materials are mainly obtained from plant-based resources, such as
bioenergy crops, biomass, and agricultural byproducts (Hernández-Beltrán et al., 2019). The
primary compositions of lignocellulosic materials are carbohydrate (cellulose and
hemicellulose) and aromatic (lignin) polymers, which lie together and form bundles of a
hierarchical microfibrillar structure in a plant cell wall (Figure 4). Cellulose occupies a major
part in most lignocellulosic materials accounting for 40–60% of the total dried weight, followed
by hemicellulose (10–40%) and lignin (7–35%). In this section, a special focus will be
addressed towards cellulose and lignin, which are the materials used in this thesis.
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Figure 4: Lignocellulosic components derived from plant-based materials consisting of cellulose,
hemicellulose, and lignin.

Cellulose is a linear polysaccharide chain with a general chemical formula of (C6H10O5)n. In
fact, cellulose can be derived not only from plant-based materials but also from some
microorganisms and marine invertebrates (Klemm et al., 2005; Mihranyan, 2011; Zhao and Li,
2014). A cellulose chain consists of numerous repeating units of glucose dimer bound
together with β-1,4-glycosidic linkage (Figure 5A). The cellulosic polymer is a high molecular
weight homopolymer that can have a degree of polymerization (DP) up to 20,000 (Habibi et
al., 2010). In the macroscopic scale, cellulose fiber contains the amorphous (disordered) and
crystalline (highly ordered) areas, which can be isolated from each other by chemical and
mechanical treatments. The pretreatment and isolation methods of lignocellulosic materials
will be detailed in section 2.2.2. The crystalline region or cellulose nanocrystal (CNC NPs) is
the most attractive form of cellulosic materials used in nanomedicine due to its favorable
physicochemical characteristics, for instance, versatile surface chemistry, large surface area,
nanoscale size, rigid morphology, and high aspect ratio (length/width). The CNC NPs derived
from cotton fibers appear as a needle-like shape with an average width of 5–20 nm and
length of 100–300 nm (Figure 5B). An abundance of hydroxyl groups covering the surface of
CNC NPs facilitates amenable chemical modifications, such as oxidation, amination,
etherification, sulfation, phosphorylation, and polymer engraftment (Akhlaghi et al., 2013;
Eyley and Thielemans, 2014). Different types of modification can be also done through a
dynamic reversible conversion occurring between the aldehyde and the cyclic hemiacetal at
the reducing end of CNC NPs (Tao et al., 2020; Heise et al., 2020). Moreover, CNC-based
biomaterials reveal to be biocompatible, biodegradable, and nontoxic in cell models,
prompting the use in biomedical applications (Mahmoud et al., 2010; Clift et al., 2011).
Therefore, the above-mentioned remarkable properties of CNC NPs offer several advantages
that can improve the targeted delivery of diagnostic and therapeutic agents to diseases using
CNC-based drug delivery systems (DDS).
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Figure 5: (A) Cellulose structure demonstrating m repeating units of glucose dimer, β-1,4-glycosidic
linkage, intramolecular hydrogen bond between adjacent glucose molecules in the same polymer chain,
and intermolecular hydrogen bond between glucose molecules from the adjacent polymer chains. (B)
Transmission electron microscopy (TEM) micrograph of CNC derived from cotton fibers through acid
hydrolysis (scale bar=500 nm).

Lignin is the second most abundant component after cellulose in lignocellulosic materials.
Lignin is a complex aromatic biopolymer comprising of three monolignol monomers: pcoumaryl, coniferyl, and sinapyl alcohols (Figure 6A). Monolignols presented in lignin are
linked together in its structure with various chemical bonds, such as β-O-4-aryl ether, α-O-4aryl ether, 4-O-5-diaryl ether, β-5-phenylcoumaran, 5-5-diphenyl, β-1-(1,2-diarylpropane), and
β-β-resinol. A numerous hydroxyl group on monolignols enables different chemical
functionalization to the surface of lignin, such as esterification, oxidation-reduction,
phenolation, and etherification. Moreover, depolymerization (e.g. hydrolysis and enzymatic
oxidation) and reactive functional group addition (e.g. amination, halogenation, and alkylation)
have been widely used to modify lignin for various applications (Figueiredo et al., 2017).
Lignin nanoparticle (LNP) in colloidal suspension has a well-defined spherical shape (Figure
6B) with a typical hydrodynamic diameter ranging from 200 to 500 nm (Lievonen et al., 2016),
which makes LNP suitable for DDS applications. Like CNC NPs, the physical, chemical, and
biological properties of LNPs (e.g. surface chemistry, size and morphology, colloidal
dispersion stability, and well-tolerated in cell models) show the potential to use as
multifunctional nanomaterials for drug delivery systems; however, the reports on biomedical
use of LNP are by far limited and less than those on the CNC NPs.

Figure 6: (A) Monolignol components: p-coumaryl, coniferyl, and sinapyl alcohols on the structure of
lignin where number 1–6 and α, β, and γ denote the position of the carbon atom, (B) TEM
representation of softwood extracted LNP (scale bar=500 nm).
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2.2.2 Pretreatment of lignocellulosic materials
The pretreatment process is the most important step for disintegrating a complex structure of
lignocellulosic materials and increases the accessibility to an individual component. The
pretreatment step is aimed to decrease the crystallinity of cellulose, remove hemicellulose,
and break down a sturdy layer of lignin (Mosier et al., 2005). The pretreatment methods can
be divided into three major approaches: physical or mechanical, chemical, and biological
techniques. The selection of effective pretreatment methods is varied depending on the
nature of raw materials and desirable components for the applications. In general, a single
pretreatment process is not sufficient while a combination of two or more techniques is
needed for a better separation of desired fractions and minimizing unwanted inhibitory
byproducts (Alvira et al., 2010).
The physical pretreatment is a conventional method involved with heating and shearing
processes (e.g. mechanical extrusion, milling, steam explosion, and pyrolysis). The combined
effects of high temperature and shearing force disrupt the amorphous and crystalline matrixes
of cellulose; however, the physical pretreatment usually consumes a large amount of energy
that leads to high production costs and challenges in the scale-up process (Zhu and Pan,
2010). On the other hand, acid hydrolysis is the most widely employed technique in chemical
treatments for the removal of hemicellulose and rugged lignin. The most commonly used acid
is sulfuric acid because of its cost competitiveness; however, the drawbacks of using sulfuric
acid are a high amount of inhibitory byproducts (e.g. furfurals, phenolic acids, and aldehydes)
and corrosion in machinery (Saha et al., 2005). To overcome hurdles of sulfuric acid,
dicarboxylic acids (oxalic and maleic acids) were investigated for the enhancement of acid
hydrolysis efficiency that could work in a broad range of pH and temperature while having
less toxicity compared to sulfuric acid. As a result, dicarboxylic acids demonstrated favorable
hydrolysis of the cellulose, yet preventing the degradation of glucose molecules (Monsier et
al., 2002; Lee and Jeffries, 2011). Recently, ionic liquids have attracted great attention as
alternative extractive solvents in the lignocellulosic material pretreatment process. Ionic
liquids compete and disrupt the hydrogen bonding in the lignocellulosic material network,
resulting in a breakdown of lignocellulosic components. Ionic liquids are a green solvent made
of ions that lack of vapor pressure, low melting point, high polarity, and thermal stability
(Behera et al., 2014). The use of ionic liquids demonstrates an effective pretreatment of
lignocellulosic materials; however, the production cost, recyclability, and generated
byproducts remain challenges.
In comparison to physical and chemical pretreatments, the biological approach is less toxic
and low energy consumption but works as efficient as the others. Biological pretreatment is
commonly carried out using microorganisms, such as fungi and bacteria to reduce the
recalcitrance of lignocellulosic materials and to enhance the digestibility of hydrolytic enzymes
(Vats et al., 2013). The pretreatment can be directly done by incubating lignocellulosic
materials with the microorganisms or enzyme extracts. White fungi were reported as one of
the most effective pretreating agents in biological pretreatment due to the presence of
important degrading enzymes for lignin and hemicellulose degradation (e.g. peroxidases and
laccases), providing a high delignification yield (Sánchez, 2009; Kumar and Wyman, 2009).
Therefore, a combination of biological pretreatment with the physical or chemical process
proves to be more efficient for the isolation of lignocellulosic compositions than using a single
pretreatment process (Yu et al., 2009; Wang et al., 2012). Although there are a large number
of pretreatment techniques, extensive research is still required for improvement of isolation
efficiency and conversion yield (Kumar and Sharma, 2017).
2.2.3 Overview of CNC NPs and LNPs in biomedical applications
Cellulose nanocrystals (CNC NPs) and lignin nanoparticles (LNPs) have emerged as
alternative green nanomaterials and are widely explored in various biomedical applications
due to their unique characteristics, including being renewable materials with low production
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cost, amenable surface chemistry, biocompatibility, biodegradability, and nontoxicity. In this
section, a wide range of CNC NPs and LNPs used in the field of biomedicine is summarized.
As described in section 2.2.1, CNC NPs have excellent physicochemical properties, such as
high tensile strength, stiffness, colloidal stability, and large surface area covered with hydroxyl
groups allowing versatile chemical modification. The applications of CNC NPs in biomedicine
are extremely broad and range from nanoscale drug delivery systems to macroscale
hydrogels for tissue engineering (Grishkewich et al., 2017). Yang et al. reported the
development of injectable hydrogel reinforced with aldehyde-functionalized CNC NPs. The
results showed that CNC NPs improved elasticity, dimensional stability, mechanical strength,
and capacity of holding a substantial amount of payloads. Moreover, the developed CNCbased hydrogel demonstrated good biocompatibility in NIH 3T3 fibroblast cell model (Yang et
al., 2013). Colombo et al. developed fluorescent dye-conjugated CNC NPs as a biosensor for
the investigation of bone tropism in healthy mice. The studies revealed that CNC NPs had a
transient migration in the bone due to chemical interaction between Ca2+ and negatively
charged surface of CNC NPs, suggesting that CNC NPs could be a potential nanosensor for
the detection of bone tumors (Colombo et al., 2015).
Due to a high surface area and good colloidal stability, CNC NPs have been examined as a
nanocarrier for drug and gene delivery. Wang et al. reported the modification of CNC NPs
with polyethyl-ethylene phosphate loaded doxorubicin (CNC-g-PEEP-DOX). CNC-g-PEEPDOX NPs showed superior in vitro drug release profiles in tumor microenvironment mimicking
condition (pH 5.0) than in physiological fluids (pH 7.4). The live-cell imaging studies confirmed
the drug delivery potential of CNC-g-PEEP-DOX NPs in which the DOX signal was detected
within cells and close to the nucleus area, suggesting the internalization and drug release
triggered by the acidic microenvironment in the cancer cell (Wang et al., 2015). Moreover,
Roberts et al. developed the CNC NPs grafted with poly-oligoethylene glycol methacrylate
(POEGMA) and aminopropylmethaacrylamide (APMA). The POEGMA was designed for
minimizing protein adsorption while APMA was for the attachment of diagnostic agents (FITC
in this work). The preliminary in vitro evaluation of the modified CNC NPs in human ovarian
and breast cancer cells showed good cytocompatibility (>90% cell viability) and high cellular
uptake (70–92%), suggesting further studies of the developed CNC construct as drug delivery
nanocarrier in vivo (Roberts et al., 2020). Recently, the 3D printed polylactic acid capsules
loaded with therapeutic compounds and nanocellulose hydrogel were developed for
controlled drug release applications. The implantable capsules revealed sustained release
profiles of the model compounds from the nanocellulose hydrogel with tunable geometry (e.g.
size, shape, and inner cavity) of the capsules to suit release kinetics in different drug
compounds (Auvinen et al., 2020). Overall, CNC materials have undergone rapid
development as a versatile platform for a wide range of biomedical applications, such as drug
delivery systems, bioimaging and biosensing probes, and tissue engineering (Jorfi et al.,
2015; Sunasee et al., 2016). However, a great effort for the improvement of CNC production
and getting rid of CNC variability is still required (Moohan et al., 2019). While recent reports
have indicated good progress in the development of CNC NPs as a drug delivery nanocarrier
in vitro, the investigation of systemic administration of CNC NPs is limited to date. Therefore,
the in vivo studies of CNC-based drug delivery systems administered systemically should be
focused in order to gain a better understanding of CNC behavior in biological systems.
In general, lignin has similar biological properties as other biopolymers in lignocellulosic
materials. A presence of numerous reactive functionalities on lignin (e.g. phenolic, hydroxyl,
carboxyl, and sulfonate groups) allows flexibility in bioconjugation techniques for the
attachment of biologically active targeting moieties or polymer engraftment for specific
applications. However, lignin for biomedical use especially as a nanocarrier in DDS is still in
its infancy due to inefficient extraction methods to obtain a consistent quality of lignin as well
as its complicated molecular structure (Bruijnincx and Weckhuysen, 2014). Unlike CNC, lignin
can undergo rapid condensation and repolymerization during the isolation process, resulting
in a more recalcitrant product that becomes more difficult to incorporate into material
applications (Bertella and Luterbacher, 2020). Thus far, lignin has been investigated as
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antioxidant, nanocomposites, tissue engineering, and drug delivery systems. Yearla and
Padmasree prepared and evaluated the potential of LNPs from different sources as
antioxidants and UV protectants. LNPs were extracted from hardwood dioxane lignin and
softwood alkali lignin through the nanoprecipitation method. The obtained LNPs had a
spherical shape with a diameter of 80–104 nm. By performing a radical scavenging activity
analysis, the extracted LNPs from both sources showed higher antioxidant activity than their
native polymeric lignin. Moreover, LNPs prolonged the survival rate of Escherichia coli under
UV exposure at different time points, suggesting the use of LNPs as UV protectants in the
cosmetic industry (Yearla and Padmasree, 2015). Lately, Gordobil et al. reported the in vitro
cytotoxicity test of sunscreen containing agro-industrial byproduct-derived lignin in murine
fibroblast 3T3 cell line. The formulations containing 0.5% and 1% lignin showed good
cytocompatibility (~80% cell viability) after 24 h exposure, suggesting the suitability for
cosmetic applications (Gordobil et al., 2020). Unfortunately, the report on the effect of lignin in
animal and human models is limited. According to the literature, lignin was added to the
sunscreen formulation up to 15% and the SPF determination in vitro was conducted with the
international standard protocol equivalent to the in vivo application at the cream thickness of 2
mg/cm2 (Widsten, 2020). Furthermore, Domínguez-Robels et al. reported the development of
antioxidant polylactic acid (PLA) composite materials containing LNPs for wound healing
applications. The composites of PLA and LNPs were fabricated using a fused filament
fabrication technique while the loading of LNPs was varied ranging from 0% to 3% (w/w). The
inclusion of LNPs to the composites improved antioxidant activity, wettability, and fracture
resistance. The 3D printing was employed to shape the PLA/LNP composites for controllable
wound healing meshes. Curcumin, a wound healing compound was loaded to the surface of
meshes. The results revealed that the permeation rate of curcumin was dimension-dependent
and the mesh geometry was tunable according to desired applications in patients
(Domínguez-Robels et al., 2019).
For drug delivery applications, Figueiredo et al. developed iron(III)-complexed LNP (Fe-LNP),
Fe3O4-infused LNP (Fe3O4-LNP), and anticancer drugs (sorafenib and benzazulene) loaded
LNP for the enhancement of diagnosis and treatment in cancer. All LNPs maintained a
spherical-shaped nanoparticle with a diameter between 150 nm to 500 nm and displayed
good colloidal stability under physiological buffer (pH 7.4). The LNPs formulated without drug
loading showed low cytotoxicity in vitro in different cell lines while the flow cytometry studies
demonstrated that the cellular uptake was time and dose-dependent. Moreover, Fe3O4-LNPs
exhibited a superparamagnetic property, suggesting the potential use of LNP-based magnetic
targeting for disease detection through the MRI technique. The authors also tested the
capability of LNP as a nanocarrier by encapsulating poorly water-soluble anticancer drugs.
The results showed a high entrapment efficiency (60–80%) of those hydrophobic drugs and
controllable drug release profiles in different biological mimicking buffers (Figueiredo et al.,
2017). Following the latest report by the same group, LNPs were further modified with the
mUNO peptide for targeting CD206 expressing M2-like tumor-associated macrophages and
loaded with the toll-like receptor agonist resiquimod (R848) for reprograming the pro-tumor
phenotype to anti-tumor M1-like macrophages. The in vivo studies of drug-loaded LNP (R848LNP-mUNO) were carried out in triple-negative breast cancer tumor-bearing animals. The
results revealed an increase in M1-like macrophages, cytotoxic T cells, and activated
dendritic cells in the tumor after treatment. In therapeutic studies, the co-injection of R848LNP-mUNO and chemotherapeutic drug vinblastine demonstrated the enhancement in
antitumor efficacy compared to free vinblastine and nontargeted LNP treated animals
(Figueiredo et al., 2020).
2.3 Nanoscale drug delivery systems and radiopharmaceuticals in cancer therapy
Cancer is the second cause of death around the globe with an increasing number of patients
annually (Siegel et al. 2020). While cancer therapy in the current clinical practice has been in
good progress, many challenges remain and need to be addressed for the improvement of
therapeutic efficacy in patients (Cagan and Meyer, 2017). In general, conventional therapy in
cancer typically includes surgery, chemotherapy, and radiation therapy. The selection of
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treatment methods is varied according to the patient’s condition and the stage of the disease.
Chemotherapy is sometimes the only treatment, but it is more often that chemotherapy is
used in combination with surgery or radiation therapy or both. Chemotherapy deals with a
potent anticancer drug that intends to delay tumor growth, destroy the cancer cells, and
prevent the reoccurrence of cancer. Due to the poor pharmacokinetics in vivo of most
chemotherapeutic drugs, the administered dose is usually high in order to achieve the
biologically effective dose (BED) locally in the tumor (Plataniotis et al., 2008). Therefore, an
excessive dose can cause an off-target drug accumulation in healthy tissues, resulting in
severe side effects after treatment. In the past years, significant efforts have been invested in
nanomedicine through the development of nanoparticle-based drug delivery systems intended
to address the aforementioned drawbacks in conventional chemotherapy (Soares et al., 2018).
Apart from a drug-loaded nanoparticles, the introduction of theranostic approach into
nanomedicine offers a promising strategy for the co-delivery of diagnostic and therapeutic
payloads using a single nanosystem, which could be a promising platform for the
enhancement of diagnostic and therapeutic efficacy in cancer (Opoku-Damoah et al., 2016).
In this section, nanoparticle-based drug delivery systems, radiopharmaceuticals, and
theranostic nanosystems for cancer diagnosis and therapy are highlighted.
2.3.1 Drug delivery system (DDS) in nanomedicine
Nanomedicine in cancer therapy is a fast-growing multidisciplinary science for the
advancement of nanometer-sized materials aiming for overcoming the current hurdles in
conventional chemotherapy and improving therapeutic efficacy (Dadwal et al., 2018; Patra et
al., 2018). As mentioned earlier, most of the chemotherapeutic drugs have poor
pharmacokinetic profiles due to their low solubility in aqueous solution; therefore, the
incorporation of the drug into nanoparticle (NP) can increase the dissolution rates and
bioavailability in vivo. Through the advancement in nanoparticle technology and surface
chemical modification, NPs can be engineered to allow the controllable transportation of
diagnostic and therapeutic agents to the target site within the body. Moreover, modification
with biological targeting moiety onto the surface of NPs can provide enhancement of target
specificity and tissue penetration (Kumar et al., 2020). A variety of materials have been
engineered as a drug delivery excipients, including organic and inorganic materials, synthetic
polymers, and natural biopolymers (Lu at al., 2011; Joshi et al., 2015; Assa et al., 2016;
Wilhelm et al., 2016; Baeza et al., 2017; Cheng, 2017; Ferreira et al., 2017; Fontana et al.,
2017; Kulkarni et al., 2017; Xin et al., 2017; Lim et al., 2018). In biological systems, NPs travel
through the vascular system after systemic administration and the accumulation of NPs
crossing the epithelial barriers determines the biodistribution in tissues. Generally, the ideal
size of NPs for DDS in cancer treatment is reported in between 70 nm and 200 nm (Storm et
al., 1995). Small particles (< 5 nm) are rapidly eliminated through renal clearance while larger
particles are sequestered by major organs of the mononuclear phagocyte system (MPS),
such as liver and spleen before reaching the tumor vascular compartment (Nakaoka et al.,
1997; Overchuk and Zheng, 2018). The enhanced permeability and retention (EPR) effect is a
unique phenomenon of newly developed blood vessels by the tumor (Figure 7). The tumor
can induce angiogenesis that leads to the migration and differentiation of endothelial cells
forming hypervascularization with large gaps between endothelial cells in tumor blood vessels
for oxygen and nutrient supply (Maeda et al., 2000; Fang et al., 2011; Waite and Roth, 2012).
This feature allows the passive targeting of macromolecules to the tumor through selective
extravasation and retention of NPs size ranging from 200–780 nm (Gaumet et al., 2008).
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Figure 7: Schematic representation of enhanced permeability and retention (EPR) effect for the passive
targeting of nanoparticle-based DDS to solid tumors in comparison with biological cell function in healthy
tissues.

Additionally, physicochemical properties, such as morphology and surface charge of NPs
have significant biological implications for the interaction between cell and NP, cellular uptake
mechanism, and behavior in vivo (He et al., 2010). Spherical and rod shapes are the most
common geometries of NP used in DDS. Although the effects of size-dependent NP have
been broadly discussed on the extravasation into tumor interstitium through the EPR effect,
understanding of the influence on NP shape on tumor uptake is still vague. Truong et al.
provided expert insights on drug delivery reporting that non-spherical NPs have demonstrated
great potential to be the next generation of drug delivery vectors due to an increase in the
hydrodynamic flow in body fluid with a better passage through the vascular fenestrations of
the tumor. However, the authors emphasized that spherical NPs have remained dominant in
nanoparticle-based drug delivery development because of their well-established synthetic and
testing methodologies (Decuzzi et al., 2010; Smith et al., 2012; Truong et al., 2015). Moreover,
the surface charge is one of the crucial factors that contribute to cell–NP interaction,
dispersion stability, and nonspecific adsorption of proteins (Duan and Li, 2013). While neutral
charge is an ideal surface property that can prevent undesirable cell–NP interaction and nonspecific adsorption of plasma proteins in vivo, most NPs have either positive or negative
charge on their surface, resulting in active interaction with the cells. In principle, negatively
charged NPs reveal a lower level of cell interaction and internalization than positively charged
particles due to electrostatic repulsion between the negative charge on the cell membrane
and the positively charged surface of NPs (Vedadghavami et al., 2020). Although the cationic
NPs are more effective in interacting with and penetrating the cell membrane, they also
contribute to a greater degree of cytotoxicity (Verma and Stellacci, 2010).
To date, many nanoparticle-based DDS have entered clinical trials; but only a few
nanoparticle formulations have been approved and are used in the clinic. In 2016, the review
by Anselmo and Mitragotri highlighted over 25 therapeutic nanoparticles approved by the
Food and Drug Administration (FDA) and European Medicines Agency (EMA) while over 45
candidates were being tested in ongoing trials. Of all nanoparticles, liposomes, polymeric
micelles, iron oxide, silica, and gold NPs were predominantly used in clinical trials (Anselmo
and Mitragotri, 2016). Following a 3-year update, only a few nanoparticle formulations have
been further approved by the FDA and EMA. Over 75 new trials (including unapproved
nanoparticles from 2016) were ongoing in 2019 out of which 15 were with new candidates
(Anselmo and Mitragotri, 2019). Although the number of nanoparticle-based DDS in clinical
trials indicates significant progress, the development of nanoparticle drug delivery still needs
to confront many biological, technological, and clinical limitations.
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2.3.2 Radiopharmaceuticals in cancer diagnosis and therapy
Monoclonal antibodies (mAbs) are one of the most classical delivery vectors used in the
development of tumor-targeting radiopharmaceuticals. The targeting of mAbs relies on the
binding mechanism with specific antigens overexpressed on tumor cells or on newly formed
vasculature during angiogenesis (Ahlskog et al., 2006). Due to this reason,
radioimmunotherapy (RIT) could provide a safer and more efficient cancer treatment method
by delivering the radiotherapeutic nuclide to the local tumor directly. In the clinic, RIT using
radiolabeled mAbs is known to be effective in radiosensitive hematological cancers, such as
leukemias and lymphomas. The response of RIT in solid tumors is generally lower and
typically requires 5–10 times more of the accumulated radiation dose to demonstrate the
therapeutic response due to the unconventional microenvironment (e.g. hypoxia) and the
ability to rapidly repair the radiation-induced damage, which can increase the radiation
resistance (Kawashima, 2014; Larson et al., 2015). Yttrium-90 is one of the two β- emitters
together with iodine-131 (the foremost radiotherapeutic isotope for thyroid cancer treatment)
widely used in clinical RIT trials (>95%) due to their favorable nuclear characteristics, facile
radiolabeling chemistry, and good availability (Press, 2003; Larson et al., 2015). However,
yttrium-90 is cumbersome because of the lack of imaging-compliant emission. Despite the
above-mentioned advantages, mAbs have several characteristics that might limit their efficacy
in RIT, for instance, suboptimal pharmacokinetics and poor tissue accumulation due to their
high molecular weight, unfavorable target visualization because of slow clearance, and
unnecessary radiation dose in off-target tissues (Signore et al., 2001). To address these
problems, a pretargeted RIT (PRIT) strategy has been intensely explored for the improvement
of the tumor accumulation while minimizing the unnecessary radioactivity accumulation in
healthy tissues (Boerman et al., 2003). The most common pretargeting approaches can be
achieved based on selective interaction between reactive functional group coupled to the
antibody and the radiolabeled small molecule tracer, such as streptavidin-biotin, bispecific
antibody, oligonucleotide, and click chemistry (Verhoeven et al., 2019). In general,
pretargeted methodologies comprise five processes: 1) the injection of mono/bivalent
antibody into the blood, 2) a slow accumulation of the antibody in the tumor, 3) the clearance
of excess antibody in the blood by clearing agent, 4) the injection of radiolabeled tracer, and
5) the binding of the radiotracer to the antibody in vivo. Sharkey et al. reported the therapeutic
improvement of non-Hodgkin’s lymphoma using a pretargeted approach with anti-CD20
bispecific antibody (bsmAb) direct against 90Y-labeled histamine-succinyl-glycine (HSG)
peptide. The pretargeting of the [90Y]Y-HSG-peptide approach demonstrated superior
responsiveness (P<0.007) of antitumor efficacy in animal-bearing Ramos B-cell lymphoma
compared to a direct radiolabeled [90Y]Y-anti-CD20-IgG (Sharkey et al., 2005). In 2013, Zeglis
et al. investigated the pretargeted PET imaging using biorthogonal Diels-Alder click chemistry.
The A33 antibody was modified with trans-cyclooctene (TCO) intended to form click chemistry
with [64Cu]Cu-NOTA-labeled tetrazine (Tz) in vivo. As a result, the pre-labeled antibody
([64Cu]Cu-NOTA-A33) showed higher tumor uptake (~33.1%ID/g) than the pretargeted one
(~4%ID/g) at 24 h. However, the research question in this work was directed to an
improvement of target-to-background ratio in the PET imaging. In this case, the pretargeted
approach demonstrated significantly lower uptake in nontarget tissues compared to prelabeled antibody at every time point, providing a higher quality of the images (Zeglis et al.,
2013). In the light of radiotoxicity, a pretargeted strategy could be beneficial to limit the offtarget accumulation of therapeutic radionuclides. By using the same biorthogonal click
chemistry technique, Poty et al. studied a side-by-side comparison of [225Ac]Ac-PRIT and
conventional [225Ac]Ac-RIT using 5B1 antibody targeting CA19.9 antigen overexpressed in
pancreatic ductal adenocarcinoma (PDAC). The results showed a successful delivery of 225Ac
to the tumor by PRIT approach with a decreased mean absorbed dose to normal tissues. Also,
the [225Ac]Ac-PRIT approach increased the survival rate of the animals and reduced
hemotoxicity compared to conventional [225Ac]Ac-RIT, suggesting a profound impact on the
clinical translation of [225Ac]Ac-PRIT in PDAC therapy (Poty et al., 2019). Following the same
year, Keinänen et al. investigated the theranostic pretargeting by the sequential delivery of
[64Cu]Cu-SarAr-Tz for PET imaging followed by the [177Lu]Lu-SarAr-Tz for radiotherapy
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targeting the TCO-modified humanized A33 antibody (huA33-TCO). Both radioligands
showed high activity concentrations in the tumor: ~16.4%ID/g for 64Cu at 48 h and
~18.1%ID/g for 177Lu at 120 h post-injection. Overall, the studies demonstrated the feasibility
of sequential administration of two Tz-bearing radioligands targeting a single TCO-modified
immunoconjugate that could be beneficial for patient selection for PRIT applications as well
as the optimization of radiation dose and timing of PRIT regimens (Keinänen et al., 2019).
Peptide-receptor based radiotherapy (PRRT) and imaging are in the frontline of targeted
cancer therapy and diagnosis. The concept of PRRT lies in the binding mechanism between
peptides (agonist and antagonist) and specific receptors expressed on the tumor surface.
Compared with mAbs, peptides are small proteins with typical molecular weight less than 10
kDa and contain a relatively small number of amino acid residues in their structures (Signore
et al., 2001). Although mAbs have shown superior target binding affinity, low molecular weight
peptides demonstrate better elimination from the system and deeper penetration in a solid
tumor, resulting in higher tumor-to-background accumulation ratios and lower radiotoxicity
(Datta-Mannan, 2019). Moreover, the synthesis and derivatization of peptides is often more
cost-effective and less complex than mAbs (Lozza et al., 2013). In recent years, the most
significant radiolabeled peptide analogs used in preclinical and clinical levels have been the
somatostatin
analogs
targeting
neuroendocrine
tumors
(NETs),
such
as
gastroenteropancreatic (GEP) NETs and small-cell lung cancers overexpressing somatostatin
receptors (SSTRs). The first generation of radiolabeled octreotide, [111In]In-DTPA-octreotide
was developed and approved for diagnostic purposes. The therapeutic response through
Auger electron emission of [111In]In-DTPA-octreotide at various radiation doses was
investigated in patients with metastatic NETs, however, target specificity, tumor
responsiveness, and symptom alleviation in patients were unsatisfactory (Valkema et al.,
2002). In the second generation, the octreotide peptide was modified with Tyr3 at the Phe3
amino acid position (DOTATOC) to increase the hydrophilicity and binding affinity with SSTR
subtype 2 (Bodei et al., 2004). Moreover, the DTPA chelator was substituted with DOTA
chelator for improving the radiometal complex stability while β- emitters (90Y and 177Lu) were
selected as more effective radiotherapeutic nuclides. The [90Y]Y-DOTATOC revealed an
improvement of disease status in patients with GEP-NETs (Valkema et al., 2006). Further
development was directed to the substitution of the threoninol group at the C-terminal in
DOTATOC with threonine, forming DOTA-Tyr3-octreotate (DOTATATE). Due to this minor
alteration in the molecular structure, DOTATATE has a higher binding affinity with SSTR
subtype 2 compared to DOTATOC and has become the primary somatostatin peptide analog
for NET radiotherapy (Sierra et al., 2009). Kunikowska et al. reported the comparison of
survival rates between patients treated with [90Y]Y-DOTATATE and those treated with tandem
[90Y]Y/[177Lu]Lu-DOTATATE (1:1) in clinical studies. The results indicated that tandem
formulation prolonged the overall survival time while the side effects from both formulations
were negligible (Kunikowska et al., 2011). Besides somatostatin analogs, other peptides,
such as gastrin-releasing peptides (Gourni et al., 2014; Lymperis et al., 2018; Satpati et al.,
2019), glucagon-like peptide 1 (Velikyan and Eriksson, 2020), RGD (Arg-Gly-Asp) peptides
(Gaertner et al., 2012; Shi et al., 2016), and neuropeptide-Y (Kuhn et al., 2016; Li et al., 2018)
have been investigated for imaging and therapy, but their clinical applications are still in the
early stages.
2.3.3 Theranostic nanosystems
Theranostic nanosystem (nanotheranostic or theranostic nanoparticle) is a multifunctional
nanoparticle-based DDS that combines diagnostic and therapeutic functionalities into a single
nanoscale platform. The ideal properties of theranostic nanosystems share the basic
requirements of NP-based DDS, such as biocompatibility, biodegradability, and nontoxicity.
(Jokerst and Gambhir, 2011; Kang et al., 2018). In general, the design and fabrication
techniques of theranostic nanosystems are diverse depending on the desired functionalities of
the nanosystems for specific applications. Therefore, theranostic nanosystems can be
engineered through combinations of nanomaterials, surface coating polymers,
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imaging/contrasting agents, therapeutic payloads, and biologically active targeting vectors
(Figure 8).

Figure 8: Representative design of theranostic nanosystem comprising of surface functionalization with
antibodies or peptides for the improvement of target specificity and polymers for biocompatibility, interior
space loading with biologically active agents (e.g. hydrophobic anticancer drugs and nucleic acids), and
surface labeling with fluorescent dyes for optical imaging or contrasting agents or radioactive isotopes
for non-invasive imaging techniques.

Over the past decade, numerous types of theranostic nanoparticles have been extensively
developed and reported. Such theranostic nanosystems can be obtained from inorganic
nanoparticles, polymeric micelles, liposomes, carbon nanotubes, etc. However, there is no
actual translation of those complex nanosystems in clinical studies to date. Iron oxide
nanoparticle (IONP) is one of the most widely investigated natural metallic compounds in drug
delivery applications due to its intrinsic superparamagnetic properties allowing tumor
diagnosis and monitoring the progress of treatment using magnetic resonance imaging (MRI)
technique (Ali et al., 2016). Moreover, IONPs have superior physicochemical properties, for
example, nontoxicity, low production cost, facile preparation methods, tunable core size (1–
100 nm), and reactive surface for various chemical modifications (Feng et al., 2018; Sangaiya
and Jayaprakash, 2018). Mu et al. developed IONP theranostic nanosystems for the
enhanced targeting of HER2/neu-positive breast cancer. IONPs were loaded with paclitaxel
(PTX) and decorated with anti-HER2/neu peptide and fluorescent dye Cy5.5 on the surface
(size = 30 nm). The cellular uptake showed a high binding affinity of theranostic IONPs with
HER2/neu-positive SK-BR-3 cells. In a targeting study in vivo, theranostic IONPs
demonstrated 2.5-fold higher uptake in tumor compared to nontargeting IONPs with an
enhanced imaging contrast by MRI, suggesting the potential use of IONP for theranostic drug
delivery systems (Mu et al., 2015). More recently, theranostic polyfunctional gold-iron oxide
NPs (polyGIONs) for drug delivery to glioblastoma (GBM) were reported. The polyGIONs
were loaded with therapeutic miRNAs and chemotherapeutic drug temozolomide and
modified the surface with PEG-T7 targeting peptide. Theranostic polyGIONPs administered
via intranasal route demonstrated efficient accumulation in the U87-MG GBM area with a
precise track of the migration pathway of NPs into the brain through MRI and microCT
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imaging. Moreover, the survival of animals treated with theranostic polyGIONPs was
increased compared to all control groups (Sukumar et al., 2019).
On the other hand, there was lately a report on the development of auto-fluorescent polymer
nanotheranostics (NPICS) with triple-collaborative strategy: anti-angiogenesis, RNA
interference, and photothermal therapy. The NPICS were constructed from auto-fluorescent
amphiphilic polyethyleneimine-polylactide (PEI-PLA) loaded with combretastatin A4 (antiangiogenesis), NIR dye IR825 (photoacoustic agent), and HSP70 inhibitor (siRNA against
HSP70). The NPICS inhibited the HSP70 and reduce the endurance to IR825-mediated
photothermal therapy. In tumor-xenografted animals, NPICS demonstrated the inhibitory
effect of tumor angiogenesis with an enhanced antitumor activity using NIR laser irradiation.
Most importantly, the inherent auto-fluorescence of PEI-PLA enabled real-time tracking of
NPICS biodistribution in vivo (Shao et al., 2019). The studies on theranostic development
based on nanoparticle is found not only in cancer diagnosis and treatment but also in other
diseases. For example, Costa et al. reported the theranostic development based on carbon
nanotubes (CNTs) for the early diagnosis of Alzheimer’s disease. Since CNTs revealed the
capability to cross the blood-brain barrier in their previous reports, the CNTs were further
functionalized with two functionalities: 1) DO3A chelator for radiolabeling with either Gd3+
(MRI agent) or 111In3+ (SPECT isotope) and 2) the Pittsburgh imaging compound B (PiB) for
Aβ plague targeting (toxic protein aggregates in Alzheimer’s disease). The in vivo
biodistribution of [111In]In-PiB-CNTs showed a successful delivery of PiB to the brain area
(uptake ~ 1.16%ID/g); however, the authors suggested the further modification of braintargeting peptides (e.g. angiopep-2) might improve the brain uptake (Costa et al., 2018).
Apart from theranostic NPs for fluorescence, MRI, and CT imaging, radiometal-based
theranostic NPs for nuclear imaging and radionuclide therapy have been intensely explored in
recent years. Yook et al. studied the stability and biodistribution of 177Lu-labeled gold (Au)
NPs through several thiol-functionalized metal-chelating polymers ([177Lu]Lu-MCP-Au NPs). In
this work, three strategies were used to conjugate the MCP to Au NPs: monothiol (DOTAPEG-OPSS), dithiol (DOTA-PEG-LA), and multi-thiol (PEG-pGlu(DOTA)8-LA4). The MCP
ligands were radiolabeled with 177LuCl3 before self-assembling onto the surface of Au NPs in
an aqueous solution. The results showed that multi-thiol [177Lu]Lu-Au NPs were the most
stable in human plasma and thiol challenging conditions compared to the others. The
biodistribution in healthy athymic mice suggested a major accumulation of these modified Au
NPs in MPS organs. The multi-thiol [177Lu]Lu-Au NPs exhibited 1.7-fold less liver uptake than
dithiol [177Lu]Lu-Au NPs, but no clear difference was observed when compared with monothiol
[177Lu]Lu-Au NPs (Yook et al., 2016). In the following year, the development of trastuzumabmodified Au NPs labeled with 177Lu ([177Lu]Lu-Au-Tras NPs) for targeting the HER2-positive
breast cancer was reported by the same group. The results demonstrated that the [ 177Lu]LuAu-Trans NPs were more effective in decreasing the clonogenic cell survival in HER2-positive
SK-BR-3 (42.9-fold) and MDA-MB-361 (2.6-fold) breast cancer cells compared to [177Lu]Lu-Au
NPs. Furthermore, the therapeutic studies revealed a significant reduction in tumor growth
index of MDA-MB-361 tumor-bearing mice treated with [177Lu]Lu-Au-Tras NPs compared to
[177Lu]Lu-Au NPs (1.7-fold decrease) and untreated mice (2.2-fold decrease) after 16 days of
administration (Cai et al., 2017). Furthermore, as described earlier, the [177Lu]Lu-DOTATATE
is commonly used for PRRT targeting SSTR in the clinic; however, rapid elimination and
hepatotoxicity remain a major concern in its application. Arora et al. developed anti-β-hCG
mAb-modified PEGylated poly-lacto-glycolic acid (PLGA) NPs loaded with [177Lu]LuDOTATATE (A-PEG-LuD NPs) to target the β-hCG-positive U87-MG tumor. The in vitro
cytotoxicity results showed a superior binding affinity of A-PEG-LuD NPs (20% cell viability)
compared to PEG-LuD NPs (65% cell viability) at 120 h of incubation. Similarly, higher tumor
uptake of A-PEG-LuD NPs (4.3%ID/g) in mice-bearing U87-MG tumor was achieved
compared to PEG-LuD NPs (3.4%ID/g) and [177Lu]Lu-DOTATATE alone (3.5%ID/g).
Moreover, the renal retention of these NPs was reduced by 4-fold (tumor-to-kidney ratio =
8.54) compared to [177Lu]Lu-DOTATATE (tumor-to-kidney ratio = 2.16), providing essential
information for further studies on PRRT-based theranostic NPs (Arora et al., 2016). Recently,
Gibbens-Bandala et al. reported the development of 177Lu-labeled bombesin-PLGA NPs
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loaded with paclitaxel ([177Lu]Lu-BN-PLGA-PTX NPs) for bimodal therapy in gastrin-releasing
peptide receptor (GRPr) expressing breast cancer. The results demonstrated successful PTX
loading (~93%) and [177Lu]Lu-BN conjugation (> 97%) efficiency to PLGA NPs. The [177Lu]LuBN-PLGA-PTX NPs exhibited higher cell uptake and cytotoxicity than non-radiolabeled BNPLGA-PTX NPs, confirming the synergistic therapeutic effect of 177Lu radiotherapy and PTX
chemotherapy. Therapeutic studies demonstrated the smallest tumor volume (~0.136 cm 3) in
animal treated with [177Lu]Lu-BN-PLGA-PTX NPs followed by PLGA-PTX NPs (~0.216 cm3),
[177Lu]Lu-BN-PLGA NPs (~0.654 cm 3), and control PLGA NPs (~1.83 cm3) at the endpoint
(Gibbens-Bandala et al., 2019). Indeed, the integration of imaging and therapeutic modalities
in one system could provide a significant improvement in cancer diagnosis and therapy. Yet,
the capability of all current theranostic nanosystems is still insufficient for the clinical
translation. The effort is to address the remaining challenges, including minimizing the
complexity, improving the efficiency, and expanding the available selection of the
nanosystems (Mura and Couvreur, 2012; Chen et al., 2014).
2.4 Metastatic melanoma
Melanoma is a heterogeneous malignant tumor and the most lethal type of skin cancers. The
global incidence of melanoma has progressively risen annually. In 2020, the American
Cancer Society predicts to diagnose 100,350 new cases of melanoma (~15% increase from
2017) while the death is projected at 6,850 melanoma patients in the United States. Through
early detection, the lesion of primary cutaneous melanoma can be removed by surgical
resection. However, melanoma cells tend to disseminate and migrate from the primary tumor
to other parts of the body. The spreading of melanoma cells can form metastasis that makes
the diagnosis and treatment more challenging (Erdei and Torres, 2010). In this section, the
molecular pathogenesis, current diagnosis, and therapeutic approaches of metastatic
melanoma are discussed.
2.4.1 Etiology and pathogenesis of metastatic melanoma
The causes of melanoma have been identified from several sources, especially the
environmental effect from the exposure of ultraviolet (UV) radiation and the individual genetic
variability (Nelson and Tsao, 2009; Hawkes et al., 2016). Melanoma is associated with the
type of skin colors with fair-skinned populations having a higher incidence of melanoma
compared to people with darker pigmentation (Garbe and Leiter, 2009). In the human
epidermis, melanocytes are responsible for skin pigmentation through the production of
eumelanin and pheomelanin. Eumelanin is UV absorbent and stable against UV exposure to
protect the skin from sunburn. Eumelanin is found more in darker skin. On the other hand,
pheomelanin found predominantly in light skinned populations, is photo-unstable and may
promote the carcinogenesis caused by stress and exposure to sunlight (Takeuchi et al., 2004;
Premi et al., 2015). The synthesis of pheomelanin pigment can result in carcinogenicity and
contribute to the melanoma risk by two distinct mechanisms: DNA strand breaks by reactive
oxygen species (ROS) production and cellular antioxidant depletion due to the massive
consumption of glutathione (Morgan et al., 2013). The pathogenesis of melanoma is complex
due to genetic variation and epigenetic factors (Williams et al., 2011). Malignant melanoma
occurs from the neoplasm of melanocytes located in the stratum basale of the epidermis. To
synthesize melanin, the melanocortin 1 receptor (MC1R) expressed on melanocytes binds to
the α-melanocyte stimulating hormone (α-MSH) secreted by keratinocytes (Duffy et al., 2010).
In principle, sunlight can activate the melanocytes to produce melanin and accumulate in
keratinocytes, preventing the mutagenesis of the cell nucleus from photo-radiation. If the UV
exposure surpasses a threshold, melanocyte carcinogenesis and immunosuppression are
induced to onset melanoma (Gruber et al., 2008).
Melanoma can be classified into five stages, including stage 0 (found on top layer of the skin),
stage I (deeper into skin), stage II (deeper than stage I with high-risk features), stage III
(spreading to lymph nodes), and stage IV (metastatic melanoma in distant organs).
Metastasis is an advanced form of melanoma involving a multistage process in which the
disseminated melanoma cells from the primary tumor site escape into the circulation and
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invade tissues, resulting in the development of new melanoma lesions in different organs
(Nezos et al., 2011). The metastatic foci (Figure 9) can be found in satellite or in-transit areas
(e.g. regional dermal, subdermal lymphatics, and lymph nodes) and distant organs (e.g. bone
marrow, lungs, liver, and brain). At the cellular level, metastatic melanoma is associated with
molecular evolution through changes in DNA, RNA, and protein patterns inside the cells.
BRAF (v-raf murine sarcoma viral oncogene homolog B1) is one of the most important protooncogenes responsible for cell growth and proliferation through RAS/RAF/MEK/ERK cascade
reaction in the mitogen-activated protein kinase (MAPK) pathway (Li et al., 2016). Moreover,
40–60% of melanoma harbors an activating mutation of the serine/threonine protein kinase
BRAF, leading to uncontrollable cell proliferation and tumor growth (Flaherty et al., 2010). The
most common type of BRAF mutations (over 90%) occurs through the substitution of glutamic
acid for valine at the amino acid codon 600 (V600E), governing the independence of
upstream growth stimuli (constitutive activation) and downstream activities, such as the
evasion of immune response, tissue invasion, and metastasis (Ascierto et al., 2012).

Figure 9: Organ-specific metastatic melanoma spreading from the primary tumor to in-transit area
(lymph node) and major distant organs (bone marrow, liver, lung, and brain).

2.4.2 Diagnosis of metastatic melanoma
Primary melanoma lesions can be diagnosed based on a visual screening by dermatologists
through multiple classifier systems (Rigel et al., 2005) in combination with skin surface
microscopy or an advanced digital system integrated with melanoma classification algorithms
(Sboner et al., 2003). Although these methods are beneficial for the rapid assessment of
melanoma through aided eyes, the spread of disseminated melanoma cells is usually
assumed to take place upon the detection of a primary tumor. Therefore, these superficial
diagnostic means are not sufficient to localize the metastatic melanoma. In general, the
diagnostic methods of melanoma are focused on the detection of specific biomarkers
presented on the melanoma cells using histopathology evaluation (Liu and Sheikh, 2014).
Due to the expression of various oncogenes and prognostic markers in melanoma, a number
of biological identification techniques, such as immunohistochemistry (IHC), real-time
polymerase chain reaction (RT-PCR), pyrosequencing, Sanger sequencing, and mismatch
ligation assay have been utilized as a gold standard to detect mutant genes. Among all
oncogenes, BRAF V600E mutation has recently become a primary target for metastatic
melanoma detection. IHC is one of the most efficient methods to detect BRAF V600E
mutation with high sensitivity (93-97%) and specificity (92-98%) using VE1 monoclonal
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antibody (Long et al., 2013). Moreover, several RT-PCR-based tests (cobas® 4800 BRAF
V600 and THxID®-BRAF) have been approved by the FDA to detect BRAF mutation with an
overall sensitivity of 97.5% (Spagnolo et al., 2015).
Several non-radioactive imaging methodologies have been used to noninvasively image
metastatic melanoma in vivo, for example, ultrasound, high-frequency ultrasonography,
optical coherent tomography (OCT), and multi-photon tomography (Warszawik-Hendzel et al.,
2015; Schuh et al., 2017). Moreover, Stoffels et al. recently developed a novel multispectral
optoacoustic tomography (MSOT) for the determination of metastatic status through melanin
imaging in lymph nodes – the pool for disseminated melanoma cells migrating to distant
organs. The MSOT method in this work was complemented with ultrasound to obtain a better
image of lymph nodes for a more comprehensive analysis. The study demonstrated high
detection sensitivity (100%) without a single false positive, suggesting a potential use as a
non-invasive imaging alternative for metastatic melanoma detection (Stoffels et al., 2015). In
the age of molecular imaging and personalized medicine, radiation and magnetic-based noninvasive imaging modalities are widely available in the hospital, such as conventional X-ray,
MRI, CT, PET, and SPECT scans that enable rapid detection and real-time staging of
metastatic melanoma with greater sensitivity and image resolution compared to nonradioactive optical imaging. The radiolabeled peptide-based nuclear imaging probes have
been intensely investigated to improve the specificity of diagnostic probes, especially
radiolabeled α-MSH peptide (Guo et al., 2013; Nagy et al., 2017), integrin family peptidebased imaging probes (Notni et al., 2012; Knetsch et al., 2013; Zhai et al., 2016) and α4β1
integrin targeting peptides (Beaino et al., 2015).
2.4.3 Treatment of metastatic melanoma
Metastatic melanoma is often non-resectable; therefore, radiation and systemic therapies (e.g.
chemotherapy, targeted therapy, and immunotherapy) are commonly employed as alternative
curative options. Radiation therapy has been proved to be an ineffective method to treat
metastatic melanoma due to the radioresistant characteristic in the tumor, but it is beneficial in
some cases where the pharmacokinetic profile of chemotherapeutic drugs is restricted, in
particular the treatment of metastasis in the central nervous system (Bhatia et al., 2009; Duffy
et al., 2010). Chemotherapy is one of the most effective treatments in metastatic melanoma to
date. The FDA-approved chemotherapeutic agents primarily comprise of alkylating
antineoplastic agents (e.g. dacarbazine and temozolomide) and platinum drugs (e.g. cisplatin
and carboplatin) in which these potent drugs can be administrated alone or in combination
depending on the stage of the disease and therapeutic plan (Bajetta et al., 2002).
Dacarbazine is one of the first-generation chemotherapeutic drugs for metastatic melanoma
and still in use today. Although the therapeutic efficacy of dacarbazine is modest, most
patients can tolerate the side effects of the treatment and maintain their quality of life (Bhatia
et al., 2009). To improve the prognosis of melanoma patients, targeted therapies have been
explored and developed to target genetic defects in melanoma. As previously discussed in
section 2.4.1, 40–60% of melanoma patients harbor activating BRAF gene mutations,
suggesting those genes as a promising candidate for targeted therapies. In 2005, the FDA
approved sorafenib (Nexavar) for clinical trials as a multi-kinase inhibitor for the treatment of
hepatocellular and thyroid carcinomas. Sorafenib had been also tested against melanoma in
combination with paclitaxel and carboplatin but it eventually failed to perform in phase III
clinical trial due to the lack of selectivity and therapeutic potency against RAF oncogenes
(Eggermont and Robert, 2011). Due to the overexpression of mutant BRAF V600E in
melanoma cells, the development of new kinase inhibitors has been directed to this
oncogenic gene. Vemurafenib (Zelboraf or PLX4032) is a selective kinase inhibitor which
obtained FDA approval in 2011 for the treatment of patients with metastatic melanoma
carrying the BRAF V600E mutation. In phase III randomized clinical trial, vemurafenib
improved the overall survival of metastatic melanoma patients to 84% (95% confidence
interval) while the progression-free survival showed a relative reduction in risk of death (64%)
and risk of disease progression (74%). Nevertheless, common adverse effects after treatment
were observed and 38% of patients required dose adjustment (Chapman et al., 2011). While
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the results from phase III clinical trial of vemurafenib were successful, several findings
demonstrated that BRAF V600E inhibitors including vemurafenib could reactivate the MAPK
pathway in melanoma, resulting in chemoresistance after several cycles of the treatment
(Johannessen et al., 2010; Nazarian et al., 2010). As a consequence, the combination of
BRAF inhibitors with other chemotherapeutic drugs, immunotherapy, and nanomedicine
approach anticipates the elevation of the therapeutic efficacy while lowering side effects in the
treatment of metastatic melanoma (Ascierto et al., 2012).
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3. AIMS OF THE WORK
In this thesis, multimodality imaging nanoprobes based on cellulose nanocrystals (CNC NPs)
and lignin nanoparticles (LNPs) drug delivery systems were developed and their biological
behavior was investigated. The studies were divided into three specific aims (SA 1-3) as
described below.
SA 1:
To investigate the systematic in vitro biocompatibility and cell-nanoparticle interaction of
multimodal CNC NPs and LNPs (I)
SA 2:
To examine the in vivo behavior of 111In-labeled CNC NPs through ex vivo biodistribution and
whole-body SPECT/CT imaging in healthy and tumor-bearing animal models (II)
SA 3:
To develop theranostic nanosystem based on CNC NPs by radiolabeling with theranostic
177
Lu and loading with BRAF inhibitor vemurafenib as well as exploring the potential
synergistic chemo- and radiotherapeutic effects in lung metastatic melanoma-bearing animal
model (III)
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4. MATERIALS AND METHODS
4.1 Materials and chemicals
All chemicals and anhydrous organic solvents were acquired from various vendors, including
Merck (St. Louis, MO, USA), VWR (Radnor, PA, USA), Macrocyclics (Plano, TX, USA),
Lumiprobe GmbH (Hannover, Germany), Thermo Fisher Scientific (Waltham, MA, USA),
Adooq® Bioscience (Irvine, CA, USA), Alamanda Polymers (Huntsville, AL, USA), and BASF
ChemTrade GmbH (Burgbernheim, Germany) and were used without additional purification.
[111In]InCl3 and [177Lu]LuCl3 were obtained from Mallinckrodt Medical B.V. (Petten, The
Netherlands).
CNC NPs were prepared through acid hydrolysis of cotton fibers (ashless Whatman® filter
paper) as described in the literature (Lu and Hsieh, 2010; Sadeghifar, et al., 2011). The acid
and sulfate residues after hydrolysis were washed out with the excess amount of DMSO and
ultrapure water. The purified CNC NPs were dried with lyophilization and stored at 4 °C for
further syntheses. LNPs were produced from Softwood Kraft lignin in aqueous solution as
described in the literature (Lievonen et al., 2016). The dialysis tubing and membrane (MWCO
12–14 kDa) were purchased from Spectrum Labs (Los Angeles, CA, USA). The glass
microfiber chromatography sheet-impregnated salicylic acid (iTLC-SA) was obtained from
Agilent Technologies (Folsom, CA, USA). The ultrapure water (18.2 MΩ·cm at 25 °C, 2 ppb
TOC) was prepared in-house by a Milli-Q® Integral 10 water purification unit equipped with
0.22 µm Millipak® Express 40 membrane filter (Merck Millipore, Burlington, MA, USA).
4.2 Preparation and characterization of CNC NPs and LNPs
4.2.1 Synthesis of DOTA-hydrazide bifunctional chelator (I)
The 1,4,7,10-tetraazacyclododecane-1,4,7-tris(acetic acid)-10-acethydrazide or DOTAhydrazide was synthesized through HATU mediated coupling reaction between 1,4,7,10tetraazacyclododecane-1,4,7-tris-tert-butyl acetate-10-acetic acid (Boc-DOTA-COOH) and
hydrazine solution (Figure 10). Briefly, Boc-DOTA-COOH (1 eq, 100 mg, 30 mM) was
dissolved in anhydrous DMF under argon. The HATU (1.2 eq, 79.7 mg, 36 mM) in dried DMF
was added to the Boc-DOTA-COOH solution while the reaction was stirred at RT for 10 min.
Then, N,N-Diisopropylethylamine, or DIPEA (2 eq, 61 μL, 60 mM) was added to the reaction
mixture and left stirring for 30 min before subsequently adding hydrazine solution in 1.0 M
THF (1.1 eq, 7 μL, 33 mM). The reaction was left overnight at RT under an inert atmosphere.
The reaction was monitored by TLC Silica gel 60 RP-18 F254s coated on aluminum sheet
running with the DCM:MeOH (9:1) eluent system (Rf = 0.67). The liquid-liquid extraction was
carried out with 2×20 mL ethyl acetate, 10 mL water, and 10 mL saturated brine solution. The
combined organic layer was dried over sodium sulfate and filtered through the WhatmanTM
filter paper and evaporated to dryness. To perform Boc-deprotection, the obtained product
was dissolved in 1 mL of MeOH followed by the addition of 3 mL of 37% HCl solution. The
reaction was left stirring in an open system for 4 h. All solvents were removed using a
reduced-pressure rotary evaporator. The product was repeatedly washed and evaporated
with 7×6 mL of DCM to remove the concentrated HCl. Then, the yellowish oil product was redissolved in 1 mL of MeOH and passed through a reverse-phase Sep-Pak® Plus C18 SPE
cartridge, which was preconditioned with 2 mL of acetonitrile and 10 mL of water. The DOTAhydrazide was eluted out from the cartridge with 1.5 mL of ACN:water (70:30) mixture. The
eluted solution was evaporated to dryness and characterized by 1H-NMR, 13C-NMR (Varian
Mercury 300 Spectrometer model), and ESI-TOF MS (microTOF, Bruker Daltonics®, Billerica,
MA, USA).
The DOTA-hydrazide (72 mg, 171.75 µmol, and yield 72%) was successfully synthesized and
characterized. Chemical shifts are reported as a ppm (δ) calibrated with solvent peak in which
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the shapes of the peak denote as s = singlet, t = triplet, m = multiplet, and br = broad spectra.
1
H-NMR (300 MHz, d6-DMSO), (a) δ = 2.49 ppm (s, 16H), (b) δ = 3.01 – 3.55 ppm, br, 6H, (c)
δ = 3.68 ppm, m, 2H, (d) δ = 3.83 – 4.12 ppm, t, 2H, (e) δ = 10.24 ppm, s, 1H, and d6-DMSO
solvent residual peak δ = 2.50 ppm. 13C-NMR (75 MHz, d6-DMSO), (a) δ = 49.58 ppm, (b) δ =
52.94 ppm, and (c) δ = 170.28 ppm, and d6-DMSO solvent residual peak δ = 39.51 ppm. ESITOF MS [M+H]+ showed a m/z ratio corresponding to 419.2134 (m/z calc. 419.2210).

Figure 10: The synthesis scheme of DOTA-hydrazide through HATA mediated coupling reaction. The
alphabets (a–e) represent the NMR assignments of H and C positions on DOTA-hydrazide molecule.

4.2.2 Preparation of CNC functionalized Cy5- and DOTA-hydrazide through catalyst-free
hydrazide-aldehyde coupling reaction (I – II)
The Cy5- and DOTA-hydrazide were conjugated to the reducing end of the CNC NPs through
the selective coupling reaction between hydrazide and aldehyde groups (Figure 11A). CNC
NPs were dispersed in anhydrous DMSO (5 mg/mL) and sonicated with tip sonicator (tip ϕ = 3
mm., QSonica, Newtown, CT, USA) at 20% amplitude for 5 min. Then, the CNC dispersion
was flushed with argon flow under constant agitation. DOTA-hydrazide (1 eq w/w) or Cy5 (0.3
eq w/w) was added to the dispersion and the reaction was left stirring for 4 days at 50−60 °C
under argon atmosphere. The residues of DOTA- or Cy5-hydrazide were washed out with
four exchanges of fresh DMSO or until the supernatant became colorless, then subsequently
dialysis against ultrapure water for 4 days. The purified DOTA-CNC (ald.) and Cy5-CNC NPs
were dried in a lyophilizer and stored at 4 °C.
4.2.3 Preparation of CNC and LNP functionalized Cy5- and DOTA-amine via
carbonyldiimidazole (CDI) activation reaction (II – III)
The commercially available Cy5- and DOTA-amine (1,4,7,10-tetraazacyclododecane-1,4,7tris(acetic acid)-10-(4-aminobutyl) acetamide) were installed on the surface of CNC NP and
LNP through the carbonyldiimidazole (CDI) activation of hydroxyl groups (Figure 11B). The
CNC NPs and LNPs were dispersed in anhydrous DMSO and THF, respectively, at a
concentration of 5 mg/mL and subjected to the sonication. CDI (2 eq w/w) in anhydrous
DMSO or THF solution was slowly dropped to the CNC or LNP solution. The CDI activation
was reacted overnight at 50−60 °C under argon atmosphere. In the reaction with CNC NPs,
the excess amount of CDI was removed with three washes of fresh DMSO by repeated
centrifugation. Then, the CDI-activated CNC NPs were redispersed in anhydrous DMSO while
the LNPs reaction was directly proceeded to the further step without washing. The Cy5- or
DOTA-amine in DMSO or THF solution (1 eq w/w) was added dropwise to the corresponding
CNC NPs or LNPs dispersion under argon flow. The conjugation reaction was stirred at
50−60 °C under argon gas for 4 days before subsequent purification and collection as
described in 4.2.1, yielding DOTA-CNC NPs (OH) or DOTA-LNPs or Cy5-LNPs.
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Figure 11: Representations of (A) DOTA-CNC (ald.) and Cy5-CNC at the aldehyde terminal of the
reducing end of the CNC NPs and (B) DOTA-CNC (OH), Cy5-LNP, and DOTA-LNP through CDI
activating hydroxyl groups.

4.2.4 Physicochemical characterization of modified CNC NPs and LNPs (I – III)
In general, unmodified and modified CNC NPs or LNPs were characterized using several
analytical techniques. The elemental compositions (C, H, and O) were determined by a Vario
MICRO Cube CHNS analyzer (Elementar Analysensysteme GmbH, Langenselbold,
Germany). The successful conjugation of DOTA or Cy5 to CNC NPs and LNPs was
confirmed using the Fourier Transform Infrared Spectroscopy (FTIR, Vertex 70, Bruker,
Billerica, MA, USA) equipped with attenuated total reflectance unit (ATR, MIRacle, PIKE
Technologies, Madison, WI, USA). The hydrodynamic diameter and surface charge (ζpotential) of CNC NPs and LNPs in aqueous solution (300–500 µg/mL) were characterized by
Malvern Zetasizer Nano ZS instrument (Malvern, Worcestershire, UK). Moreover, the
dimensions and morphology of CNC NPs and LNPs (article I – II) were observed through 120
kV transmission electron microscopy (TEM, Tecnai 12 Bio-Twin FEI, Hillsboro, OR, USA).
The 5 µL of each CNC NPs or LNPs were applied on a glow discharge treated carbon support
film hexagonal 300 mesh copper grids (Electron Microscopy Sciences, Hatfield, PA, USA).
The CNC samples were stained with 1% uranyl acetate for 2 min, while LNP samples were
left without staining. The samples were dried for 2 h prior to the measurements. The field
emission-scanning electron microscopy (FE-SEM S-4800, Hitachi, Tokyo, Japan) was used to
characterize the morphology of CNC NPs in article III. The CNC samples were prepared in
ultrapure water at a concentration of 25 µg/mL and dropped (10 µL) on silicon wafer
substrates before drying in a desiccator overnight. Before measurement, the samples were
coated with Au-Pd alloy with a thickness of 3 nm to increase the conductivity of the samples.
The dimensions (width and length) in recorded TEM and FE-SEM images were analyzed
using ImageJ 1.52i software.
4.2.5 Preparation of drug-loaded CNC NPs (III)
In article III, the drug (vemurafenib) loading to both non-radiolabeled and radiolabeled CNC
NPs was carried out as a one-pot reaction. Briefly, 1 mg of DOTA-CNC or [177Lu]Lu-CNC NPs
was dispersed in anhydrous DMSO (5 mg/mL). Vemurafenib (5:1) and PLL (1:10) were added
to the CNC dispersion. The reaction mixture was sonicated for 2 min and further incubated at
37 °C for 1 h on a constant shaker. Then, the reaction tubes were centrifuged at 10 000 g for
10 min. The supernatant was carefully separated and filtered through a 0.2 µm PVDF filter.
The unbound vemurafenib in the supernatant was determined using high-performance liquid
chromatography (HPLC, Shimadzu Corporation, Kyoto, Japan). The HPLC analysis was
conducted using a reversed-phase XBridgeTM C18 analytical HPLC column (Waters
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Corporation, Milford, MA, USA). The eluent system was 0.1 M glycine buffer (pH 9) and
acetonitrile (45:55) at the flow rate of 0.9 mL/min and 254 nm UV detection. The retention
time of free vemurafenib is in between 8.70 – 8.79 min. The amount of detected vemurafenib
in the supernatant was quantified using a calibration curve ranging from 1.56 – 200 µg/mL (R2
= 1). The drug loading efficiency (%LE) and loading degree (%LD) are calculated using
equation (1) and (2), respectively. All samples were carried out in triplicate.
%LE =
%LD =

Initial drug mass−Drug mass in supernatant
Initial drug mass
Total mass of loaded drug
Total mass of nanoparticles

× 100%

Equation (1)
Equation (2)

× 100%

4.3 Radiosynthesis
4.3.1 Indium-111 radiolabeling (II)
The modified CNC, DOTA-CNC (ald.), and DOTA-CNC (OH) NPs in article II were
radiolabeled with [111In]InCl3 in a metal-free buffer. All radiolabeling solutions were prepared in
ultrapure water rendered metal-free by treatment with Chelex 100 ion-exchange resin (5 g/L)
overnight and passed through 0.22 µm filter before use. Both DOTA-modified CNC NPs (1
mg) were dispersed in 0.2 M ammonium acetate buffer (pH 4.0) to the concentration of 1
mg/mL and subjected to sonication for 3 min. Then, the [111In]InCl3 solution (30–150 MBq)
was added to the CNC solution. The reactions were heated to 100 °C and incubated for 1 h
on a shaker. After radiolabeling, the reaction was quenched with 100 µL of 50 mM EDTA
solution and left to cool down to RT before purification. The multistep purification was carried
out using centrifugation at the speed of 10 000 g, 5 min. The supernatant was removed and
the radiolabeled CNC pellet was washed with three times of 50 mM EDTA, two times of
1×PBS (pH 7.4), and one time of metal-free ultrapure water. The radioactivity in both
supernatant and CNC pellets was monitored by the VDC-405 dose calibrator (Comecer
Group, Joure, The Netherlands) in every washing step. The quality control of the radiolabeled
products was checked by a radio-TLC method. A droplet (1–2 µL) of the products was spotted
on the iTLC-SA sheet and the chromatogram was run in 0.2 M ammonium acetate buffer (pH
4.0) where the free [111In]In3+ moves with the solvent (Rf = 0.74) while the radiolabeled CNC
NPs retain at the application spot (Rf = 0). The chromatogram was read using
autoradiography (FLA-5100 V.1, Fuji Film Photo, Tokyo, Japan) and the percent of
radiochemical purity (RCP) was quantified with AIDA image analysis software version 5.0 SP
3 (Elysia-Raytest GmbH, Straubenhardt, Germany). The RCP of the radiolabeled products
was set above 98% before subsequent experiments.
To formulate the injecting doses for animal experiments, the purified 111In-radiolabeled CNC
NPs were resuspended in sterile 1×PBS (pH 7.4) and sonicated for 2 min before
supplementing with 20% Solutol HS 15 in sterile 1×PBS (pH 7.4) to a final concentration of
5% v/v. The radioactivity and weight of injection syringes were measured by dose calibrator
and an electronic scale, respectively, both before and after injection.
4.3.2 Lutetium-177 radiolabeling (III)
In article III, DOTA-CNC (OH) NPs were used for further development of theranostic
nanosystem for drug delivery applications. The radiolabeling and purification procedures were
carried out similarly to 111In radiolabeling. The quality control was carried out using the radioTLC method as described in 4.3.1 with the 0.1 M citrate buffer (pH 5.0) as an eluent. The free
[177Lu]Lu3+ moves along with the solvent line (Rf = 0.9–1.0) while the radiolabeled CNC NPs
stay at the origin. The injecting formulation for in vivo evaluation was prepared the same as
111
In-radiolabeled CNC NPs. To construct theranostic CNC NPs, the purified [177Lu]Lu-CNC
NPs (RCP > 98%) were subjected to the drug loading procedures as detailed in section 4.2.5.
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4.4 In vitro evaluation
4.4.1 Radiolabel stability
4.4.1.1 Stability tests of CNC NPs and LNPs in physiological conditions (I – III)
The in vitro physiological stabilities of both 111In- and 177Lu-radiolabeled CNC NPs were
investigated in 1×PBS (pH 7.4), 50%, and 100% human plasma. The radiolabeled CNC NPs
were dispersed in corresponding media at the concentration of 100 µg/mL and incubated at
37 °C on a constant shaker. Samples (1–2 µL) were drawn at predetermined time points
ranging from 1 h to 96 h. The radio-TLC chromatograms were run in 0.2 M sodium acetate
buffer (pH 4.0) for [111In]In-CNC NPs and 0.1 M citrate buffer (pH 5.0) for [177Lu]Lu-CNC NPs.
The release of free [111In]In3+ or [177Lu]Lu3+ on the iTLC chromatogram was read and
quantified using autoradiographic method as described in 4.3.1. All assays were done in
triplicate.
4.4.1.2 Radiolabel stability under EDTA transchelation and Fe3+ challenges (II – III)
The radiolabeled CNC NPs were incubated with EDTA (2 mM) and FeCl 3 (0.2 mM) solutions
at the solid concentration of 100 µg/mL at 37 °C. At designated time points (3 h to 120 h), the
samples were spotted on the iTLC-SA sheet, and chromatograms were run with the
corresponding eluent systems. The release of free [111In]In3+ and [177Lu]Lu3+ due to EDTA
transchelation or iron sequestration of the DOTA binding site as well as the percent intact of
radionuclides onto CNC NPs were determined as the procedures in section 4.4.1.1.
4.4.2 Drug release studies (III)
The in vitro drug release profiles were carried out in different stimulated buffers, including
normal physiological and tumor microenvironment conditions using 1×PBS (pH 7.4) and
acetate buffer (pH 5.5), respectively. Moreover, 10% v/v of human serum were supplemented
to the buffer systems to induce sink condition in drug dissolution. Both nonradioactive and
radioactive CNC loaded vemurafenib (400 µg/mL) were incubated with the corresponding
media at 37 °C on a constant orbital shaker. At specified time points (1 h to 96 h), the
samples were centrifuged at 5000 rpm for 10 min and the supernatant was separated into
new tubes. The sample pellets were redispersed in corresponding media at the same volume
and put back to an incubator. The ice-cold acetonitrile (1:1 v/v) was added to the supernatant
to precipitate the proteins. Then, vials were spin at 9000 g for 10 min. The collected pellets of
denatured proteins were discarded while the supernatant was separated and evaporated to
dryness in a lyophilizer. The dried residues were dissolved in 500 µL of DMSO and filtered
through a 0.2 µm PVDF membrane before measurement with the HPLC method described in
4.2.5. All assays were carried out in triplicate.
4.4.3 In vitro cell studies
4.4.3.1 Cell lines and cell culturing procedures (I – III)
Cell lines used in this thesis were acquired from American Type Culture Collection (ATCC,
Manassas, VA, USA) or Imanis Life Sciences (Rochester, MN, USA) and listed in Table 2.
Cell culture materials (e.g. serological pipettes, flasks, and microplates) were mainly
purchased from Corning Inc. (Corning, NY, USA). Cell culture media and additives were
obtained from Life Technologies Gibco (Carlsbad, CA, USA), InvivoGen (San Diego, CA,
USA), and GE Healthcare Life Sciences (Chicago, IL, USA). CellTiter-Glo® luminescent cell
viability assay was acquired from Promega Corporation (Madison, WI, USA). EVETM
automated cell counter and cell counting kit were purchased from NanoEnTek Inc. (Guro-gu,
Seoul, Korea). The Heracell VIOS 160i cell incubator (Thermo Fisher Scientific, Waltham, MA,
USA) was set at 37 °C, 5% CO2, and 95% relative humidity. In general, the cell culture media
were supplemented with standard additives to 10% FBS, 1×GlutaMAX, 1 mM sodium
pyruvate, and 1×Penicillin-Streptomycin unless otherwise denoted in the corresponding
articles (I-III) and aseptically filtered through sterile vacuum filter storage bottle before use.
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Table 2: General information on different mouse and human cell lines for in vitro and in vivo studies.
Cell line
RAW 264.7 (TIB-71)
4T1 (CRL-2539)
YUMM1.G1 (CRL-3363)
B16-F10 (CRL-6475)
A375-Fluc-Neo/eGFP-Puro

Organism
Mouse
Mouse
Mouse
Mouse
Human

Cell type / Tissue
Macrophage
Mammary gland
Skin
Skin
Skin

Disease
Breast cancer (stage IV)
Melanoma
Melanoma
Melanoma

Vendor
ATCC
ATCC
ATCC
ATCC
Imanis

4.4.3.2 Cell cytotoxicity studies (I – III)
The in vitro cell cytotoxicity was mainly studied using a commercial CellTiter-Glo® cell viability
assay throughout the works in this thesis. Briefly, cells were seeded in a 96-well plate at a
density of 5,000–15,000 cells per well in 100 µL of corresponding cell culture media. The cells
were allowed to attach overnight. The media were removed and replaced with 100 µL of
incubated samples in corresponding cell media. The naked media and 1% Triton X-100
solution were used as a negative and positive control, respectively. The cells were incubated
with samples in the cell incubator presetting at 37 °C, 5% CO2, and 95% relative humidity. At
predetermined time points, the plates were cooled down to RT and the cells were washed
twice with 1×HBSS (pH 7.4). Then, 50 µL of each 1×HBSS and CellTiter-Glo® reagent
cocktail was added to the wells. The plates were protected from light and shaken on an orbital
shaker for 2 min followed by incubation at RT for 30 min before the measurement. The
luminescence was read using a Varioskan LUX multimode microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA). All experiments were carried out in triplicate.
In addition, the fluorescent LIVE/DEAD® assay, and the colorimetric MTT® and AlamarBlue®
assays were used in the article I for a specific comparison of the cell viability quantification
suitable for CNC NPs and LNPs. The procedures for additional assays can be found in
supplement information of the article I.
4.4.3.3 Cell–nanoparticle interaction by confocal microscopy (I)
The cell–NPs interactions were studied in RAW 264.7 macrophage and 4T1 breast cancer
cell lines through the detection of Cy5-conjugated CNC and LNP NPs using confocal
fluorescence microscopy. The cells were seeded in 1.5 Nunc Lab-Tek® II eight-chambered
cover glasses at 50,000 cells per well overnight. Then, the media were replaced with 200 µL
of Cy5-CNC or Cy5-LNP solution (100 µg/mL). The samples were incubated with the cells for
6 and 24 h in the cell incubator. At specified time points, cells were washed once with 1×PBS
(pH 7.4) followed by the cell membrane staining with CellMaskTM Green solution (200 µL of 5
µg/mL in 1×PBS) at 37 °C for 3 min. The cells were washed once with 1×PBS and fixed with
4% PFA at 37 °C for 15 min. After fixation, cells were washed twice with 1×PBS and the cell
nuclei were stained with DAPI (200 µL of 2.48 µg/mL in 1×PBS) at 37 °C for 5 min. The cells
were washed again with 1×PBS and 200 µL of fresh 1×PBS were added to each well. The
observation of fluorescent signals under confocal microscopy was carried out at 63×
magnification with the detecting wavelengths of 649/666 nm for Cy5, 522/535 nm for
CellMaskTM Green, and 350/470 for DAPI. The recorded images were analyzed using Fiji
ImageJ 1.51 software.
4.4.3.4 Cellular uptake of

177

Lu-labeled CNC NPs (III)

The in vitro internalization of 177Lu-radiolabeled CNC NPs was carried out in murine
YUMM1.G1 melanoma and human A375-Fluc-NeO/eGFP-Puro melanoma cell lines. The
cells were plated at 25,000 cells per well (1 mL in corresponding media) in a 12-well plate and
incubated overnight. The media were removed and changed to the CO2 independent medium.
The cells were acclimatized to the CO2 independent medium for at least 30 min in a normal
presetting 37 °C incubator. Then, the CO2 independent media containing free [177Lu]Lu3+,
[177Lu]Lu-CNC NPs, and [177Lu]Lu-CNC-V NPs (1 mL) were added to the wells and incubated
for 1, 6, 24, and 48 h. The radioactivity, CNC, and vemurafenib doses were kept constant at 1
MBq/mL, 40 µg/mL, and 0.1 µM per well, respectively.
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At each time point, the unbound, membrane-bound, and internalized fractions were collected
into separated 5-mL liquid scintillation tubes. The unbound fraction was collected from the
incubated media and 1 mL of ice-cold 1×PBS from washing. The membrane-bound fraction
was obtained by washing twice with ice-cold 0.05 M glycine buffer (pH 2.8). The internalized
fraction was collected from the incubated 1 mL of 1 M NaOH and 1 mL of ice-cold 1×PBS
from washing. The incubation time between each washing procedure was set at 5 min. The
radioactivity in sample tubes was counted using an automatic gamma counter 1480 WizardTM
3” (PerkinElmer Life Sciences, Waltham, MA, USA). The counts were recorded as count per
minute (CPM) and the percent of internalized radioactivity (%Internalization) was analyzed
using equation (3). All experiments were performed in triplicate.
CPM of internalized fraction

%Internalization = SUM of the CPM in all fractions × 100%

Equation (3)

4.4.3.5 Clonogenic assay for cell survival (III)
The clonogenic assay was conducted in YUMM1.G1 and A375-Fluc-NeO/eGFP-Puro
melanoma cell lines according to the standard protocol by Franken et al., 2006. The
radioactivity, CNC, and vemurafenib doses were similar to internalization assay in 4.4.3.4.
The cells were treated with PLL-CNC NPs, free vemurafenib, free [177Lu]Lu3+, [177Lu]Lu-CNC
NPs, and [177Lu]Lu-CNC-V NPs while fresh media were used as a negative control. At
predetermined time points (6, 24, and 48 h), the incubated media were discarded and cells
were washed twice with warm 1×PBS. Then, cells were harvested with trypsin and viable
cells were counted with an automated cell counter. Both untreated and treated cells were
regrown on a transparent 6-well plate at a density of 400 cells per well in their corresponding
media and left for incubation in the cell incubator for 10 days. Cell growth was monitored daily
and the media were changed every 3 days. After 10-day incubation, the media were
discarded and cells were washed twice with ice-cold 1×PBS on ice. Then, cells were fixed
with 2 mL of ice-cold methanol (≥99.9%) for 15 min in -25 °C freezer. Methanol was removed
and the cell colonies were stained with 0.5% crystal violet in 25% MeOH solution for 10 min at
RT. Then, the crystal violet solutions were aspirated and plates were washed with an excess
amount of water until colorless. Plates were dried in the laminar hood overnight at RT. The
visible cell colonies were imaged using the CanoScan 9900F flatbed scanner (Canon Inc.,
Tokyo, Japan). All samples were run in duplicate.
4.5 In vivo evaluation
4.5.1 Experimental animal models and ethical compliance (II – III)
Animal experiments in article II and III were carried out under a project license number
ESAVI/12132/04.10.07/2017 approved by the National Board of Animal Experimentation in
Finland and compliance with the respective Finnish and EU regulations and guidelines. In
general, animals were grouped in a conventional polycarbonate cage supplied with aspen
bedding, nesting material (Tapvei ®, Harjumaa, Estonia), and paper pulp home (Datesand,
Stockport, UK). Food pellets (Teklad 2916, Envigo, Huntingdon, UK) and tap water were
provided ad libitum through the feeding hopper. The housing conditions were maintained at
12:12 h light/dark cycle, 22 ± 1 °C, and 55 ± 15% relative humidity.
In the article II, healthy (female CD-1, weighing 26–29 g, aged 8–12 weeks, Charles River)
and 4T1 tumor-bearing (female Balb/c, weighing 15–20 g, aged 8–12 weeks, Charles River)
animal models were used for the studies. For 4T1 tumor-bearing mice, 1×106 cells of 4T1 in
50 µL of additive-free RPMI-1640 medium were inoculated to the surgically exposed right
inguinal mammary fat pad under anesthesia (2.5% isoflurane with air:oxygen 60:40 carrier at
1 L/min) and 100 µL of local anesthesia (1:1 v/v of 5 mg/mL bupivacaine:10 mg/mL lidocaine)
was infiltrated around the incision area before surgical procedures. The carprofen (Norocarp,
50 mg/mL, Norbrook Laboratories, Newry, Northern Ireland) was subcutaneously
administered to 4T1-inoculated mice at 5 mg/kg dose at 24 and 48 h after the surgery. The
tumor was allowed to develop for 9 days with an average largest dimension of tumor of 9 mm
before experiments.
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In the article III, lung metastatic YUMM1.G1 tumor-bearing mice (female C57BL/6NRj,
weighing 15–20 g, aged 8–12 weeks, Janvier Labs) was used for the studies of biodistribution
and therapeutic responses. The lung metastasis melanoma model was developed by
intravenously injecting 1×106 YUMM1.G1 cells in 150 µL sterile HBSS via the lateral tail vein.
The tumor was allowed to develop for 14 days before treatments.
4.5.2 Ex vivo biodistribution, SPECT/CT, and dosimetry studies (II – III)
The radiolabeled CNC NPs ([111In]In-CNC NPs in article II and [177Lu]Lu-CNC-V NPs in article
III) were intravenously injected via tail vein at doses of 0.1–1.2 MBq for radioactivity, 20–50
µg for CNC NPs, and 2 mg/kg for vemurafenib in 150 µL of sterile 1×PBS (pH 7.4)
supplemented with 5–6% Solutol HS 15 as detailed in section 4.3. At predetermined time
points after radiotracer administration, animals were euthanatized by CO 2 asphyxiation
followed by cervical dislocation. The select tissues (e.g. blood, pancreas, spleen, stomach,
liver, kidney, lung, heart, intestines, muscle, tibia, occipital bone, brain, and tumor) were
collected and weighed in 5-mL liquid scintillation tubes. The radioactivity in tissue samples
was counted using an automatic gamma counter 1480 WizardTM 3” with the protocol for
corresponding radionuclide. The results were analyzed using a five-weight standard method
and reported as the percent of injected dose per weight of tissue (%ID/g). The number of
animals was statistically set at 3–5 mice per injected formulation and time point.
The in vivo SPECT/CT imaging of [111In]In-CNC NPs in article II was carried out with a small
animal SPECT/CT system (Bioscan NanoSPECT/CT, Mediso, Hungary). The mice were
separated into two groups: healthy and 4T1 tumor-bearing animals. Both [111In]In-CNC (OH)
and [111In]In-CNC (ald.) formulations (2 MBq) were intravenously injected via tail vein at a
dose of 100 µg of CNC in 150 µL of sterile 1×PBS (pH 7.4) supplemented with 5% Solutol HS
15. The scanning was done under 2.0% isoflurane anesthesia in oxygen carrier (0.6 L/min) at
1, 24, and 48 h p.i. The imaging protocol was SCOUT CT SPECT 111In and the parameters
were set at 360°, 20 projections × 100 s per projection, and 60 min. After SPECT imaging, the
CT scanning was acquired using 45 kVp X-ray source for 6 min (helical, 240 projections). All
images were reconstructed using Nuclide acquisition software (Mediso, Hungary) and
analyzed by VivoQuant software (InviCRO LLC, USA). The number of animals was set at two
mice per time point and formulation.
Following the ex vivo studies in article III, the average activity concentration of tissue
specimens from each time point was fitted to biexponential function to generate a time-activity
curve (TAC). The TAC fitted well most of the tissue samples using a one- or two-phase
exponential decay model while a trapezoidal model was used for spleen in the latest time
point due to a remarked uptake over the studied time course. The cumulative uptake was
obtained from the area under curves. The absorbed dose in each organ was calculated by
assuming the absorbed fraction is equal to 1 for β emission of 177Lu and 0 for gamma photon
with the equilibrium constant of 0.085·Gy/MBq·h (0.31 g·cGy/µCi·h). The estimated absorbed
dose is expressed in cGy/MBq and used as a guideline for the administration plan for
therapeutic studies.
4.5.3 Therapeutic studies (III)
After 14 days of YUMM1.G1 tumor inoculation, the animals were randomly divided into 4
groups (n=7–8 per group), which consisted of negative control, positive control, [ 177Lu]LuCNC NPs, and [177Lu]Lu-CNC-V NPs. The negative control was treated with an empty vehicle
solution (150 µL of 1×PBS supplemented with 6% Solutol HS 15) while the positive control
was injected with free vemurafenib at 3.5 mg/kg dose in 150 µL of 1×PBS with 6% Solutol HS
15. The doses of [177Lu]Lu-CNC and [177Lu]Lu-CNC-V groups were treated at 2 MBq of
radioactivity, 1.25 mg/kg of CNC, and 3.5 mg/kg of vemurafenib per animal and the
formulations were prepared similar to the control groups. The second treatment was done
after 10 days from the first treatment. The weight of animals was recorded daily until the
humane endpoint. The health and body scoring condition were evaluated according to the
guideline for experimental laboratory mice published by Burkholder et al. (2012). The lung
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tissue (location of tumor) and vital organs (e.g. liver, spleen, and kidney) of each animal were
harvested and preserved in 10% neutral buffered formalin solution for further
immunohistochemical analyses.
4.6 Statistical analysis (I – III)
Quantitative data are generally expressed as the mean ± standard deviation (n≥3). OriginPro®
(OriginLab Corp., Northampton, MA, USA) and GraphPad Prism (San Diego, CA, USA)
software were used to analyze the data. A direct comparison between sample groups was
examined using two-tailed paired or unpaired Student’s t-tests where the statistical
significance (p-value) was set at *p<0.05, **p<0.01, and ***p<0.001.

49

RESULTS AND DISCUSSION

5. RESULTS AND DISCUSSION
5.1 Systematic in vitro evaluation of multimodal CNC NPs and LNPs DDS (I)
The biocompatibility, cytotoxicity, and cell-NP interactions are crucial parameters for the
development of nanoparticles for biomedical applications as they determine the in vivo fate of
developed nanomaterials (Seabra et al., 2018). Because chemical modification to incorporate
a wide range of active agents and functionalities to nanoparticles can influence the
physicochemical and biological properties of nanoparticles compared to their native
counterparts, the biocompatibility of developed nanoparticles should be vigorously
investigated before the use in vivo (Verma and Stellacci, 2010; Fröhlich, 2012). In this study,
multimodal CNC NPs and LNPs functionalized the radiometal chelator (DOTA) and
fluorescent dye (Cy5) were developed for the investigation of NPs behavior in vitro and
biodistribution in vivo with confocal fluorescence microscopy and non-invasive nuclear
imaging techniques. CNC NPs and LNPs have been reported to be non-toxic and welltolerated in cell models (Clift et al., 2011; Figueiredo et al., 2018), however, this needs to be
confirmed for newly modified CNC NPs and LNPs on a case-by-case basis. To this end,
choosing reliable assays are critical for the in vitro evaluation, as it must provide
representative and conclusive results to warrant in vivo translation. Due to the large surface
area, CNC NPs and LNPs can potentially absorb the assay reagents and scatter the optical
signal that can interfere the measurement readout and create erroneous results, therefore,
several commercially available and widely used cell viability assays were tested in order to
select the most appropriate assay for the in vitro cytotoxicity evaluation of multimodal CNCs
and LNPs. Furthermore, the cell-NP interactions of fluorescent Cy5-labeled CNC NPs and
LNPs were investigated in both immune and cancer cell lines as the first step of evaluating
their potential for in vivo applications after systemic administration.
5.1.1 Characterization of multimodal CNC NPs and LNPs
In this work, DOTA-CNC (ald.) and Cy5-CNC NPs were prepared through the selective
hydrazide-aldehyde coupling reaction between DOTA- or Cy5-hydrazide and aldehyde group
at the reducing end of CNC while DOTA- and Cy5-LNPs were synthesized using amide
mediated coupling reaction between CDI-activated hydroxyl group and DOTA- or Cy5-amine
(Nakajima and Ikada, 1995). The successful conjugation of DOTA and Cy5 to CNC NPs and
LNPs was confirmed using several characterization techniques, such as ATR-FTIR and
elemental analysis. The elemental analysis was carried out to quantify the amount of carbon
(C), hydrogen (H), and nitrogen (N) composition of unmodified and modified CNC NPs and
LNPs. There were no significant differences in C and H contents for both unmodified and
modified CNC NPs and LNPs because C and H are major constitutes of CNC and LNP
materials and the chemical modifications herein do not cause a substantial addition of both
elements to the biopolymers. Interestingly, an increase of N content was observed in DOTAand Cy5-modified CNC NPs and LNPs (~0.1% for both DOTA- and Cy5-CNC NPs, and
~5.5% for DOTA-LNP, and ~1.5% for Cy5-LNP) while N was not detected in both native CNC
and LNP. Moreover, the amount of N in DOTA/Cy5-modified CNC NPs is considerably lower
than DOTA/Cy5-modified LNPs due to the limitation of the aldehyde group available at the
reducing end of the CNC. In contrast, arbitrary CDI-activated hydroxyl groups on the LNP
surface enable more active sites for DOTA- and Cy5-amine conjugations, resulting in an
increase in N content from the nitrogen bonding after modification. The modified CNC NPs
and LNPs were further characterized using ATR-FTIR spectroscopy compared to their
corresponding native materials. For CNC NPs, the indicated amide I (C=O stretching) and II
(C–H stretching and N–H bending) peaks were detected at 1,665 and 1,590 cm -1, respectively
(Figure 12A). For LNPs, the amide III (C–N stretching) and carbonyl vibration (C=O
stretching) from the carboxylic group of DOTA molecule appeared at 1,384 and 1,760 cm -1,
respectively (Figure 12B), confirming the successful conjugation of DOTA and Cy5 molecules
on both materials.
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Figure 12: ATR-FTIR spectra of (A) unmodified, DOTA-, and Cy5-CNC NPs and (B) unmodified,
DOTA-, and Cy5-LNPs. Copyright © 2019 Wiley Periodicals, Inc., reprinted with permission from
Imlimthan, S. et al., 2020, J. Biomed. Mater. Res. A, 108, 770–783.

The physical and dispersion characteristics, including size, polydispersity index (PDI), zeta
potential (ζ-potential), and morphology of unmodified and modified CNC NPs and LNPs were
determined using dynamic light scattering (DLS) and transmission electron microscopy (TEM).
CNC NP is known as an unsymmetrical NP that can cause complications in DLS
measurement due to its inconsistency of light scattering patterns and non-optical transparent
behavior in aqueous solution (Caixeiro et al., 2017). Thus, TEM was the only method used to
observe the dimensions (width and length) of CNC NPs. In TEM, CNC NPs appeared as a
needle-like shape (Figure 13A). CNC NPs maintained uniformity both before and after
modification with an average width of 15 nm and length of 170 nm.
On the other hand, LNP is a spherical nanoparticle. In DLS, the size of unmodified LNPs was
less than 200 nm with narrow size distribution (PDI = 0.138). However, the chemical
modification on the LNP surface yielded an increase in hydrodynamic diameter and PDI of
LNPs: 606 nm (PDI = 0.637) for DOTA-LNPs and 545 nm (0.354) for Cy5-LNPs. Moreover,
TEM images confirmed the spherical shape of LNPs but the size of DOTA- and Cy5-modified
LNPs was increased and the distribution was less uniform compared to their native LNPs
(Figure 13B). Typically, the size of NPs suitable for DDS should be below 200 nm (Miyata et
al., 2011); however, the literature reported that larger NPs (200–780 nm) might be able to
accumulate to the tumor by the passive targeting EPR effect (Gaumet et al., 2008).
Nevertheless, the conjugation chemistry needs further optimization in order to maintain the
optimal size (<200 nm) and uniform distribution of LNPs.
Furthermore, the surface charge of NPs plays an important role in dispersion stability, cell-NP
interactions, and the non-specific adsorption of plasma proteins (Arvizo et al., 2010). The ζpotential values of both CNC NPs and LNPs were slightly decreased after surface
modifications. However, the negatively charged surface of CNC NPs and LNPs is still
maintained to promote dispersion stability and reduce the non-specific plasma protein
adsorption, leading to prolonged circulation time and slower clearance by mononuclear
phagocyte system (MPS) in vivo (Alexis et al., 2008).
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Figure 13: TEM images of CNC NPs and LNPs in aqueous solution. (A) unmodified, DOTA-, and Cy5CNC NPs and (B) unmodified, DOTA-, and Cy5-LNPs (scale bar = 500 nm). Copyright © 2019 Wiley
Periodicals, Inc., reprinted with permission from Imlimthan, S. et al., 2020, J. Biomed. Mater. Res. A,
108, 770–783.

5.1.2 In vitro stability in physiological conditions
As CNC NPs and LNPs are colloidal particles in aqueous solution, the in vitro stability of CNC
NPs and LNPs was carried out to explore the potential change of NP characteristics, including
surface charge, size, and morphology, which govern the fate of NPs in vivo. The unmodified
and modified CNC NPs were stable under all simulated physiological conditions (1×PBS and
50% human plasma) with constant dimensions (width and length) and ζ-potential over the
incubation period, indicating good dispersion stability in physiological fluids. On the other
hand, unmodified and modified LNPs revealed changes in size, PDI, and ζ-potential after
incubation with physiological media. The hydrodynamic diameter of unmodified LNP was
constant in physiological 1×PBS over 48 h incubation while the size was doubled in 50%
human plasma (150 nm to 300 nm) after 6 h of incubation, indicating the possibility of protein
adsorption on LNP surface. Besides, the stability of CNC NPs and LNPs in the cell culture
medium used in the in vitro studies were tested to observe the potential change in the actual
working medium. The results showed a similar trend as in 1×PBS and 50% human plasma for
all studied NPs.
5.1.3 In vitro cytocompatibility studies
As discussed earlier, the chemical modifications can alter the surface properties of NPs and
affect the behavior in biological systems, resulting in a decrease in biocompatibility. Thus, the
biocompatibility study in cell models is crucial for the preliminary investigation of cytotoxic
effects of engineered nanoparticles before translating to in vivo applications. Recently,
luminescence and fluorescence-based microplate assays were found to be incompatible with
the cytotoxicity evaluation of CNC NPs due to the potential adsorption of assay reagents and
the scattering of the optical signal in a microplate reader that can cause an inaccurate readout
(Sarparanta et al., 2020). Herein, different commercially available cell viability assays were
evaluated to determine the most suitable in vitro cell cytotoxicity assay for CNC NPs and
LNPs with minimum material interference in the measurement as well as examining the
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cytocompatibility of the developed CNC NPs and LNPs for future in vitro evaluations of CNCand LNP-based DDS. All materials were evaluated in murine RAW 264.7 macrophages and
4T1 breast adenocarcinoma cell lines as the representation of innate immune and cancer cell
models, respectively. To simplify the discussion, the concentrations will be denoted as either
low (5, 25, and 100 µg/mL) or high (250, 500, and 1000 µg/mL) ranges, as there is a clear
step in the change of cell viability from 100 to 250 µg/mL. The bioluminescent CellTiter-Glo®
and fluorometric LIVE/DEAD® assays were used as major testing assays while only selected
conditions were investigated in colorimetric MTT® and AlamarBlue® assays.
In general, the unmodified and modified CNC NPs and LNPs demonstrated good
biocompatibility in RAW 264.7 macrophage and 4T1 cell lines evaluated using both CellTiterGlo® and LIVE/DEAD® assays at the low concentration range with cell viability above 90%
after 6 and 24 h of incubation. However, the cell viability dropped below 80% after 72 h
incubation, which might be caused by the time-dependent triggering of cell death induced by
longer exposure with NPs. At high concentration range, the CellTiter-Glo® assay revealed a
consistent and linear decreasing trend over the concentration range and incubation time. In
contrast, the results from LIVE/DEAD® assay fluctuated over the incubation period due to a
technical challenge in sample preparation in which most of the detached dead cells were lost
during washing steps in the confocal microscopy sample preparation, leading to inaccurate
quantification of dead cells for cell viability determination. However, this effect is not obvious
in the low concentration range where the materials do not have a substantial effect on cell
viability (>90%). While the cell viability in LIVE/DEAD® assay is calculated based on the
numerical proportion between viable and dead cells observed under confocal microscopy, the
CellTiter-Glo® assay is instead dependent on the detection of luminescent signal from only
viable cells, which is proportional to the amount of ATP produced by the living cells regardless
the influence of dead cells, leading to a more accurate cell viability determination. To this
point, all materials showed no interference in CellTiter-Glo® assay in both concentration
ranges and neither CNC NPs nor LNPs revealed any cytotoxicity up to 100 µg/mL in both cell
models. The IC50 values of all materials in both cell lines are summarized in Table 2.
Table 2: IC50 values of unmodified and modified CNC NPs and LNPs in murine RAW 264.7
macrophages and 4T1 breast adenocarcinoma cell lines at 6, 24, and 72 h of incubation.

NP
Unmodified CNC
DOTA-CNC
Cy5-CNC
Unmodified LNP
DOTA-LNP
Cy5-LNP

IC50 in RAW 264.7 macrophages
(mg/mL)
6h
24 h
72 h
1.074
0.296
0.107
0.636
0.241
0.118
0.924
0.185
0.072
0.846
0.189
0.071
0.892
0.201
0.119
0.803
0.215
0.083

IC50 in 4T1 breast cancer cell (mg/mL)
6h
3.091
2.364
2.254
2.629
2.459
2.503

24 h
1.960
1.139
1.222
1.447
1.180
1.256

72 h
1.680
0.840
0.671
0.738
0.306
0.427

When comparing the IC50 values of both CNC NPs and LNPs, the 4T1 cell line tolerated
exposure to foreign materials better than RAW 264.7 macrophages, which might be an effect
from the potential of cancer cells to evade from the self-destruction signals, unlike the normal
cells, allowing them to adapt and survive in the cytotoxic environment (Evans et al., 2018;
Tablish et al., 2018). Additionally, these phenomena can refer to the resistance behavior to
drugs and NPs in cancer therapy where the mechanisms are still unclear but could include
the activation of anti-apoptosis, enhanced cell proliferation, and prosurvival pathway (Fulda,
2009; Housman et al., 2014). In brief, the high IC50 values of CNC NPs and LNPs in both cell
models indicate low potential to cause acute toxicity and contribute to the estimation of an
initial safe administered dose of both materials for in vivo investigations.
In colorimetric MTT® and AlamarBlue® assays, both CNC NPs and LNPs showed an
increasing trend of cell viability with increasing NP concentration and incubation time, which
were not in agreement with the findings of CellTiter-Glo® assay. Although MTT® and
AlamarBlue® assays undergo the colorimetric change through the redox reaction responding
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to the metabolic reduction in living cells, there may have been CNC and LNP residues left on
the cell membrane that can absorb the assay reagents, resulting in an increase in detected
signal in particular in the AlamarBlue® assay in which the NPs are not washed out before
subsequent cytotoxicity procedures. Moreover, Laaksonen et al. previously reported the poor
performance of MTT® assay for the cytotoxicity evaluation of mesoporous silica microparticles.
A similar phenomenon was observed and suspected the nonspecific adsorption of assay
reagent on their high surface area, which might be the case with CNC NPs and LNPs
(Laaksonen et al., 2007). Overall, the CellTiter-Glo® assay showed to be the best cell
cytotoxicity assay among all tested assays. CellTiter-Glo® assay provided a linear response to
the increase of NP concentrations without interference from both types of NPs. In contrast,
the LIVE/DEAD® assay was only suitable when the concentration of CNC NPs and LNPs was
less than 100 µg/mL, whereas the assay procedure for high concentration range should be
further optimized to avoid the loss of dead cells during sample preparation.
5.1.4 Cell–nanoparticle interactions
In this experiment, the interactions between Cy5-labeled CNC NPs and LNPs with RAW
264.7 macrophages and 4T1 breast cancer cell lines were studied using fluorescence
confocal microscopy at the NP concentration of 100 µg/mL for 6 and 24 h. In general, the
fluorescent signal of Cy5-CNC NPs in both cell lines increased over the incubation period,
demonstrating a strong cellular interaction of CNC NPs in both immune and cancer cell
models (Figure 14A-D). However, an interaction of Cy5-LNPs was only observed in RAW
264.7 macrophages at 24 h (Figure 14B) but not with the 4T1 cell line (Figure 14C, D). The
interaction of NPs with cells is important for the indication of the success in targeted delivery
and is influenced by many factors, including surface charge, size, shape, and dispersion
stability in biological fluids (Oh and Park, 2014). While the neutral charge is considered as an
ideal condition to avoid undesirable cell–NP interactions (Arvizo et al., 2010), both Cy5labeled CNC NPs and LNPs have a negatively charged surface that can induce some
interactions with the cell. Moreover, the morphology of NPs can affect cellular interactions,
circulation properties, uptake kinetics, and internalized mechanisms (Yameen et al., 2014;
Behzadi et al., 2017). Since CNC NPs and LNPs have different morphologies, cell interaction
mechanisms can be varied. The spherical NPs are normally known to have a better
interaction with the cell than non-spherical NPs due to a relatively short membrane-wrapping
time compare to rod-shaped NPs where the wrapping process requires additional energy and
time to encapsulate the NPs (Verma and Stellacci, 2010). However, the mechanism of nonspherical NPs internalized into the cells is still unclear and varies depending on particle
orientation and the dimension of NPs that interacts with the cell membrane (Champion et al.,
2007; Jindal, 2017). Therefore, the lower interaction of Cy5-LNPs might have resulted from
the larger size of NPs with non-uniform size distribution (>500 nm and PDI = 0.354) for which
pronounced internalization cannot be achieved within the incubation period despite the
optimal spherical shape.
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Figure 14: Cell–NP interactions visualized by confocal microscopy of RAW 264.7 macrophages (A,B)
and 4T1 breast cancer cell (C,D) after incubation with 100 µg/mL of Cy5-labeled CNC NPs or LNPs for
6 and 24 h. DAPI (blue), CellMaskTM (green), and Cy5 (red) indicate cell nucleus, plasma membrane,
and NPs, respectively. The images were recorded at 63× magnification (scale bar = 50 µm). Copyright
© 2019 Wiley Periodicals, Inc., reprinted with permission from Imlimthan, S. et al., 2020, J. Biomed.
Mater. Res. A, 108, 770–783.

5.2 The investigation of radiolabeled CNC NPs behavior in vivo (II)
In article I, multimodal CNC NPs and LNPs demonstrated the potential for use as a nontoxic
and biocompatible nanoscale carrier in DDS. However, multimodal LNPs were dropped out
from further in vivo studies due to the suboptimal size and dispersion homogeneity after
chemical modification. Therefore, the conjugation chemistry of DOTA and Cy5 to the surface
of LNPs needs to be optimized to maintain the size and PDI of the modified LNPs. Since the
investigation of CNC biodistribution in vivo and its DDS applications after systemic delivery is
still limited, the development of CNC-based nuclear imaging probes for molecular imaging
can provide a comprehensive view of CNC NPs behavior in vivo and guide the structural
optimization for nanoscale DDS applications. Herein, the CNC-based nuclear imaging
nanoprobes were developed by covalent conjugation of the DOTA chelator on the surface of
CNC NPs using two strategies (Figure 15): hydrazide–aldehyde coupling reaction (DOTACNC (ald.) NPs) and CDI-activated hydroxyl mediated amine conjugation (DOTA-CNC (OH)
NPs). The in vitro cytotoxicity of synthesized DOTA-CNC NPs was evaluated in murine RAW
264.7 macrophages and 4T1 breast cancer cell lines. Then, both modified CNC constructs
were further radiolabeled with a SPECT radionuclide, 111In (t1/2 = 2.80 d, Eγ,1 = 171.280 keV,
Iγ,1 = 90% and Eγ,2 = 245.395 keV, Iγ,2 = 94%) for ex vivo biodistribution and in vivo
SPECT/CT imaging studies in healthy and 4T1 tumor-bearing mice after intravenous
administration.
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Figure 15: The schematic representation of (A) [111In]In-DOTA-CNC (ald.) and (B) [111In]In-DOTA-CNC
(OH). Reprinted with permission from Imlimthan, S. et al., 2019, Biomacromolecules, 20(2), 674–683.
Copyright © 2018 American Chemical Society.

5.2.1 Characterization and 111In-radiolabeling of DOTA-modified CNC NPs
The CNC nanoprobes, DOTA-CNC (ald.) and DOTA-CNC (OH) NPs were synthesized
through hydrazide–aldehyde and CDI-mediated amide coupling reactions, respectively. The
DOTA-CNC (ald.) and DOTA-CNC (OH) NPs were characterized by ATR-FTIR, elemental
analysis, ζ-potential, and TEM. The ATR-FTIR spectra indicated the amine II band (N–H
bending and C–H stretching) at 1,590 cm -1 and the corresponding amide I peak (C=O
stretching) at 1,665 cm-1, demonstrating successful installation of DOTA to the CNC NPs in
both strategies, as shown in Figure S3 in article II. Furthermore, the elemental analysis
showed an increase of N content in both materials: 0.1% for DOTA-CNC (ald.) NPs and 0.9%
for DOTA-CNC (OH) NPs. It is not surprising that N content is higher in the amide coupling
strategy due to a high number of arbitrary CDI-activated hydroxyl sites for the DOTA-amine
conjugation. Interestingly, the surface charge of DOTA-CNC (OH) NPs (-29.60 ± 0.89 mV)
was about 2-fold higher than unmodified CNC NPs (-57.23 ± 2.40 mV) after modification while
the ζ-potential of DOTA-CNC (ald.) NPs was slightly increased (-41.93 ± 0.75 mV). Overall, all
DOTA-modified CNC NPs still maintained a negatively charged surface, allowing good
dispersion stability and reduced likelihood of non-specific protein adsorption in vivo (He et al.,
2010). TEM was used to visualize the morphology and dimensions of CNC NPs. The
unmodified and modified CNC NPs appeared as uniform needle-shaped NPs with the
average width of 13–15 nm and length of 168–196 nm (n≥50), which are suitable for the use
as a delivery carrier for passive targeting through the EPR effect in leaky tumor blood
vasculature (Singh and Lillard, 2009).
The radiolabeling of 111In to DOTA-modified CNC NPs was successfully carried out using
standard protocol for radiometal labeling in metal-free ammonium acetate buffer (pH 4.0) and
1 h incubation at 100 °C. The radiolabeling results of all 111In-radiolabeled CNC constructs
used in the biodistribution and in vivo SPECT/CT imaging are summarized in Table 3. After a
multistep washing process to remove an unbound [111In]In3+, all radiolabeled CNC NPs
exhibited high radiochemical purity (RCP > 98%). The radiochemical yield (RCY) of [111In]InDOTA-CNC (OH) NPs was relatively high (54–65%) after purification, however, with the same
starting activity, the [111In]In-DOTA-CNC (ald.) NPs revealed only a modest RCY (7–18%) due
to the lower number of conjugated DOTA chelator at the terminal aldehyde where only one
functional group is available per polymer chain. For this reason, the initial activity of 111In for
DOTA-CNC (ald.) NPs labeling needed to be adjusted according to the desired final activity in
each study with comparable specific radioactivity (S.A. – radioactivity/mass of CNC NPs or
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MBq/mg CNC NPs) to the [111In]In-DOTA-CNC (OH) NPs. Besides, the low radiolabeling yield
of the [111In]In-DOTA-CNC (ald.) NPs might be a result of the degradation of acid-labile
hydrazone bond that links between the aldehyde end of CNC NPs and DOTA chelator in the
acidic radiolabeling buffer. Therefore, the radiolabeling procedure should be optimized in
order to increase the yield of 111In radiolabeling and prevent the degradation of hydrazone
linkage. One of the possible strategies could be the modification of the aldehyde group with
other functional groups that are not pH-sensitive and can be covalently conjugated with
bifunctional chelators. Recently, several studies reported site-specific strategies for the
modification at the terminal aldehyde of the CNC NPs, such as aldimine, carboxyamine, and
Knoevenagel condensations (Heise et al., 2019; Tao et al., 2020). These approaches might
be able to improve the stability of chelator-conjugated CNC NPs via terminal aldehyde in
acidic condition, leading to better radiolabeling yield.
Table 3: The summary of 111In-radiolabeled CNC NPs used in the ex vivo biodistribution and SPECT/CT
imaging studies.
Radiolabeled Product

Study
RCY (%)
Biodistribution
7a
SPECT/CT
18b
Biodistribution
65
[111In]In-DOTA-CNC (OH)
SPECT/CT
54
a
b
Starting radioactivity 30 MBq. Starting radioactivity 150 MBq.
[111In]In-DOTA-CNC (ald.)

RCP (%)
99.3
99.5
99.3
98.9

S.A. (MBq/mg)
2
22
18
23

5.2.2 In vitro stability and biocompatibility
Before administration of the radiolabeled CNC NPs into living animals, the studies on in vitro
stability and cytocompatibility are crucial for the determination of potential effects that might
occur in systemic circulation as well as ensuring the safety after administration. The in vitro
stability was evaluated in physiological mimicking conditions (1×PBS and 50% human
plasma) and [111In]In3+ ion challenging media (EDTA and Fe3+), meanwhile, the cytotoxicity
assay was carried out in murine RAW 264.7 macrophages and 4T1 breast cancer cell lines as
the representative of innate immune cell in healthy mice and the tumor cells in 4T1 tumorbearing animals, respectively.
Good stability of [111In]In-DOTA complex is important for the biodistribution and SPECT/CT
imaging studies to avoid the unwanted signal and accumulation of free [111In]In3+, which can
complicate the result interpretation and increase the radiation burden in non-target tissues.
Additionally, high radiolabel stability of [111In]In-DOTA complex allows long-term monitoring
(days) of [111In]In-CNC NPs behavior in vivo without the interference from free [111In]In3+. In
physiological media, both [111In]In-DOTA-CNC (ald.) and [111In]In-DOTA-CNC (OH) NPs
demonstrated good stability in 1×PBS (pH 7.4) and 50% human plasma in which 97% of
[111In]In-DOTA complex was maintained intact over 48 h of incubation, however, the release
of free [111In]In3+ from the complex was observed after 72 h of incubation.
Apart from physiological conditions, the radiolabel stability of [ 111In]In-CNC NPs was further
investigated in two simulated conditions: EDTA transchelation and trivalent iron challenge.
The EDTA solution (2 mM) was used to observe the potential transchelation of [111In]In3+ with
another radiometal ligand outcompeting the DOTA chelator. The FeCl3 solution (0.2 mM, 15fold excess) was used to mimic the endogenous iron in the blood that might scavenge the
binding pocket of the DOTA chelator from [111In]In3+. In EDTA transchelation, [111In]In-DOTA
complex on both CNC constructs revealed to be relatively stable where only 9% of free
[111In]In3+ was released out from the complex over 5-day incubation, which is in agreement
with previous reports on the stability of [111In]In-DOTA chelation (Chen et al., 2001;
Froidevaux et al., 2002). Similarly, [111In]In-DOTA-CNC (ald.) and [111In]In-DOTA-CNC (OH)
NPs proved out to be stable in an extremely concentrated Fe3+ environment where 99% and
94% of [111In]In-DOTA complex remained intact after 120 h of incubation, respectively,
prompting the use of these two radiolabeled CNC NPs in vivo.
The initial biosafety of unmodified and DOTA-modified CNC NPs in this work was investigated
using the CellTiter-Glo® luminescent cell viability assay in vitro. The solid concentrations of
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CNC NPs were planned based on desired radioactivity per CNC mass (specific activity) for
the in vivo experiment, which was set to be maximum at 100 µg/mL of nanocrystal per
injection. All types of CNC NPs exhibited good biocompatibility in all concentrations with more
than 80% of cell viability were maintained after 48 h of incubation in both non-tumor and
tumor cell lines (Figure 16). However, the cell viability was slightly decreased to below 80%
after 72 h of incubation when incubated with modified CNCs at 100 µg/mL. The high
concentration of modified CNC NPs with long exposure time can induce cell apoptosis and
antiproliferative effect (Lu et al., 2011). Furthermore, the change in surface charge of CNC
NPs after modifications can provoke a strong interaction with cells, triggering the cytotoxic
effects (Verma and Stellacci, 2010). Overall, a significant cytotoxic effect was not observed
throughout the tested concentration range of both unmodified and modified CNC NPs,
prompting the use for in vivo studies without a safety concern at the concentration up to 100
µg/mL.

Figure 16: Cell viability studies in (A) RAW 264.7 macrophages and (B) 4T1 breast cancer cell line after
incubation with unmodified CNC, DOTA-CNC (ald.), and DOTA-CNC (OH) NPs at a concentration of 5,
25, and 100 µg/mL for 6, 24, 48, and 72 h. Error bars represents the mean ± s.d. (n=3) in comparison
with the control. The statistical significance was evaluated using Student’s t-test where probabilities
were set at *p < 0.05, **p < 0.01, and ***p < 0.001. Reprinted with permission from Imlimthan, S. et al.,
2019, Biomacromolecules, 20(2), 674–683. Copyright © 2018 American Chemical Society.

5.2.3 Ex vivo biodistribution and in vivo SPECT/CT imaging
In this study, both hydrazone and CDI conjugated formulations of [111In]In-DOTA-CNC NPs
were intravenously injected to the healthy and 4T1 tumor-bearing mice and the animals were
sacrificed at predetermined time points to collect select tissues for gamma counting. Overall,
both [111In]In-DOTA-CNC (ald.) and [111In]In-DOTA-CNC (OH) NPs demonstrated major
accumulations in vital organs (Figure 17), including liver (20–30%ID/g), spleen (15–30%ID/g),
and lung (10–40%ID/g) while only small accumulation in kidney was observed (1–5%ID/g)
after 6, 24, and 48 h p.i. These results are in agreement with previous reports on behavior
and clearance of non-targeted NPs in vivo by the MPS (Blanco et al., 2015; Zhang et al.,
2016; de la Puente and Azab, 2017). Surprisingly, there was a high accumulation of [111In]InDOTA-CNC (OH) NPs in the lung (125–150%ID/g) at 6 h p.i. in both animal models, but this
decreased within the first 24 h p.i. (Figure 17C, D). This might be due to the increase in ζpotential of DOTA-CNC (OH) NPs, which could affect the dispersion stability and circulation in
vivo. Moreover, there was no significant uptake in other important organs, such as heart,
muscle, and brain. Although the accumulation of non-targeted NPs through EPR effect is
claimed to be at a maximum of 5% regardless of NP types (Park, 2013), the radioactivity from
both formulations of [111In]In-DOTA-CNC NPs in 4T1 tumor was only in the range of 0.30–
0.75%ID/g. However, the surface chemistry of NPs and cancer-specific factors (e.g. tumor
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type, growth rate, site of a tumor, and interstitial pressure) are considered essential for the
elucidation of NP behavior in the heterogeneous microenvironment of the tumor (Kolhar et al.,
2013; Truong et al., 2015).

Figure 17: Ex vivo biodistribution profiles of radioactivity after the injection of [ 111In]In-DOTA-CNC (ald.)
and [111In]In-DOTA-CNC (OH) NPs in healthy CD-1 mice (A and C) and in 4T1-tumor-bearing mice (B
and D), respectively, at 6, 24, and 48 h p.i. The values of %ID/g represent as the mean ± s.d. (n=3–
5). %ID/g = percent of injected dose per gram of tissue, S.I. and L.I. denote small and large intestines,
respectively. Reprinted with permission from Imlimthan, S. et al., 2019, Biomacromolecules, 20(2), 674–
683. Copyright © 2018 American Chemical Society.

The SPECT/CT imaging was conducted in both healthy and 4T1 tumor-bearing animal
models following the ex vivo biodistribution in order to monitor a real-time pharmacokinetic
behavior of 111In-radiolabeled CNC formulations in vivo. Due to the limitation of SPECT
imaging sensitivity, the injected radioactivity was higher than the ex vivo biodistribution
experiment, which subsequently yielded in a greater amount of nanocrystal injected to the
animals. Therefore, the administered radioactivity was set to 2 MBq in 150 µL of the
formulated solution to compromise with the sensitivity of the imaging system and the dose of
CNC NPs fixed at 4 mg/kg per injection to avoid adverse effects. Yet, there is no concrete
guideline for a safe dosage of CNC NPs systemically administered in mice. However, Jokerst
et al. previously reported a serious complication concerning the pulmonary accumulation of
CNC NPs injected via the i.v. route at the dose of ~20 mg/kg that relates to the dispersion
stability of nanocrystals in vivo (Jokerst et al., 2014). The injected dose of CNC NPs in our
SPECT/CT studies was 5 times lower to obviate these problems and improve the dispersion
stability of [111In]In-DOTA CNC NPs, which is in agreement with reports of systemically
administered CNC NPs by Colombo et al., 2015 (~0.21 mg/kg) and Sarparanta et al., 2020
(~3 mg/kg).
In general, there was no acute toxicity related to CNC formulations observed after
administration. The coronal SPECT/CT distribution profiles of both [111In]In-DOTA-CNC (ald.)
and [111In]In-DOTA-CNC (OH) NPs were in agreement with the profiles seen in ex vivo
59

RESULTS AND DISCUSSION

biodistribution where the radioactivity was mainly observed in lung, liver, and spleen (Figure
18). Along the same lines, the transient accumulation of [111In]In-DOTA-CNC (OH) NPs in the
lung was found in the early time point in both animal models before the radioactivity perfused
to the liver and spleen at the later time points.

Figure 18: The coronal SPECT/CT fusion images after i.v. administration of [ 111In]In-DOTA-CNC (ald.)
NPs (A and B) and [111In]In-DOTA-CNC (OH) NPs (C and D) NPs in healthy and 4T1-tumor bearing
animal models at 1, 24, and 48 h p.i., respectively. Lu denotes for lung, Li for liver, Sp for spleen, and Bl
for bladder. Reprinted with permission from Imlimthan, S. et al., 2019, Biomacromolecules, 20(2), 674–
683. Copyright © 2018 American Chemical Society.

5.3 The delivery of chemo- and radiotherapeutic agents with CNC NPs to lung
metastatic melanoma in vivo (III)
According to our previous biodistribution studies in article II, the [111In]In-DOTA-CNC
nanoprobes prepared by the CDI activation approach demonstrated a transient uptake and
retention in the lung capillaries, suggesting the potential to deliver diagnostic and therapeutic
agents with sustained release to metastatic sites in the lung and lung tissue itself. Therefore,
the capability of CNC NPs for drug delivery applications was further explored through
theranostic CNC development. Conceptually, theranostic properties in this work are
generated from two modalities: 1) 177Lu for diagnostic imaging and radiotherapy, and 2) BRAF
inhibitor vemurafenib for chemotherapy. Lutetium-177 was selected as a relevant theranostic
radionuclide for the SPECT imaging and endoradiotherapy used in the clinic with sufficient
range (~670 µm) of the beta particle in tissue (Dash et al., 2015). Vemurafenib was used as a
chemotherapeutic agent targeting the ATP-binding site of BRAF V600E kinase. Since the
BRAF V600E mutation is predominantly expressed in metastatic melanoma, vemurafenib
delivery with CNC NPs in the lung-metastatic melanoma is an attractive model to investigate
the drug delivery properties of CNC NPs, especially the sustained drug release over time in
the lung capillaries. To this end, the co-delivery of 177Lu and vemurafenib by a single platform
of CNC NPs could conveniently potentiate therapeutic effects of radio- and chemotherapy in
the lung metastatic melanoma treatment.
To create theranostic CNC NPs ([177Lu]Lu-CNC-V NPs), DOTA-CNC (OH) NPs developed in
article II were labeled with 177Lu, then vemurafenib was loaded to the surface of [177Lu]LuCNC NPs with the aid of poly-L-lysine (PLL) cationic polymer as a capping agent (Figure 19).
For capping material, the use of cationic surfactant CTAB has been reported for hydrophobic
drug entrapment on the surface of the CNC through electrostatic interaction (Jackson et al.,
60

RESULTS AND DISCUSSION

2011; Qing et al., 2016). However, the ionic surfactant is considered toxic compared to a
biocompatible synthetic polymer. Thus, the positively charged PLL polymer is a good
alternative for healthcare applications where biocompatibility is critical. Extensive in vitro
studies were carried out, including radiolabel stability, drug release profiles, cytotoxicity,
cellular uptake, and clonogenic cell survival. Moreover, the biodistribution profiles and
therapeutic responses of [177Lu]Lu-CNC-V NPs were investigated in the YUMM1.G1 lung
metastatic melanoma-bearing C57BL/6NRj mice.

Figure 19: Representative design of theranostic
vemurafenib ([177Lu]Lu-CNC-V NPs).

177

Lu-labeled CNC NPs loaded BRAF inhibitor

5.3.1 Characterization of non-radiolabeled, radiolabeled, and drug-loaded CNC NPs
The DOTA-functionalized CNC NPs for 177Lu radiolabeling in this work were prepared by the
published synthetic protocol for DOTA-CNC (OH) in article II. The DOTA-CNC NPs were
successfully characterized through several techniques, including elemental analysis, ATRFTIR, ζ-potential, and FE-SEM observation. Overall, there were no significant differences in
all testing parameters compared to previous studies. The ATR-FTIR measurement indicated
corresponding peaks of DOTA chelator conjugated CNC NPs compared to unmodified CNC
NPs. The elemental analysis showed an increase in nitrogen content (~0.9%) of DOTA-CNC
NPs from the macrocyclic ring of DOTA chelator, which is in agreement with the
characterization in previous syntheses. Moreover, the degree of substitution (DS) was
determined based on the detected nitrogen composition in elemental analysis, which can
provide the average number of DOTA molecules per monomeric unit of the CNC. The DS for
DOTA-NH2 chelator conjugated CDI-activated CNC NPs revealed to be about 0.24, which
corresponds to literature where the DS reported has been generally less than 1.0 for the
molecule grafted on the cellulose surface by heterogeneous reactions due to the inert
hydroxyl groups on the C2 and C3 position (Eyley and Thielemans, 2014). The FE-SEM
technique was used to observe the morphology of unmodified and modified CNC NPs and
demonstrated that the modification including CNC surface coating with PLL and drug loading
has no influence on CNC dimensions, maintaining the average width and length in the range
of 9–14 nm and 136–158 nm, respectively, with a uniform size distribution compared to
unmodified CNC NPs. However, the modification with PLL caused an increase in ζ-potential
values compared to unmodified CNC NPs (Table 4), which potentially affects dispersion
stability of CNC NPs, cell–NP interaction, and nonspecific protein adsorption in vivo (Fleischer
and Payne, 2012; Fleischer and Payne, 2014). Although an ideal surface charge of NPs is
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neutral, due to a strong cationic charge from PLL, the theranostic [ 177Lu]Lu-CNC-V NPs
revealed a slightly positive surface charge, which could overall induce greater interaction with
the negatively charged cell membrane both in vitro and in vivo.
Table 4: Summary of ζ-potential values of nonradiolabeled, radiolabeled, and vemurafenib-loaded CNC
NPs (n=3).
Sample
Unmodified CNC NPs
DOTA-CNC NPs
PLL-CNC NPs
PLL-CNC-V NPs
[177Lu]Lu-CNC NPs
[177Lu]Lu-CNC-V NPs

ζ-potential (mV)
-52.53 ± 2.67
-30.67 ± 0.91
47.23 ± 1.26
36.70 ± 0.35
-28.77 ± 1.01
1.72 ± 0.27

5.3.2 Radiolabeling and radiolabel stability in vitro
The DOTA-CNC NPs were successfully radiolabeled with 177Lu in ammonium acetate buffer
(0.2 M, pH 4.0) and high temperature (100 °C), achieving a high decay-corrected
radiochemical yield (RCY = 74 ± 2%) and purity (RCP > 99.5%) after washing steps. The
radiolabel stability in vitro was tested in several physiological conditions (e.g. 1×PBS, and
50% and 100% human plasma) and in radiometal challenging conditions (e.g. 0.2 mM FeCl3
and 2 mM EDTA solutions) to validate the stability of [177Lu]Lu-DOTA complex on CNC NPs
that might be decomposed by those conditions, resulting in the loss of chelation in vivo.
Overall, [177Lu]Lu-DOTA complex on CNC NPs showed good radiolabel stability in all
physiological conditions in which over 99.5% of [177Lu]Lu-DOTA complex remained bound to
the CNC NPs over 96 h of incubation, suggesting no significant effect from plasma proteins
on material degradation and radiometal dissociation (Figure 20A). Furthermore, the potential
displacement and transchelation of 177Lu in the DOTA binding pocket were evaluated in FeCl 3
and EDTA solutions, respectively. The results demonstrated that the coordination complex
between 177Lu and DOTA chelator was remarkably stable in both challenging solutions where
the percent of 177Lu intact on CNC NPs was kept over 99% throughout the period of
incubation (Figure 20B), revealing less potential of 177Lu transchelation with other radiometal
ligands and iron displacement in vivo.

Figure 20: Radiolabel stability in vitro of [177Lu]Lu-CNC NPs in (A) physiological conditions and (B)
radiometal challenging conditions (n=3).

5.3.3 Drug loading and release kinetics
The BRAF inhibitor vemurafenib was successfully loaded to non-radiolabeled (PLL-CNC-V)
and 177Lu-labeled CNC ([177Lu]Lu-CNC-V) NPs through the electrostatic entrapment onto the
surface of CNC NPs with the aid of cationic PLL as a capping agent for both types of particles.
The drug loading efficiency (%LE) and loading degree (%LD) of PLL-CNC-V NPs were only
modest (%LE = 13.13 ± 1.00% and %LD = 11.61 ± 0.78%) while they were improved about
twice in [177Lu]Lu-CNC-V NPs (%LE = 29.57 ± 3.50% and %LD = 18.69 ± 1.77%). This
phenomenon might be due to a doubly higher initial surface charge (Table 4) that could act as
an additional attractive force for the interaction with hydrophobic drug vemurafenib. Moreover,
62

RESULTS AND DISCUSSION

the obtained loading efficiency and loading degree are in agreement with reports in the
literature on CNC-based drug delivery excipient development where the average values
of %LE and %LD of the drug onto CNC NPs are in the ranges of 21–25% and 14–20%,
respectively (Jackson et al., 2011; Akhlaghi et al., 2013; Barbosa et al., 2016). Notably, the
loading of vemurafenib to 177Lu-radiolabeled CNC NPs was achieved without the loss of
radioactivity.
Drug release from both CNC constructs was evaluated in physiological fluids in vitro, which
were 1×PBS (pH 7.4) and 10 mM acetate buffer (pH 5.5) for blood circulation and tumor
microenvironment mimicking conditions, respectively. Both PLL-CNC-V and [177Lu]Lu-CNC-V
NPs demonstrated a rapid release behavior of vemurafenib after 2 h of incubation in both
simulated media and the drug release kinetics were sustained over the studied period (Figure
21). Interestingly, the drug release rate of PLL-CNC-V NPs was superior in pH 7.4 (reaching
80% cumulative release) than pH 5.5 (64%) after 96 h of incubation. This might be due to the
effect of a strong electrolyte (137 mM NaCl) in the PBS buffer that might screen some
electrostatic interactions and weaken the PLL binding affinity, leading to the loss in capping
capacity. Besides, 10% (v/v) human serum added to both media for the induction of sink
condition in drug dissolution can play a significant role in scavenging the PLL coating layer
from the surface of CNC through nonspecific binding with negatively charged plasma proteins
present in the serum. On the other hand, the drug release rate of [177Lu]Lu-CNC-V NPs in
both media was slower compared to PLL-CNC-V NPs where the percent of cumulative
release was about 66% at pH 7.4 and 47% at pH 5.5 after 96 h of incubation. A slower
release pattern might be the influence of the carboxylic residues on the non-radiolabeled
DOTA chelator. The positive charge from the carboxylic group might promote the electrostatic
force with vemurafenib while the cationic PLL starts to lose its capping capacity. Therefore,
the choice of capping polymer and surface coating techniques could be further optimized to
minimize the burst release behavior of vemurafenib from the CNC NPs in physiological pH 7.4,
but instead, trigger the entire disruption in an acidic tumor microenvironment. Nevertheless,
CNC NPs demonstrate to be a potential nanocarrier to deliver vemurafenib and 177Lu with
acceptable drug release behavior.

Figure 21: In vitro drug release profiles of vemurafenib-loaded (A) PLL-CNC-V NPs and (B) [177Lu]LuCNC-V NPs in physiological mimicking media: 1×PBS (pH 7.4) and 10 mM acetate buffer (pH 5.5) for
blood circulation and tumor microenvironment, respectively over 96 h incubation (n = 3).

5.3.4 In vitro studies: cytotoxicity, cellular uptake, and cell survival
The in vitro cell studies in this work were divided into three parts including cytotoxicity, cellular
uptake, and clonogenic cell survival. First, the cell viability assay was carried out to evaluate
the cytotoxicity in murine and human melanoma cell lines after exposure to vemurafenibloaded non-radiolabeled CNC NPs compared to the free drug formulation. Second, the ability
of 177Lu-radiolabeled CNC NPs and theranostic [177Lu]Lu-CNC-V NPs to internalize into cells
was investigated through the detection of radioactivity accumulated within the cell. Lastly, the
clonogenic assay was carried out to assess the cell survival based on the ability of the cell to
regrow to form a colony after treatment with theranostic [ 177Lu]Lu-CNC-V NPs in comparison
to individual constituents of the theranostic CNC construct.
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The cytotoxicity assay is crucial for the investigation of potential nanotoxicity of the newly
developed vemurafenib-loaded CNC NPs against select cell models in vitro as well as
demonstrating the capability of the DDS to release significant dose of the drug before in vivo
applications. In this experiment, the cytotoxicity of PLL-CNC-V NPs was evaluated in
comparison to plain cell culture media, free vemurafenib, and empty DDS formulations in
murine YUMM1.G1 and human A375 melanoma cells as a model of BRAF V600E mutant cell
lines, which is the target of vemurafenib, as well as murine B16-F10 melanoma cell as a
BRAF V600E negative (wild-type) cell control. YUMM1.G1 is a mouse melanoma cell line
developed by the Bosenberg group at the Department of Dermatology, Yale School of
Medicine (Meeth et al., 2016). The cell line is syngeneic to C57BL/6J mouse, contains welldefined human-relevant mutations, in particular to BRAF V600E mutation as the primary
target in this work. A375 is a human melanoma cell line expressing BRAF V600E mutation
(Hashmi et al., 2020), which was used as a human YUMM1.G1 counterpart for all in vitro
studies.
Overall, YUMM1.G1 and A375 melanoma cells showed a linear cytotoxic response when
incubated with free vemurafenib and PLL-CNC-V NPs to an increase of vemurafenib
concentration and incubation time, suggesting the inhibitory effect of vemurafenib against
BRAF V600E and drug delivery capability of CNC NPs. On the other hand, the cell viability of
the B16-F10 cell line was maintained above 90% after incubation with all tested formulations
and concentrations for both medium (24 h) and long (72 h) exposure times, confirming the
therapeutic specificity of vemurafenib to the kinase domain of BRAF V600E mutation (Figure
22). As expected, the empty vehicle formulation (PLL-CNC NPs) showed no cytotoxic effect in
all cell lines and time points, confirming the biocompatibility and nontoxicity of CNC NPs.
Moreover, PLL-CNC-V NPs exhibited less cytotoxicity than the free vemurafenib formulation
at the same drug concentration in both YUMM1.G1 and A375 cell lines for all time points,
indicating the capability of CNC NPs to be a potential drug delivery nanocarrier with a
sustained drug release profile that is along the same line with the in vitro drug release studies.

Figure 22: In vitro cytotoxicity studies in BRAF V600E mutant expressing melanoma cell lines (murine
YUMM1.G1 and human A375 cells) and wild-type BRAF expressing melanoma cell (murine B16-F10
cell) after incubation with PLL-CNC-V NPs in comparison with fresh media, free vemurafenib, and empty
vehicle (PLL-CNC NPs) at vemurafenib concentration of 0.1, 0.5, 1.0, and 1.5 µM for 6, 24, 48, and 72 h.
The negative (-) and positive (+) controls are fresh media and 1% (v/v) Triton X-100 solution,
respectively. The statistical significance was analyzed using the unpaired Student’s t-test compared with
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the negative control where the significant differences were set at *p<0.05, **p<0.01, and ***p<0.001.
Error bars represent mean ± s.d. (n=4).

Further, cellular uptake studies were conducted in both YUMM1.G1 and A375 cell lines in
order to determine the internalization of theranostic [177Lu]Lu-CNC-V NPs through the
quantitative detection of radioactivity accumulated inside the cells as a function of time
compared to free [177Lu]Lu3+ and [177Lu]Lu-CNC NPs. [177Lu]Lu-CNC and [177Lu]Lu-CNC-V
NPs demonstrated a linear accumulation in both cell lines up to 24 h of incubation while there
was no substantial uptake of free [177Lu]Lu3+ over the study period (Figure 23). On the other
hand, a drop in cell uptake after 48 h incubation with both radiolabeled CNC NPs and cell
lines could be the result of radiotoxicity or chemo/radiotoxicity after long exposure with the
majority of dead, detached cells with radioactivity inside washed out with the free fraction
during sample preparation affecting the determination of internalization. In general, [177Lu]LuCNC-V NPs revealed superior cellular uptake than [177Lu]Lu-CNC NPs, about 2 times higher
in all cell lines and time points. This might be due to their slightly positive surface charge
(Table 4) that could induce better interaction with the negatively charged cell membrane.
Interestingly, both [177Lu]Lu-CNC and [177Lu]Lu-CNC-V NPs tend to accumulate better in
human A375 melanoma cells, however, a clear uptake mechanism of needle-like CNC NPs
into the cell is still not fully understood and can be dependent on several factors, such as
physicochemical properties of NPs, cell types, NP-cell membrane interactions, cellular uptake
pathways, and intracellular trafficking of NPs (Zhao and Stenzel, 2018; Foroozandeh and Aziz,
2018).

Figure 23: Cellular uptake of radioactivity after incubation with free [177Lu]Lu, [177Lu]Lu-CNC NPs, and
[177Lu]Lu-CNC-V NPs in (A) murine YUMM1.G1 and (B) human A375 melanoma cell lines for 1, 6, 24,
and 48 h with fixed 177Lu radioactivity concentration of 1 MBq/mL, 40 µg/mL of CNC NPs, and 0.1 µM of
vemurafenib. The unpaired Student’s t-test was used to analyze the statistical significance between
[177Lu]Lu-CNC NPs, and [177Lu]Lu-CNC-V NPs at the same time point where the probability values were
set at n.s. (not significant, p>0.05), *p<0.05, **p<0.01, and ***p<0.001. Error bars represent the mean ±
s.d. (n = 3).

Additionally, a clonogenic assay was carried out to investigate the ability of cells to proliferate
after treatment with theranostic CNC NPs. Both YUMM1.G1 and A375 cells were treated with
PLL-CNC NPs (empty vehicle), free vemurafenib, free [177Lu]Lu3+, [177Lu]Lu-CNC NPs, and
[177Lu]Lu-CNC-V NPs while fresh cell culture medium was used as a negative control. Due to
the overlap of cell colonies during the cloning process after treatments, it has to be noted that
the results discussed further are simplified to a qualitative analysis through the visualized
intensity of the crystal violet staining in each sample. However, clear separate colonies could
be achieved by optimizing the number of cells in replating procedure. Clearly, theranostic
[177Lu]Lu-CNC-V NPs showed to be the most effective formulation with no colonies observed
after 24 and 48 h treatment in both cell lines. There was no significant difference in staining
intensity when treated with free vemurafenib and PLL-CNC NPs compared to the control in all
cell lines and time points (Figure 24). The empty vehicle (PLL-CNC NPs) revealed to be
biocompatible and nontoxic at the concentration of 40 µg/mL, however, free vemurafenib at
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0.1 µM exhibited the cytotoxic effect, especially after 24 and 48 h treatments according to the
cytotoxicity studies. This might be the influence of drug-resistant behavior developed by the
cancer cells. In drug resistance, the cell is likely to adapt and keep proliferating after
treatment through several possible mechanisms, such as the efflux of therapeutic agents, the
escape from therapy-induced senescence, and the enhancement of DNA damage repair
(Wang et al., 2019). Moreover, the understanding of the radiosensitivity of cancer cell lines
may provide useful information in radiation oncology for the prediction of radiotherapeutic
response after treatment (Maeda et al., 2016). Murine YUMM1.G1 cell line appeared to be
more radiosensitive than the human A375 cell line as a lower number of cell colonies formed
after treatments with free [177Lu]Lu3+, [177Lu]Lu-CNC NPs, and [177Lu]Lu-CNC-V NPs in all
time points was observed.

Figure 24: Qualitative clonogenic assay images of murine YUMM1.G1 and human A375 melanoma
cells produced colonies after treatment with fresh media (1), PLL-CNC NPs (2), free vemurafenib (3),
and free [177Lu]Lu3+ (4), [177Lu]Lu-CNC NPs (5), and [177Lu]Lu-CNC-V NPs (6) at the doses of 1 MBq/mL
for 177Lu, 40 µg/mL for CNC NPs, and 0.1 µM for vemurafenib for 6, 24, and 48 h (n=2).

5.3.5 Generation of YUMM1.G1 lung metastatic melanoma-bearing animal model
The preclinical evaluation of newly developed diagnostic and therapeutic agents in murine
cancer models is extensively utilized to investigate and elucidate the biological targeting
properties and behavior of those agents in vivo. As the first step towards clinical translation,
the development of the syngeneic lung metastatic melanoma model provides a convenient
avenue for the investigation of the in vivo fate of the developed theranostic CNC drug delivery
systems. The main advantages of syngeneic and allograft models are that they are easy to
generate, inexpensive, and the fact that the studies are carried out in an immunocompetent
animal that allows melanoma cells to interact with T cells and B cells present in the melanoma
microenvironment (McKinney and Holmen, 2011). Of all melanoma models, B16-F1 and B16F10 variants of the parent B16 melanoma cell line have been widely used due to their rapid
growth and well-established tumor development in the allograft C57BL/6J mouse model. B16F1 cell line is known for a low metastatic potential and therefore has been used for primary
tumor studies only (Kuzu et al., 2015). In contrast, the B16-F10 cell line is highly metastatic to
the distant organs but does not express the BRAF V600E mutation (Hooijkaas et al., 2012).
Recently, a series of well-defined genetic alterations of syngeneic C57BL/6J mouse
melanoma cell lines, the so called the Yale University Mouse Melanoma (YUMM) lines, have
been developed and reported by the research group led by Marcus W. Bosenberg at the
Department of Dermatology, School of Medicine, Yale University. Briefly, the transgenic mice
in the YUMM series were developed to harbor alleles for several well-known human
melanoma driver mutations which could be activated through the induction of Cre-lox
recombination upon topical 4-hydroxytamoxifen application to give rise to tumors. At
appropriate tumor size, the tumor tissues were harvested and proceeded to grow in cell
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culture (Meeth et al., 2016). The genomically stable YUMM cell lines could then be used for
allograft studies in the background C57BL/6J strain.
In this work, YUMM1.G1 cell line with the genotype BrafV600E/wtPten-/-Cdkn2-/-Mc1re/e was
chosen as a model for the animal studies. As a relatively newly established cell line, the
development of the YUMM1.G1 lung metastatic melanoma model in vivo needed for this
study was not reported previously. Therefore, the generation of YUMM1.G1 lung metastaticmelanoma bearing C57BL/6J model used in this work was developed for the preclinical
evaluation of theranostic [177Lu]Lu-CNC-V NPs. The pilot study of YUMM1.G1 metastatic
melanoma in the lung was carried out by i.v. injection of different concentrations of
YUMM1.G1 cells (1 or 2 million cells) in 150 µL of sterile 1×HBSS solution. After 20 days of
administration, the animals were euthanized and lung tissues were dissected for tumor
observation. As a result, tumors of YUMM1.G1 in the lung were successfully generated using
both formulations with an average number of tumor nodules of 28 ± 2 and 36 ± 5 nodules for
1 and 2 million cell injections, respectively (Figure 25).

Figure 25: Representative images of the YUMM1.G1 metastatic melanoma developed in lung tissues
after systemic administration with (A) 1 million cells (n = 5) and (B) 2 million cells (n = 8) for 20 days.

5.3.6 Ex vivo biodistribution and dosimetry studies
After successfully developing the YUMM1.G1 lung metastatic melanoma-bearing animal
model, biodistribution profiles of [177Lu]Lu-CNC-V NPs were further evaluated in those
animals. The animals were administered [177Lu]Lu-CNC-V NPs containing 1.2 MBq of 177Lu, 1
mg/kg of CNC NPs, and 2 mg/kg of vemurafenib formulated in 150 µL of sterile 1×PBS (pH
7.4) supplemented with 5% Solutol HS 15. At predetermined time points (6, 24, and 72 h),
animals were sacrificed and select organs were dissected for gamma measurement. In
general, [177Lu]Lu-CNC-V NPs exhibited similar in vivo behavior as [111In]In-CNC NPs
reported in the article II where the major retention of radioactivity was in the lung in early time
points (47%ID/g at 6 h and 37%ID/g at 24 h) and cleared out in the later period (18%ID/g at
72 h). Moreover, the radioactivity accumulation was observed in the liver (18–26%ID/g) and
spleen (28–60%ID/g) that are major organs for the clearance of non-targeted NPs (Figure 26).
However, there was no significant uptake observed in the kidney (< 4%ID/g) and other tissues
(< 1%ID/g). The transient accumulation phenomenon is likely a result of the rheology of rodlike CNC NPs in the vascular bed of the lung, as they tend to tumble close to the vascular
walls and can potentially embolize in narrow capillaries and tumor neovascularization
(Decuzzi et al., 2010; Shukla et al., 2015). Moreover, the acute toxicity and adverse side
effects were not seen during the course of studies, suggesting the possibility of further
investigation of the therapeutic efficacy of [177Lu]Lu-CNC-V NPs.
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Figure 26: Ex vivo biodistribution profiles of the radioactivity after the administration of [ 177Lu]Lu-CNC-V
NPs in YUMM1.G1 metastatic melanoma-bearing mice at 6, 24, and 72 h (n=3). S.I. denotes for small
intestine and L.I. for large intestine.

Following biodistribution studies, the dosimetry (absorbed radiation dose) in excised tissues
was determined using biodistribution results fit with several mathematical models for the use
as a guideline of safe administration dose of [177Lu]Lu-CNC-V NPs to prevent the radiation
burden in non-target tissues in therapeutic studies. The calculation showed a high absorbed
radiation dose in the lung with a tumor (232.38 cGy/MBq), liver (418.33 cGy/MBq), and spleen
(1056.03 cGy/MBq) while only a small absorbed dose was observed in other organs.
Unfortunately, there is no previous discussion on the dosimetry and radiation dose intolerance
of 177Lu-radiolabeled NPs in small animals. Therefore, the administered dose planning of
[177Lu]Lu-CNC-V NPs in therapeutic studies relies on the dose of 177Lu-labeled peptides or
antibodies reported in the literature, which are commonly in the range of 6–55.5 MBq without
severe radiotoxicity (Neyrinck et al., 2018; Keinänen et al., 2019; Pirooznia et al., 2020; Poty
et al., 2020).
5.3.7 Therapeutic studies
The potential therapeutic combination of vemurafenib chemotherapy and 177Lu radiotherapy
from [177Lu]Lu-CNC-V NPs was investigated through the monitoring of the survival of
YUMM1.G1 lung metastatic melanoma-bearing animals. The study groups and treatment plan
are summarized in Table 5. The animals were treated with designated formulations at 14 and
24 days after tumor inoculation. The weight, body condition score, and potential side effects
were monitored and recorded daily (Figure 27A). At the humane endpoint, the lung infiltrated
with tumor, liver, kidney, and spleen were excised for observation and preserved for
immunohistochemical analysis.
Table 5: The summary of therapeutic study plan in YUMM1.G1 lung metastatic melanoma-bearing
animals (n = 7-8).
Formulation
Empty vehicle
Free vemurafenib
[

177

Lu]Lu-CNC NPs

[177Lu]Lu-CNC-V NPs

Study group
Negative
control
Chemotherapy
positive control
Radiotherapy
positive control
Theranostic NPs

Vemurafenib
dose (mg/kg)

177
Lu dose
(MBq/treatment)

CNC dose
(mg/kg)

-

-

-

3.5

-

-

-

2

1.25

3.5

2

1.25
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As a result, animals treated with [177Lu]Lu-CNC-V NPs showed the longest survival compared
to other groups (Figure 27B) with the median survival time of 27 days after the second
treatment followed by [177Lu]Lu-CNC NPs (17 days), free vemurafenib (13 days), and vehicle
solution (12 days), respectively. There were no symptoms of acute toxicity observed during
the whole period of study. Moreover, animals treated with theranostic [177Lu]Lu-CNC-V NPs
revealed to have less tumor burden in the lung at the humane endpoint (Figure 27C),
however, the survival rate could not be prolonged due to secondary metastasis found in the
cardiac muscle (75%) and thoracic cavity (25%). This phenomenon might occur when
melanoma cells at the metastatic site become resistant to chemo- and radiotherapy after
repeated cycles of treatment and start spreading elsewhere within the host body. There are
four possible pathways reported in the literature that the resistant cells can use to passage
from the lung to the heart and chest cavity, which are direct extension, bloodstream,
lymphatic drainage, and intracavitary diffusion via inferior vena or pulmonary veins (Bussani
et al., 2007). In this case, the lymphatic system is the most potential route for cell evasion. As
the lung and heart are interconnected through several lymph channels, the disseminated
melanoma cells can migrate to the mediastinum and eventually drain into the thoracic cavity,
resulting in the formation of the subsequent metastasis in both organs (Cui et al., 2001).
In brief, the theranostic [177Lu]Lu-CNC-V NPs demonstrated satisfactory therapeutic efficacy
in treating metastatic melanoma in the lung, resulting in an increased median survival time of
the animals compared to the control groups. Yet, current efforts should be directed toward the
structural optimization of theranostic CNC NPs to minimize the accumulation in the MPS
organs by improving the targetability of CNC NPs to specific biomarkers expressed in the lung
metastasis. By doing this, the effective administered dose of 177Lu radioactivity and
vemurafenib could be optimized to avoid the resistance to chemo- and radiotherapy as well
as potential side effects after several treatments. Overall, this work constitutes the first
evaluation of systemically administered CNC NPs for theranostic applications and could be
used as a guideline for further research on theranostic drug delivery systems based on
cellulose nanocrystal for oncologic applications.

Figure 27: (A) therapeutic study timeline, (B) Kaplan-Meier survival curve of YUMM1.G1-lungmetastatic-melanoma-bearing animals after treatments with formulated solution (negative control), free
vemurafenib (chemotherapy positive control), [ 177Lu]Lu-CNC NPs (radiotherapy positive control), and
theranostic [177Lu]Lu-CNC-V NPs at the administered doses of 2 MBq for 177Lu, 3.5 mg/kg for
vemurafenib, and 1.25 mg/kg CNC NPs (n=7–8). Day 0 on the x-axis indicates the day of the second
treatment, and (C) Representative images of lung with the tumor tissues collected after the humane
endpoint.
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6. CONCLUSIONS
Currently, cancer is one of the most common causes of death around the world. The unique
characteristics of cancer, including invasiveness and the capability to metastasize, can make
it difficult to localize and treat. The development of carrier-mediated drug delivery systems by
nanoparticles appears to be a promising approach to improve the outcome of cancer
diagnosis and therapy. In this thesis, new molecular imaging probes and theranostic
nanosystems based on nanocrystalline cellulose and lignin nanoparticles were developed.
Moreover, their biological fate was explored to expand the knowledge and potential of utilizing
CNC and LNP drug delivery systems for oncologic applications. The entire work consisted of
three subprojects that ranged from material synthesis to biological evaluation. First,
multimodal CNC NPs and LNPs were prepared with different synthetic strategies. Then,
biocompatibility and cell interaction of multimodal NPs were assessed in several cell models
in vitro with determination of the most optimal assay to this end. Second, CNC NPs were
further labeled with diagnostic radionuclide 111In. The biodistribution of [111In]In-CNC NPs was
investigated in healthy and 4T1 breast tumor-bearing animal models ex vivo and in vivo with
SPECT/CT imaging. Third, leveraging the transient lung accumulation observed in the second
study, theranostic nanosystem targeting the lung based on CNC NPs were developed. The
diagnostic 111In was exchanged to theranostic 177Lu for concomitant diagnostic imaging and
radiotherapy. Moreover, the BRAF inhibitor vemurafenib was loaded to the surface of
[177Lu]Lu-CNC NPs for chemotherapy. The biodistribution and potential added therapeutic
effects of 177Lu radiotherapy and vemurafenib chemotherapy delivered by CNC NPs were
examined in the YUMM1.G1 lung metastatic melanoma-bearing mice.
In summary, multimodality molecular imaging probes and theranostic nanosystems based on
CNC NPs and LNPs were successfully developed. Different synthetic approaches were
employed to incorporate diagnostic and therapeutic agents to the surface of CNC NPs and
LNPs, with CDI activation of surface -OH groups being superior over the terminal aldehyde
hydrazone linkage in terms of radiolabeling yield. Stringent biological evaluation was carried
out to gain a better understanding of CNC and LNP behavior in both in vitro cell and animal
models. The theranostic nanosystem based on CNC NPs demonstrated a successful codelivery of radio- and chemotherapeutic payloads to metastatic melanoma in the lung,
resulting in prolonged survival of the tumor-bearing animals. Notably, the drug loading could
be done after the radiolabeling of the theranostic nanosystem without compromise to the
radioactivity concentration. Furthermore, the transient lung entrapment of the theranostic
CNC NPs was proven to be a successful previously unexplored delivery strategy, which
warrants further investigation. Yet, limitations of utilizing CNC NPs and LNPs in theranostic
applications still remain. For multimodal LNPs, further efforts should be directed toward the
optimization of surface modification and radiolabeling procedures in order to maintain the
optimal physicochemical properties to make them more viable for theranostic drug delivery
applications. On the other hand, the continuation studies of theranostic CNC NPs would be
the improvement of drug loading efficiency and capping capacity by coating materials that
could precisely control the release of chemotherapeutic drugs at the tumor site. Moreover, the
development of site-specific drug delivery could be beneficial for the improvement of the
theranostic CNC targetability to the biomarker of interest. Despite the structural optimization
warranted for clinical translation of the theranostic CNC NPs developed herein, the results in
this thesis are among the first comprehensive and successful studies with systemically
administered theranostic CNC NPs and can be used as a baseline for the development of
theranostic drug delivery systems for pulmonary delivery based on nanocrystalline cellulose in
the future.
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