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 Optically guided imaging of diseases and surgical procedures is challenged by the 

lack of photoluminescent probes that can be sensitively detected within living tissues and 

tracked in real-time.  The use of visible light for the detection of conventional probes 

suffers from poor tissue penetration and non-specific fluorescence. Emerging probes 

excited using near infrared light (NIR) reduce undesired tissue absorbance, however light 

scattering resulting from the complex heterogeneity of biological tissues limits the 

penetration depth of light propagation.  Optical probes that emit over a new window of 

electromagnetic radiation in the short wavelength infrared (SWIR) region can 

significantly improve in vivo imaging sensitivity compared to NIR.  However, current 

SWIR-detectable probes lack the optical tunability and biocompatibility requisite for 

biological implantation in vivo.  

 This doctoral dissertation is focused on investigating albumin-derived, 

biologically interactive nanoparticles as a platform system that can be designed with 
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distinct multifunctional properties, particularly, SWIR imaging and the delivery of 

therapeutic cargo.  The bulk of the thesis is focused on conceptualizing and developing a 

new class of SWIR-detectable nanomaterials for targeted imaging of cancerous tissues. 

Conventionally fabricated rare-earth doped nanoprobes (REs) are weakly bioavailable, 

lack functional surface groups for tissue targeting and exhibit potential cytotoxicity.  A 

major research effort of this thesis was to develop albumin nanoshells around rare-earth 

nanoprobes for establishing highly biocompatible and biologically targetable RE 

nanocomposites with controlled sizes and pharmacodynamic behaviors.   

 This study also produced the first evidence reported to date of multi-spectral, real-

time SWIR imaging at anatomical resolution in vivo and demonstrated the prospects of 

REs for targeted molecular imaging. The albumin-encapsulated, inorganic-organic 

nanocomposite of REs showed enhanced SWIR signal intensity in diseased tissue 

through accumulation of REs at tumor sites and extended the in vivo retention of REs.  

Further modifications were made to the albumin coating to create a multifunctional 

nanoparticle with tumor-penetrating and therapeutic delivery properties for both imaging 

and drug delivery applications. 

 The cumulative findings of this thesis lay the groundwork for the design of new 

biomedical probes and imaging methods that have the potential to significantly advance 

surveillance of a range of diseases with complex molecular etiologies, from cancers to 

heart disease. 
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AN INTRODUCTION TO BIOMEDICAL IMAGING PRINCIPLES AND 

TECHNIQUES 
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1.1. Biomedical Imaging 

 Identification of the molecular species involved in cancer pathogenesis and 

progression has resulted in more accurate disease prognoses and wider range of clinical 

treatment strategies, ushering in an age of personalized patient care and molecularly 

targeted therapies. Technologies for imaging molecular cues and events are ever so 

critical when monitoring the complex behavior demonstrated by many diseases such as 

cancer.
1,2

  Molecular imaging can provide researchers and clinicians a window into the 

nature of cancer signaling pathways,
3
 allowing researchers to study the mechanisms and 

hallmarks of cancer in situ.  The development of molecular imaging tools and their 

clinical adoption will have broad implications for drug discovery, prognostic screening, 

and clinical monitoring.
4
  In particular, molecular imaging probes which can monitor and 

predict treatment response can be used as part of a complementary strategy in the clinic, 

enabling clinicians to make decisions on whether to change or refine a treatment.
5,6

  

  Currently, clinical imaging in oncology primarily focuses on the identification 

and characterization of gross anatomical features such as tumor location, staging, volume 

and metastasis.
7
  These imaging approaches are the most frequently used tools for 

evaluating cancer clinically,
8,9,7,10-12

 and constitute the fastest growing component of 

healthcare expense in the United States.
8,13

  Nonetheless, there is a tremendous return on 

investment in clinical imaging in the form of improved patient care,
14

 more accurate 

diagnoses,
15-17

 and more successful surgical interventions.
18-20

 Despite their widespread 

utility, the most ubiquitous imaging modalities provide limited sensitivity and coarse 

molecular information at the level of the tumor, leaving untapped the potential of more 

precise diagnoses that can be used as the basis of patient-specific treatments.
21

 Indeed, 
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present imaging techniques can only detect solid tumors once they have grown over a 

centimeter in diameter (approximately 10
9
 cells), leaving significant uncertainty when 

cancer is in clinically-determined “remission.”
11

       

 Molecular imaging aims to revolutionize cancer imaging by visualizing biological 

events on a subcellular level in living systems.
7
 Targeted imaging of tumor biomarkers is 

one of numerous molecular imaging strategies currently being investigated toward 

improving both the detection and understanding of critical molecular events that promote 

tumorigenesis. This strategy has great implications for the early detection of cancer, 

which in turn has been linked to more effective treatment and greater likelihood of 

survival in patients.
22

 By combining the increased sensitivity of molecular imaging with 

tumor biomarker targeted probes, clinicians will potentially be able to rapidly identify 

cancer in patients and identify key molecular targets for subsequent treatment.
7
 Beyond 

diagnosis and initial treatment, targeted molecular imaging probes can be utilized to 

monitor disease progression, such as metastasis, and track the spatio-temporal response 

of tumors to drug therapies.
21

 Combined with conventional imaging approaches, 

molecular imaging can be integrated with traditional anatomical imaging ultimately 

leading to a more comprehensive portrait of disease states for improved patient care.   
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1.2. Overview of Imaging Systems 

 Imaging modalities can be broadly categorized as primarily 

anatomical/physiological or primarily molecular imaging systems (Table 1.1).
6
  

Macroscopic imaging systems such as X-ray computed tomography (CT), magnetic 

resonance imaging (MRI) and ultrasound which provide anatomical and physiological 

information on disease, are currently used clinically.
23

  Molecular imaging systems 

include optical imaging and nuclear imaging modalities such as positron-emission 

tomography (PET) and single-photon-emission tomography (SPECT).   

 

 

 

Table 1.1 – Overview of Imaging Systems. Magnetic resonance imaging (MRI); 

computed tomography (CT); positron-emission tomography (PET); single-photon-

emission CT (SPECT); fluorescence-mediated tomography (FMT).  This figure was 
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reproduced from: Weissleder, R. & Pittet, M.J. Imaging in the era of molecular oncology. 

Nature 452, 580-589 (2008)
4
 and Rudin, M. & Weissleder, R. Molecular imaging in 

drug discovery and development. Nature Reviews Drug Discovery 2, 123-131 (2003).
24

  

 

 

1.2.1. Properties of Anatomical and Physiological Imaging Modalities 

 CT uses X-ray attenuation caused by tissues with high atomic numbers (such as 

calcium-based bone) or exogenous contrast agents to reconstruct a 3-D image in a 

patient.
11

   

 Although there are different types of MRI approaches, the fundamental principle 

relies on the nuclear magnetic resonance properties of hydrogen nuclei in water following 

an interaction with a strong magnetic field and radio frequency current.
5
  This interaction 

causes a change in the spin of the protons in the magnetic field, which returns to 

equilibrium or undergoes “relaxation” when the radio frequency current is turned off.  

Contrast agents, such as gadolinium chelates and iron oxide, shorten the relaxation time 

of the protons which undergo spin changes, providing a means to distinguish organs and 

soft tissues.  MRI captures the radio frequency signal generated from relaxation to 

reconstruct a three-dimensional image.   

 Ultrasound uses high-frequency sound that is transmitted in very short pulses to 

create echoes from structures within the body.  Microbubbles can be used as contrast 

agents for ultrasound by enhancing the acoustic signal of blood during sound pulsing.
25

  

 Anatomical and physiological imaging techniques generally exhibit high spatial 

resolutions in the micron range (50-100 μm), with new MRI techniques capable of spatial 
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resolutions as small as 10 μm.
5
 These techniques also provide imaging data which is 

inherently quantifiable.
23

  Both MRI and CT approaches have no limit on penetration 

depth enabling full-body imaging, while ultrasound is limited to penetrating through 

centimeters of tissue.
23

 MRI and ultrasound also use non-ionizing energy for 

visualization, which is relatively safer and less damaging to tissue than ionizing 

sources.
26-28

  Ultrasound techniques however, have excellent temporal resolution, capable 

of imaging on the order of seconds.  MRI and CT approaches generally take minutes, or 

hours for certain cases of MRI, preventing applicability towards real-time imaging.
4
  All 

anatomical imaging modalities require that the local concentration of exogenous contrast 

agents must be relatively high for detection, effectively limiting sensitivity.
29

  

  

1.2.2. Molecular Imaging Modalities 

 Molecular imaging involves the resolution and quantification of fundamental 

molecular changes that occur during disease at the cellular and subcellular scale.
6
  

Though recent advances in MRI techniques have pushed the limits of this technology into 

the molecular domain,
30

 nuclear and optical imaging techniques have traditionally been 

associated with molecular imaging.  Future research holds promise for the development 

of all three approaches (MRI, nuclear and optical) as molecular imaging tools, but the 

focus here will be on imaging using nuclear and optical technologies.    

 Both PET and SPECT require the use of a radiotracer that produces γ-rays that are 

subsequently detected with specialized instrumentation or cameras.  Software algorithms 

are then used for three-dimensional reconstruction of the captured images.
29
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 Optical imaging relies on the detection of photons following their interaction with 

tissue or an exogenous contrast agent to generate visual information.  As light travels 

through increasing depths of tissue, however, photons are either scattered or absorbed 

reducing optical signal.
31

   

 Although nuclear and optical imaging techniques generally exhibit poor spatial 

resolution, they are highly sensitive, capable of detecting contrast agents at the nanomolar 

to picomolar levels.
29

  Both modalities, but in particular optical imaging, are capable of 

multispectral imaging or the detection of more than one probe signal simultaneously.  

Nuclear approaches generally exhibit no limit on penetration depth while optical 

approaches may be able to resolve only at depths of several millimeters.
6
 In terms of 

practicality, however, nuclear approaches generally require expensive machinery, such as 

cyclotrons for the production of radionuclides, while optical imaging tends to be faster 

and easier to perform with low cost instruments for near surface imaging.
6,54

 

 

1.2.3. Imaging Modality Integration and Opportunities 

 Each individual imaging technique has certain advantages and disadvantages.  

Choosing the appropriate technique is largely dependent on the specific biological 

questions being asked. Ideally, imaging techniques must have both high spatial resolution 

as well as the necessary sensitivity to detect small changes in molecular events over 

time.
6
  This has led to the development of multimodal-based imaging approaches, ones 

that integrate multiple imaging platforms to extract visual information on several spatial 

scales simultaneously. Clinically, some of the best examples of multimodal imaging 

systems can be seen with PET-based systems, such as PET-SPECT, PET-CT and PET-
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MRI scanner hybrids.  Co-registering anatomical and molecular information can provide 

both the spatial localization and structure of diseases such as cancer as well as functional, 

metabolic and cellular characteristics.
32,33

  In addition, multimodality can also be used for 

preoperative or intraoperative imaging.
34

 For example, MRI- or PET-CT-optical 

approaches can be used to first identify the anatomical location of a tumor using MRI or 

PET-CT imaging.  Subsequently, clinicians can utilize optical imaging approaches to 

delineate the exact cellular margins of disease guiding surgical intervention and accurate 

resection of the tumor.
33,35,36

  Clinically, multimodal imaging platforms are already 

proving capable of significantly improving disease diagnosis,
37-39

 treatment 

development
40-42

 and therapeutic evaluation
43-47

 in patients compared to single modality 

imaging approaches.
48

  

 While optical imaging remains a pre-clinical tool for in vitro and ex vivo 

applications, it is gaining more widespread attention for clinical translation.
29,49-51

  This is 

due to a unique set of characteristics that distinguish it from all other imaging modalities.  

Optical imaging is inherently safe due to its reliance on non-ionizing radiation which can 

be applied (within limits of exposure time, excitation power density and wavelength)
52,53

 

for prolonged periods of time without damaging tissue.
54

  Optical imaging is also 

exceptionally sensitive and highly specific when compared to other modalities.
55

 

Currently, optical techniques are able to detect signals from contrast agents present at 

concentrations below 10
-15

 moles/L millimeters in tissue, enabling excellent signal-to-

noise capabilities.
6
  Optical imaging generally employs relatively low-cost, easy-to-use 

and portable instruments,
6
 which are amenable to ready adoption by clinicians and 

technicians. Fiber endoscopy and fluorescence endoscopy are just a few examples of the 
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growing advances in miniaturized clinical imaging.
56,57

  Approaches such as these open 

the possibilities for real-time, high throughput molecular imaging, which combined with 

anatomical imaging techniques, can provide valuable insight into pathological states.   
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1.3. Optical Imaging 

 There are two broad types of optical imaging approaches: planar and tomographic 

imaging.  Planar imaging generally involves irradiating a specimen (cell, tissue or 

organism) with light tuned to a particular wavelength or excitation.  The particular 

wavelength depends on the fluorophore or contrast agent of interest and can be either 

endogenous (e.g. tissue components) or exogenous (e.g. organic dyes).  Depending on 

whether the emitted light is collected on the same side as the excitation or through the 

specimen, planar imaging can be either reflectance- or transillumination-based, 

respectively.  Planar imaging is the simplest, fastest and most frequently used optical 

imaging technique.
51

  Fluorescence-based optical imaging, also known as fluorescence 

reflectance imaging (FRI), and bioluminescence imaging (BLI) are examples of planar 

optical imaging. 

 Tomographic imaging, which is considerably slower than planar imaging but can 

have up to an order of magnitude better penetration depth (~10 cm compared to ~1 cm),
4
 

relies on transilluminated light that has been absorbed and scattered from multiple 

projections. Using tomographic imaging in combination with fluorescent reporters, or 

fluorescence mediated molecular tomography (FMT), opens the possibility for using this 

technique to identify molecular features deeper than possible with planar imaging.
58,51

  

 In all cases, however, the fundamental principles behind optical imaging lie in the 

way light interacts with tissue (Fig. 1.1). Light can be absorbed, scattered, refracted or 

reflected during its propagation through bulk tissue samples.  Most significantly, optical 

attenuation arises from signal losses which occur through absorption and scattering.   
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Figure 1.1 – Light-Tissue Interactions.  The interaction of light with tissue can lead to 

various optical events, such as scattering, absorption or reflection (here reflexion).  This 

figure was reproduced from Chapter 2 (by Rudolf Steiner) of: Anderson, R.R. & Ross, 

E.V. Laser-tissue interactions. Cutaneous Laser Surgery. Mosby: Philadelphia, PA 

9(1994).
53

  

 

 

1.3.1. Principles Governing Light-Tissue Interactions - Absorption 

 Light incident on biological tissues interacts with various intracellular and 

extracellular components and is absorbed, generally resulting in heat dissipation within 

the absorbing medium. The result of absorption is a reduction in the intensity of light that 

propagates though a medium. The biological components that absorb light, called tissue 
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chromophores, exhibit unique absorption spectra (Fig. 1.2).  In heterogeneous tissue, the 

total attenuation of light through absorption is caused by the sum of each chromophore’s 

unique absorption values, or extinction coefficients, highly dependent on concentration.
50

   

 

 

 

Figure 1.2 – Absorption Spectra of Common Biological Chromophores.  The 

absorption spectra of various tissues has been important for optical probe design.  The 

relatively low absorption of various biological components in the NIR (highlighted in 

yellow) has led to interest in this wavelength region for optical imaging. This figure was 
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reproduced from Chapter 2 (by Rudolf Steiner) of: Anderson, R.R. & Ross, E.V. Laser-

tissue interactions. Cutaneous Laser Surgery. Mosby: Philadelphia, PA 9(1994).
53

  

 

 

 Water, hemoglobin, lipids and melanin are some of the strongest absorbers in 

biological tissues.
50,59

  Proteins and nucleotides found in DNA and RNA also act as 

strong absorbers, particularly of ultraviolet (UV) light.  The aliphatic amino acids, such 

as glycine, alanine and leucine, absorb at wavelengths before 240 nm while aromatic 

amino acids such as phenylalanine, tyrosine and tryptophan absorb above 240 nm.
60

  The 

purine and pyrimidine bases in DNA and RNA absorb UV light between 230-300 nm.
23

 

Broadly speaking, proteins and nucleotides primarily absorb UV light, hemoglobin and 

melanin absorb visible light and water acts as a strong infrared absorber.   

 Water, the most abundant chemical in the body, does not have any significant 

absorption bands in the UV or visible region.  Water begins to absorb light above 900 nm 

in the infrared.
23

   In practice, however, water is considered to be weakly absorbing above 

1,300 nm, with more pronounced peaks above 2,900 nm.
61

    

 Hemoglobin is a metalloprotein found in red blood cells which carries oxygen 

around the bloodstream. Hemoglobin has unique absorbance spectra based on whether it 

is in an oxygenated (HbO2) or de-oxygenated (Hb) state.  The profiles for the two states 

are significantly different, particularly in the red region of the visible and the near-

infrared (NIR).
62

  Together with water, these two compounds represent the major 

absorbers of visible and infrared light.  Within their spectra is a region in the near 

infrared, between 650-900 nm, with relatively low absorption.
49

  Light in this range is 
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much more effective at propagating through tissues, opening a “window” for biomedical 

optical imaging.
31

 

 Lipids and melanin can exhibit strong absorption in the NIR, significantly 

contributing to attenuation.  Lipids have a sharp absorption band around 930 nm but 

otherwise share a very similar absorption spectrum to water.
63

  Melanin, a pigment found 

in the epidermal layer of skin, significantly absorbs both visible and NIR light.
64

 It 

exhibits broad absorption in the visible region but decreases in magnitude with increasing 

wavelength.  The importance of these two chromophores, however, is greatly dependent 

on the tissue being imaged.  The lipid and melanin content varies drastically from tissue 

to tissue and often the attenuation effects due to water and hemoglobin content dominate 

as the major absorbing components.  

 In all instances, the absorption of light by chromophores can result in tissue-

induced fluorescence emission (Fig. 1.3).  Tissue “autofluorescence” can severely limit 

the signal-to-background ratio and is a particularly significant problem when using 

visible light for in vivo imaging.
50

  The amount of autofluorescence determines the 

sensitivity that can be achieved for detecting a contrast agent of interest.  Chromophores 

such as elastin, collagen, tryptophan and porphyrins can significantly contribute to tissue 

autofluorescence and generally have absorption bands in the visible and UV regions of 

the spectrum.
65

  It has also been shown that the chlorophyll found in alfalfa in standard 

mouse chow contributes significantly toward NIR autofluorescence.
66
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Figure 1.3 – Tissue Autofluorescence.  Wavelength-dependent tissue autofluorescence 

can be see when the mouse (a) is irradiated with various excitation/emission filter sets: 

(b) blue/green and (c) green/red.  The NIR filter set, on the other hand, shows 

significantly less tissue autofluorescence. This figure was reproduced from: Frangioni, 

J.V. In vivo near-infrared fluorescence imaging. Curr Opin Chem Biol 7, 626-634 

(2003).
67

  

 

 

1.3.2. Principles Governing Light-Tissue Interactions - Scattering 

 Light scattering is a significant cause of signal attenuation in tissues and 

dominates over absorption in certain regions of the spectrum.
48

 As light propagates 

through heterogeneous tissues, cellular components such as nuclei, cellular membranes, 

lipids, mitochondria and water all contribute to multiple scattering events.
68,69

 Scattering 

leads to the spreading, or defocusing, of optical signal.  This both changes the original 

directionality of propagating light and obscures the information carried by light. There 
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are two main types of light scattering that can occur in tissue: inelastic and elastic 

scattering.
23 

 Inelastic scattering results in a change of frequency and wavelength between the 

incident and scattering photons.  Raman scattering is a type of inelastic scattering that 

produces excitation of molecular vibrations and can be useful for determining chemical 

and structural changes in disease tissues.  The magnitude of Raman scattering, however, 

is inherently weak and occurs at the rate of approximately 1 inelastically scattered photon 

for every 10
7
 elastically scattered photons.

70
  Surface enhanced Raman scattering (SERS) 

further increases the gain of Raman intensity and improves the detection limits using 

specific molecules adsorbed onto noble metal nanoparticles.
71

  

 Elastic scattering, on the other hand, results in both the incident and scattered 

photons having the same frequency and wavelength. While there are two primary forms 

of elastic scattering, Rayleigh and Mie, neither appears to accurately describe the 

scattering that occurs in tissue.
20

 Rayleigh scattering occurs from particles of a smaller 

size compared to the wavelength of the incident light.  In tissue, these particles can be 

certain subcellular components, such as cellular membranes or organelles.  For scattering 

centers which are ~10 times smaller than the incident wavelength (Fig. 1.4), Rayleigh 

scattering is governed by λ
-4

.
72

  This strong dependence on the wavelength of light results 

in greater amounts of Rayleigh scattering occurring with bluer light, compared to red and 

infrared light.  In addition to particle size and wavelength, Rayleigh scattering is highly 

dependent on the refractive index mismatch between the scattering particle and the 

surrounding medium.
23
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 Mie scattering occurs in instances where the wavelength of the incident light is 

comparable to the size of the scattering center in tissues (Fig. 1.4). Much like Rayleigh 

scattering, refractive indices mismatches between a scattering particle and the 

surrounding medium strongly influence Mie scattering.
48

  However, unlike Rayleigh 

scattering, it is governed by much weaker wavelength dependence, by λ
-x

, where x is 

generally between 0.4 and 0.6 for specific tissues.
72,23

   Scattering occurs primarily in the 

forward direction for Mie scattering, while the amount of forward and backward 

Rayleigh scattered light is approximately equal.
73

 

 

 

Figure 1.4 – Elastic Scattering.  Light scattering from tissues can undergo either Mei or 

Rayleigh scattering depending on the size of the scattering center. This figure was 

reproduced from Chapter 2 (by Rudolf Steiner) of: Anderson, R.R. & Ross, E.V. Laser 

tissue interactions. Cutaneous Laser Surgery. Mosby: Philadelphia, PA 9(1994).
53
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1.4. Contrast Agents for Optical Imaging 

 The translation of molecular imaging requires the specific targeting of key 

cellular features in order to ascertain relevant information. Resolving at the molecular 

scale requires approaches that can target and enhance the contrast of specific molecular 

features resulting in high signal-to-noise ratios (S/N) over non-targeted structures. For all 

imaging modalities, but particularly those such as optical imaging which aim to resolve 

molecular features, contrast enhancement can be achieved by using either endogenous or 

exogenous contrast agents.
74

   

 

1.4.1. Endogenous Contrast Agents 

 For optical imaging, contrast using endogenous detection methods generally relies 

on measuring the differences between various light-tissue interactions.  Although this 

method removes the need for introducing exogenous agents and the challenges that arise 

from regulatory approval,
12

 endogenous contrast generally does not provide useful 

imaging due to low sensitivity or specificity.
11,74

 

 

1.4.2. Exogenous Contrast Agents 

 Exogenous contrast agents have become important as probes which can be used 

for detection by imaging modalities.  Various classes of exogenous contrast agents exist, 

such as small organic molecule fluorophore, antibody, peptide and nanoparticle 

reporters.
74

  In order to extract detailed information from imaging, these contrast probes 

must be engineered to achieve quantitative, sensitive and specific high-resolution 

imaging of multiple molecular events in situ. 
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 Small organic fluorophores, such as NIR-emitting FDA-approved indocyanine 

green (ICG or Cardio-Green), have been commonly used as reporters for in vitro and pre-

clinical optical imaging.
75

   Yet these reporters suffer from a number of drawbacks that 

limit translation for molecular imaging.  In addition to suffering from low photostability 

which leads to photobleaching, the optical tunability of organic fluorophores is difficult 

to control.
50

  Furthermore, organic fluorophores, antibodies and peptides can be rapidly 

cleared from circulation due to their small size, resulting in poor biodistribution and 

pharmacokinetics.
11,76

  

Nanoparticles are submicron-sized colloidal systems that are composed of one or 

more inorganic and/or organic materials which can include polymers, lipids, viruses, 

metals and organometallic compounds.
77-81

  Nanoparticles possess unique physical and 

dimensional properties that offer numerous advantages for engineering effective imaging 

agents.
82

  

Nanoparticles can be used to sequester large amounts of diverse cargos, such as 

fluorophores or therapeutics, into discrete, self-contained structures. By loading 

nanoparticles with large amounts of contrast agents, for example, and controlling their in 

vivo biodistribution, contrast agent accumulation can be greatly enhanced at targeted sites 

resulting in signal amplification.
83

  Formulating contrast agents or drugs into 

nanoparticles can also improve cargo stability, enhance efficacy and protect non-targeted 

tissues from the delivered payload. In addition, one of the greatest impediments toward 

clinical application of molecular imaging is poor pharmacokinetics of new imaging 

agents.
7
 The physical and chemical tunability of nanoparticles can lead to prolonged 

circulation and reduced clearance, which result in improved cargo pharmacokinetics and 
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lead to a greater likelihood of disease targeting.
11

 Furthermore, controlling the physical 

and chemical properties of nanoparticles such as size, surface charge and targeting ligand 

presentation can drastically influence their in vivo biodistribution.  Finally, the 

presentation of ligands targeting specific for cellular receptors can improve the specificity 

of nanoparticle targeting and lead to “multivalent” effects.   
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1.5. Nanoparticle Design Considerations 

 Nanoparticle design exerts significant influence on the behavior of nanoparticles 

in a biological environment.
83,84

  Various properties including size, charge and surface 

modification must be taken into careful consideration when engineering nanoparticles for 

a specific application.  Shape has also been shown to effect nanoparticle interactions with 

cells, however the mechanisms behind the differences are not yet fully understood.
85-87

    

 

1.5.1. Nanoparticle Size 

 Size is an important physical property that has been shown to greatly affect 

nanoparticle behavior for in vivo cancer targeting.   The lower boundary of nanoparticle 

size is generally considered to be around 10 nm in diameter, the estimated threshold for 

first-pass elimination by the kidneys. The upper boundary, however, is less defined and 

not entirely clear.  Many tumor vessels tend to exhibit irregular branching patterns and 

abnormal architecture, a consequence of poorly-aligned endothelial cells with wide 

fenestrations and loose focal intercellular openings. These unique properties of the tumor 

microenvironment lead to a “leaky” endothelium, enabling larger macromolecules, such 

as nanoparticles, to accumulate in tumor tissue much more than in normal, healthy tissue 

(Fig. 1.5).
88

  Experiments have shown that the threshold for this so-called Enhanced 

Permeability and Retention Effect (EPR) in liposomes is approximately 400 nm and that 

sizes of carriers below 150 nm are more effective at accumulating in the tumor tissue.
89-92

  

Evidence has confirmed that this phenomenon occurs in humans as well as in animal 

models. Nanoparticle delivery which relies on the EPR effect is commonly referred to as 
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“passive targeting” and can result in the selective extravasation of certain type of 

particles into solid tumors.    

 

1.5.2. Nanoparticle Charge 

In addition to size, surface properties play a critical role in determining the fate 

and biological interactions of nanoparticles.   In vivo experiments have shown that 

slightly negative, slightly positive or neutral nanoparticles can penetrate and be 

effectively transported through tissue.
84,93,94

  Nanoparticles can be further tailored with 

amphiphilic coatings, such as polyethylene glycol (PEG) polymers, which further aid to 

both promote biocompatibility and limit nonspecific interactions with biomolecules.
95

 

Amphiphilic coatings can also be used to reduce the self-aggregation tendency of 

nanoparticles in aqueous solutions by creating a hydrated layer around each nanoparticle, 

separating them in suspension.
95

  Greater surface charges, whether positive or negative, 

increase the likelihood for nanoparticle opsonization, a process by which certain serum 

proteins adsorb onto the surface of nanoparticles and interact with monocytes or certain 

tissue macrophages. Opsonization leads to macrophage scavenging and greater clearance 

of nanoparticles by the reticuloendothelial system (RES), which consists of phagocytic 

cells in the liver, spleen and lymph nodes.
84

 While nanoparticle clearance is 

fundamentally important, minimizing rapid losses is crucial to realizing the utility of 

nanoparticles in vivo.  
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1.5.3. Nanoparticle Active Targeting 

 Although charge and steric stabilization provide improvements in systemic 

nanoparticle pharmacokinetics, non-uniform and untargeted biodistribution are limiting 

factors that prevent nanoparticles from effectively accumulating at diseased tissues.
96

  

This has led to the development of targeting ligands, which can be anchored to the 

surface of nanoparticles usually through covalent interactions.  The result is commonly 

referred to as a “functionalized” or “targeted” nanoparticle system. In contrast to passive 

delivery, targeting nanoparticles to specific molecular receptors using ligands is known as 

“active delivery” (Fig. 1.5).  The targeting ligands themselves can be chemical or 

biological moieties including compounds such as small molecules,
97

 peptides,
98

 or 

antibodies.
99

  Such ligands improve or direct specific nanoparticle-cell interactions, 

enabling enhanced and modified accumulation at diseased tissue.  Selecting the 

appropriate ligand is dependent on the properties of the targeted receptor and optimal 

targets should be readily accessible (cell surface), expressed either highly or only within 

the desired target tissue, not shed from cell surface and broadly expressed across several 

disease states.
100

  Ideally, the ligand should have high target binding affinity, in the low to 

sub-nanomolar range,
101

 and the ligand-receptor interaction should exhibit a large 

dissociation constant (Kd) to promote stable binding.
102,103
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Figure 1.5 – Tumor Targeting Using Nanoparticles.  Schematic representing the 

different mechanisms of nanoparticle uptake in tumors. This figure was reproduced from: 

Peer, D., et al. Nanocarriers as an emerging platform for cancer therapy. Nat. 

Nanotechnol. 2, 751-760 (2007).
104

  

 

 

Generally, a single targeting agent molecule attached to a nanoparticle will not 

generate enough binding force to anchor or target a specific biological site.
105

   However, 

it has been shown that the simultaneous binding of multiple ligands to specific receptors 

promotes greater targeting efficacy and results in “multivalent” interactions.
102,103

 The 

greater avidity which results from multivalency is generally due to a reduction in the off-

rate (kd) or ligand-receptor dissociation while the on-rate (ka) or ligand-receptor binding 
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remains relatively unchanged.
102,105,106

 Based on their high surface-to-volume ratio, 

nanoparticles can be used to display numerous targeting ligands on their surface to 

facilitate multivalent binding.  Improvements in cell avidity through multivalency using 

ligand functionalized nanoparticles have been reported to exist in several ligand-receptor 

interactions, including receptors targeted by folic acid,
102

 cyclic arginine-glycine-aspartic 

acid (cRGD),
98

 glucose and mannose.
107

 Multivalent interactions can also open the 

possibility for using high densities of ligands with individually low receptor affinities.   

There are several important considerations that must be addressed when 

proceeding with an active targeting strategy for nanoparticles.  Although multivalent 

targeting is desired, arbitrarily functionalizing nanoparticles with a large number of 

ligands may not necessarily lead to a greater degree of disease targeting.  In addition to 

the physical changes that may occur with high density functionalization, such as 

increased aggregation and lowered stability both resulting from changing the surface 

properties of nanoparticles, the interactions of particles in a biological setting may also 

change.  Furthermore, the effectiveness of multivalency is largely dependent on the 

context in which it is used, whether at a two-dimensional cellular-level or three-

dimensional organism-level.
108,109

 

  In vitro studies have shown that there may exist an optimum ligand density for 

particle binding avidity beyond which only modest gains in avidity occur.
102

 

Furthermore, targeted disease sites present a finite number of receptors which can interact 

with ligand functionalized nanoparticles.  As the amount of targeted particles binding to 

these receptors increases, so does the degree of receptor and binding saturation.  Targeted 
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nanoparticles which are unable to bind to receptors at the site of interest will now exhibit 

a pharmacokinetic profile similar to that of untargeted particles.
105,110

   

A potential solution to this problem in vivo could be to utilize only low densities 

of high affinity ligands, yet this solution could result in what is known as a “binding site 

barrier.”
111

  It has been reported that nanoparticles displaying high affinity ligands exhibit 

decreased penetration into a solid tumor compared to ones functionalized with ligands of 

less affinity toward the targeted receptor.
112

  Other potential solutions to receptor 

saturation have been reported, including strategies that introduce more targetable sites in 

tumors using the in vivo assembly of nanoparticles,
113

 amplify targeting by using 

“signaling” and “receiving” nanoparticles that induce new binding sites in tumors,
114,115

 

and improve tumor penetration using tissue penetrating peptides linked to tumor targeting 

motifs.
116

   

 A final consideration for conjugating a ligand onto a nanoparticle is the nature of 

the conjugation linker used.  The length of the linker may influence targeting by either 

facilitating multivalent interactions
117

 and/or reducing steric hindrance between ligand 

moieties.
118

  Furthermore, the chemical structure of certain crosslinking agents, such as 

sulfosuccinimidyl 6-(3′-[2-pyridyldithio]-propionamido) hexanoate (SPDP) or 

sulfosuccinimidyl 6-[α-methyl-α-(2-pyridyldithio)toluamido] hexanoate (SMPT), contain 

labile disulfide linkages which are susceptible to degradation under certain conditions.
119

   

In contrast, nonlabile maleimide crosslinkers appear to be more stable for certain 

nanoparticle-based delivery applications.
119

 While numerous other conjugation 

chemistries and linkers can be utilized,
120

 the availability of specific nanoparticle 

functional groups will ultimately determine the approach to be used. 
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1.6. Rare Earth Nanoparticles as Optical Imaging Contrast Agents 

 As mentioned previously, nanoparticles can be composed of a wide range of 

organic or inorganic materials.  For many instances, fluorescence dyes can be sequestered 

into liposomes,
121

 dendrimers,
122

 micelles
123

 and many other nanoparticle systems.  

However, certain nanostructures such as gold nanoparticles,
124

 single-walled carbon 

nanotubes,
125,126

 quantum dots
127

 and rare earth-doped nanoparticles
128

 have all been 

shown to have inherent contrast capabilities for optical imaging.   

 Rare earth-doped nanoparticles (REs) are the primary contrast agents of focus for 

this dissertation.  REs are ceramic nanoparticles which contain rare earth ions.  REs can 

be excited with NIR and upconvert the energy for visible emissions (Fig. 1.6).
129

  In 

addition, REs are also able to generate infrared (IR) emissions after NIR excitation 

through traditional downconversion fluorescence mechanisms.
130

 

  

 

Figure 1.6 – Upconversion Fluorescence.  Principle of upconversion fluorescence (here 

UPT). This figure was reproduced from: van de Rijke, F., et al. Up-converting phosphor 

reporters for nucleic acid microarrays. Nat. Biotechnol. 19, 273-276 (2001).
129
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1.6.1. Fabrication of Rare Earth Doped Nanoparticles 

 There are two primary methods for synthesizing REs: thermal decomposition
131,132

 

and hydrothermal synthesis.
133,134

  Thermal decomposition involves dissolving organic 

trifluoroacetate precursors in solvents using surfactants such as oleic acid or oleylamine 

under high temperatures (250–350°C).
135

 This process of RE formation occurs over four 

distinct and consecutive stages:  nucleation in a delayed time, size growth by monomer 

supply, size shrinkage by dissolution, and aggregation.
136

 The method yields high quality 

nanoparticles that exhibit monodisperse populations of small sizes and high crystallinity.   

By varying such parameters as reaction time, concentration of reagents and reaction 

temperature, various sizes and shapes of REs can also be obtained.
136

 

 Hydrothermal or hydro(solvo)thermal synthesis likewise generates controllable 

nanoparticle sizes and shapes, including prisms, rods, spheres, and flower patterned disks, 

by varying reaction parameters such as fluoride source, organic additives and pH.
137,138

  

Synthesis can occur at significantly lower temperatures than thermal decomposition 

(160–220 °C).  It is a solution-based synthesis approach, utilizing solvents under 

pressures and temperatures above their critical point to increase the solubility and 

reaction kinetics of RE precursors.
139

  

 

1.6.2. Design Considerations for Rare Earth Doped Nanoparticles 

 For NaYF4 co-doped REs, upconversion fluorescence occurs following the non-

radiative transfer of excitation energy from a sensitizer, generally Yb, to an activator such 

as Er or Tm, resulting in the emission of photons.
140

  For this transfer to occur, however, 

the excited energy levels of both the sensitizer and activator must be nearly equal (or 
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resonant) and the two ions must be in close proximity with one another to permit the 

transfer of energy.  Trivalent Yb is well resonant with several typical upconverting 

lanthanide ions, such as Er, Tm, Ho, Pr, Gd, Nd, and Dy,
141

 acting as a very efficient 

sensitizer for energy transfer.
142

   

 The selection of the host material is also important to ensure high upconversion 

efficiency.  Ideal host materials should exhibit low lattice phonon energies which will 

minimize the non-radiative transfers that occur during upconversion while maximizing 

radiative emissions.  Fluorides, such as NaYF4, have been shown to display low phonon 

energies, high chemical stability and high optical transparency ideal for upconversion 

processes.
142

 In addition, the crystalline structure of the host can influence the efficiency 

of upconversion.  For example, hexagonal phase NaYF4 hosts have been shown to exhibit 

significantly greater upconversion efficiencies compared to cubic phase NaYF4 hosts.
135

  

This may be due to the low symmetry of hexagonal phase NaYF4 hosts, resulting in 

uneven components of crystal-fields which enhance the probability of sensitizer to 

activator energy transfer.
143

   

 Finally, when synthesizing upconverting nanoparticles, generally a core-shell 

scheme is adopted.  The nanoparticle core contains the host material and dopants, for 

example NaYF4:Yb,Er, while a thin shell composed of the inert host material surrounds 

the inner doped structure.  In addition to protecting the dopants from degradation, the 

shell acts to both minimize surface quenching effects and improve upconversion 

efficiency.
144
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1.6.3. Mechanisms of Fluorescence 

 While numerous studies involving REs focus on imaging with upconversion 

fluorescence,
140,142

 REs are also able to emit through traditional fluorescence mechanisms 

in the short wavelength infrared (SWIR) region (1000-1700 nm) after NIR excitation.
130

 

 Upconversion fluorescence occurs during the excitation of trivalent rare earth ions 

by the sequential absorption of two or more NIR photons, which results in the 

nanoparticles reaching a higher excited energy level.
145

 Unlike two-photon excitation 

which occurs after the simultaneous absorption of photons, upconversion fluorescence 

does not require high powered pulsed lasers relying instead on inexpensive continuous 

wave laser diodes.
135

 Furthermore, upconversion fluorescence is much more efficient 

than two-photon absorption.
146

 The upconversion fluorescence process can occur through 

three main mechanisms: excited state absorption (ESA), photon avalanche and energy 

transfer upconversion (ETU).  Of these three, co-doped NaYF4 nanoparticles rely 

primarily on ETU for upconversion (Fig. 1.7),
142

 and the ETU mechanism is considered 

to be the most efficient upconversion process known.
140

  

 REs can also emit SWIR after NIR excitation through traditional fluorescence 

mechanisms (Fig. 1.7).
147-149

  Examples of SWIR emissions can be seen with Nd:YAG 

(Nd-doped yttrium aluminum garnet),
150

 a solid state laser material that emits at 1064 nm 

after 800 nm excitation, and Er-doped silicate glass fibers,
151

 which are commonly used 

in the telecommunications industry and emit at 1550 nm after 980 nm excitation.
130
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Figure 1.7 – Energy Diagram for NaYF4 Yb:Er nanoparticles.  Energy diagram for 

downconversion fluorescence (A) and upconversion fluorescence (B) of NaYF4 Yb:Er 

nanoparticles after 980 nm NIR excitation.  After Yb
3+

 is excited to the 
2
F5/2 state (1), it 

can act as a sensitizer and transfer energy to the unexcited Er
3+

 (2) bringing it from 
4
I15/2 

to the 
4
I11/2 excited state.  Er

3+
 can relax to 

4
I13/2 (3) and emit at 1550 nm 

(downconversion) from the 
4
I13/2  

4
I15/2 transition (4).  In addition, Yb

3+
 can be further 

excited (5) and transfer more energy to Er
3+

 before relaxation occurs (6).  This can bring 

Er
3+

 to the 
4
F7/2 and 

4
F9/2 excited states (6), which can relax to the 

2
H11/2 or 

4
S3/2 state (7) 

and emit at 515 nm, 540 nm and 660 nm.  This figure was adapted from: Manseau, M.P. 

Lanthanides-based upconverting biolabels in the near-infrared. Department of Chemistry, 

University of Victoria (2009).
152
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1.7. Albumin Nanoparticles as Delivery Agents 

 Recently, non-targeted nanoparticles composed of human serum albumin carrying 

paclitaxel (Abraxane ®, Abraxis BioScience Inc.) have been approved by the FDA for 

clinical use in the treatment of metastatic breast cancer. Abraxane was the first 

commercially available nanoparticle formulation containing a drug for the treatment of a 

disease in human history.
153

  In phase III trials, the formulation increased both the 

bioavailability and circulation half-life of paclitaxel while reducing its toxicity in vivo.
154

 

 Taxanes, such as paclitaxel, are an important class of antitumor agents that rely on 

solvent-based delivery vehicles.  These compounds act to stabilize microtubules causing 

mitotic arrest and have broad activity in a range of solid tumors.
155-158

 Unfortunately, the 

clinical effectiveness of taxanes has been limited by delivery strategies that relied heavily 

on solvents such as polyethoxylated castor oil (Cremophor® EL or CrEL), which has 

been linked to a number of serious side effects such as neutropenia, peripheral 

neutropathy and axonal degeneration.
159,160

  In addition to toxicity, CrEL may attenuate 

the effects of paclitaxel by forming micelles around the drug resulting in decreased 

delivery of the compound into tumor cells.
161,162

 

 In an effort to both reduce the toxicity of previous paclitaxel formulations while 

increasing its bioavailability, Abraxis Biosciences developed nab-paclitaxel (Abraxane 

®), or nanoparticle albumin-bound paclitaxel. Nab-paclitaxel is prepared by high-

pressure homogenization of paclitaxel in the presence of human serum albumin resulting 

in a nanoparticle colloidal suspension having an average size of approximately 130 to 

150 nm.
163
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 Nab-paclitaxel is not only the first FDA approved drug that uses albumin 

nanoparticles for human therapy, it is also the first FDA approved nanoparticle-based 

drug delivery system. FDA approval, as well as the inherent physical and chemical 

properties of monomeric albumin, has sparked growing interest in utilizing protein 

nanoparticles for a broad spectrum of biological applications. 

 

1.7.1. Albumin Exhibits Highly-Desirable Properties as a Delivery Agent 

 Albumin is an acidic, soluble protein with a molecular weight of 66.5 kDa (Fig. 

1.8).  It is the most abundant plasma protein (35-50 g/L human serum), having a half-life 

of approximately 19 days after being synthesized in the liver.  Albumin has a number of 

functions in vivo it: 1) maintains the colloidal osmotic pressure and buffers pH in the 

circulatory system; 2) solubilizes and transports fatty acids (FA) to the liver; 3) binds 

metal ions such as copper (II), nickel (II), calcium (II) and zinc (II), enabling transport 

through blood; 4) binds to bilirubin, a degradation product of heme; 4) binds to numerous 

therapeutic drugs such as penicillin, sulfonamides and benzodiazepines and; 5) after 

degradation, provides amino acids to peripheral tissues.
164

 Albumin’s ability to bind 

readily with a number of therapeutic drugs, coupled with its biodegradability, lack of 

toxicity or immunogenicity and preferential uptake into tumor tissues, has made it an 

ideal candidate for both drug and contrast agent delivery purposes. 
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Figure 1.8 – Structure and Drug Binding Sites of Human Serum Albumin.  Albumin 

possesses two main drug-binding sites, however there are numerous reports of secondary 

binding sites on the protein. (FA – fatty acid).  Energy diagram for upconversion 

fluorescence using NaYF4 Yb:Er nanoparticles. This figure was reproduced from: 

Ghuman, J., et al. Structural basis of the drug-binding specificity of human serum 

albumin. J. Mol. Biol. 353, 38-52 (2005).
165

  

 

 

1.7.2. Pharmacological Profile of Abraxane ®  

 During circulation, nab-paclitaxel is taken up by tumors through the endothelial 

wall which is mediated by both a leaky vascular (EPR effect) and through albondin 
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(gp60), an albumin receptor.  Preclinical work has indicated that the albondin receptors 

transport albumin-bound drugs in a manner similar to free albumin.
166,167

  The binding of 

albumin to gp60 results in the glycoprotein receptor interacting with the intracellular 

caveolin-1 protein, triggering cell membrane invagination and forming transcytotic 

vesicles known as caveolae.
168

 

 Additionally, preliminary evidence suggested that another albumin-binding 

protein, secreted protein acidic and rich in cysteine (SPARC or also osteonectin), which 

is produced in high concentrations by tumors into the tumor interstitium and onto the 

tumor surface, increases the effectiveness of nab-paclitaxel.
169

  Elevated expression of 

SPARC has been correlated with increased tumor invasiveness and metastasis, which can 

lead to poor prognosis in a number of tumors such as melanoma, breast, prostate, 

colorectal, liver, lung, kidney, bladder, thyroid and brain cancers.
170

  

 These results indicate that nab-paclitaxel may utilize both gp60 and caveolae-

mediated albumin transport pathways to pass through blood vessel endothelial lining and 

into the tumor (Fig. 1.9).  Once there, SPARC acts to retain the nanoparticles within the 

tumor. The result is that the nab-paclitaxel has been shown to exhibit preferential uptake 

by tumors compared to free paclitaxel leading to decreased side effects and better patient 

response rates.
171
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Figure 1.9 – Proposed In vivo Mechanism of Albumin Nanocarrier Accumulation in 

Tumors.  Step 1: Albumin nanocarriers will circulate through the bloodstream and 

eventually arrive near the site of the tumor.  Step 2: Albumin nanocarriers will have the 

opportunity to enter into the tumor interstitium by either a) binding to the gp60 (albondin) 

and undergoing transcytosis through endothelial cells by caveolae or b) passing through 

the leaky vasculature and spacing between endothelial cells near the tumor (EPR effect or 

passive targeting).  Step 3: Albumin nanocarriers will interact and bind with SPARC, 

which will aid in retaining the nanoparticles at the tumor site.  

 

 

1.7.3. Fabrication of Albumin Nanoparticles 

 Although nab-paclitaxel is manufactured through high-pressure homogenization 

of paclitaxel in the presence of human serum albumin,
166

 there are several other ways of 
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preparing albumin nanoparticles that are commonly found in literature.  Albumin 

nanoparticles can be fabricated through a variety of techniques including emulsification, 

controlled desolvation and thermal denaturation.
172

  Here, the focus will be on preparing 

albumin nanoparticles by the process of controlled desolvation or coacervation.  This 

process offers the advantage of being relatively simple to perform, easily controllable and 

yielding reproducible nanoparticles both in size and in polydispersity. 

 In the process of controlled desolvation, an aqueous solution of albumin is treated 

with a coacervation agent, usually an organic solvent such as ethanol, followed by 

chemical crosslinking (Fig. 2.1)
128

.  The coacervation agent acts indirectly on the 

albumin’s tertiary structure through its interaction with the surrounding water.  As the 

solvent is added to the aqueous solution, water molecules will preferentially bind to the 

solvent through hydrogen binding resulting in a binary mixture that becomes an 

increasingly marginal solvent for the albumin.
173

  Hydrophobic groups, previously buried 

within the albumin, become increasingly exposed in the desolvated protein and facilitate 

aggregation.
174

  In addition, the dielectric constant of the solution significantly decreases, 

facilitating stronger electrostatic interactions between charged regions of the albumin 

monomers.
175

 Together, these phenomenon bring monomers of albumin in close 

proximity through electrostatic interactions, yielding the self-assembly of albumin 

aggregates. 

As the aggregates grow, there is a dramatic increase in the turbidity of the 

solution – a transition from transparent to opaque.  Generally, without further processing, 

the aggregates are unstable, and can dissolve back into monomeric albumin if the 

coacervation agent is removed.
176

  In order to allow resuspension of the aggregates in 
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water or buffers, a stabilization step must be performed after coacervation.  One such 

stabilization mechanism involves chemical crosslinking of the aggregates through the use 

of glutaraldehyde, a homobifunctional crosslinker. Glutaraldehyde acts to couple the 

amine groups located predominately on lysine and arginine groups present in 

albumin.
177,178

  Following crosslinking, purification of the particles is accomplished 

through repeated washing and centrifugation steps. 

This process is heavily dependent on parameters such as pH, temperature, salt 

presence and type of coacervating agent used. Hence, the process can be controlled by 

carefully monitoring these parameters during the synthesis of albumin nanoparticles.  By 

changing certain parameters, particle size, polydispersity and yield are ultimately 

influenced.   Langer et al. have published comprehensive studies on the outcomes of 

several parameter variations.
179
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1.8. Dissertation Hypothesis and Overview  

 The objective of this dissertation is to investigate a nanomaterial approach for the 

conception and development of a multifunctional imaging probe along with a NIR/SWIR 

imaging system for the ultimate applications of targeting, identifying and treating disease 

states.  The major imaging model system involves the controlled presentation of human 

serum albumin (HSA) on the surface of near infrared light (NIR) excitable rare earth-

doped nanoparticles (REs).  The thesis research aspires to combine multiple 

functionalities into a single inorganic-organic composite nanoparticle including: 

1.) Optical detection both in vitro and in vivo  

2.) Molecular targeting of oncogenic receptors 

3.) Therapeutic delivery and controlled release 

We further hypothesize that encapsulating the REs within a “shell” of albumin will 

1.) Improve biocompatibility and aqueous dispersion  

2.) Introduce functional groups for ligand conjugation 

3.) Enhance tumor accumulation through molecular interactions 

4.) Present domains which could act as regions for drug-binding 

 To address all of the above requirements, a two-component nanoparticle system 

consisting of REs and albumin nanocarriers was engineered.  The REs serve as the 

contrast agent, which can be used for detection or tracking in a biological environment.  

REs can be excited with tissue transparent NIR and generate both visible and short 

wavelength infrared (SWIR) emissions.  The benefit of using REs is rooted in their 

optical properties.  The NIR excitation of the REs results in visible emissions through an 

upconversion fluorescence mechanism. Furthermore, REs also are able to generate 
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emissions in the SWIR through traditional downconversion fluorescence mechanisms.  

The SWIR emissions can be tuned by modifying the dopants in the nanoparticles without 

modifying any of their physical parameters.  Compared to NIR, light in the SWIR has 

been shown to exhibit similarly low tissue absorbance with a greater reduction in light 

scattering.  We therefore hypothesize that SWIR emissions could prove to be very useful 

for in vivo imaging applications. 

 This dissertation proposes to exploit both the optical features of REs and the 

biological benefits of ANCs for the purposes of tumor detection and therapy using optical 

imaging.  First wee formulate a novel nanomaterial consisting of rare earth-doped 

nanoparticles in encapsulated albumin nanocarriers ((RE)ANCs or, for Chapter 2, 

albumin ‘nanoshells’, (RE)ANS).  Chapter 2 focuses primarily on the in vitro 

characterization of the (RE)ANS system and its application toward cancer cell targeting.  

Chapters 3 and 4 describe the extension of this system toward in vivo imaging 

applications.  Chapter 3 is primarily concerned with developing the tools necessary to 

perform SWIR-based imaging using the REs.  Chapter 4 is the in vivo continuation of 

Chapter 2’s (RE)ANS system (referenced as ‘(RE)ANCs’ in Chapter 4) and is aimed at 

investigating the potential of (RE)ANCs to image cancer within a transgenic melanoma 

mouse model.  Chapter 5 concludes with the re-engineering of albumin nanoparticles for 

the simultaneous delivery of multiple therapeutic agents using an advanced drug delivery 

approach.  The overall thesis aims are as follows: 

1.) To develop, characterize and molecularly target human serum albumin 

nanocarriers with encapsulated rare earth-doped nanoparticles for the purpose 

of in vitro tumor cell imaging. 
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2.) To demonstrate the potential of SWIR-based in vivo imaging for real-time 

probe detection, detailed anatomical resolution, and multi-spectral imaging 

using rare earth-doped nanoparticles.  

3.) To evaluate the tumor targeting of (RE)ANCs in a melanoma murine model 

using optical techniques as a function of size and surface properties. 

4.) To disrupt tumor cell growth in vitro and more effectively deliver therapeutic 

agents using advanced tumor penetrating drug delivery strategies. 
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CHAPTER 2 

 

ALBUMIN NANOSHELL ENCAPSULATION OF NEAR INFRARED 

EXCITABLE RARE EARTH NANOPARTICLES ENHANCES 

BIOCOMPATIBILITY AND ENABLES TARGETED CELL IMAGING 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Sections of this chapter have been reproduced from the following publication: 

 

Naczynski, D.J., Andelman, T., Pal, D., Chen, S., Riman, R. E., Roth, C. M., Moghe, 

P. V. Albumin nanoshell encapsulation of near-infrared-excitable rare-earth nanoparticles 

enhances biocompatibility and enables targeted cell imaging. Small 6, 1631-1640 (2010). 
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Abstract 

 The use of traditional fluorophores for in vivo imaging applications is limited by 

poor quantum yield, poor tissue penetration of the excitation light, and excessive tissue 

autofluorescence, while the use of inorganic fluorescent particles that offer high quantum 

yield is frequently limited due to particle toxicity. Rare-earth doped nanoparticles that 

utilize near infrared upconversion overcome the optical limitations of traditional 

fluorophores, but are not typically suitable for biological application due to their 

insolubility in aqueous solution, lack of functional surface groups for conjugation of bio-

molecules, and potential cytotoxicity. We report here a new approach to establish highly 

biocompatible and biologically targetable nanoshell complexes of luminescent rare-earth 

doped NaYF4 nanoparticles (REs) excitable with 920-980 nm near infrared light for 

biomedical imaging applications. Our approach involves the encapsulation of NaYF4 

nanoparticles doped with Yb and Er within human serum albumin nanoshells to create 

water dispersible, biologically functionalizable composite particles. These composite 

particles exhibit narrow size distributions around ~200 nm and are stable in aqueous 

solution for over four weeks. The albumin shell conferred cytoprotection and 

significantly enhanced the biocompatibility of REs even at concentrations above 200 μg 

REs/mL. Composite particles conjugated with cyclic arginine-glycine-aspartic acid 

(cRGD) specifically target both human glioblastoma cell lines and melanoma cells 

expressing avb3integrin receptors. Taken together, these findings highlight the promise of 

albumin encapsulated rare-earth nanoparticles for imaging cancer cells in vitro and the 

potential for targeted imaging of disease sites in vivo. 
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2.1. Introduction  

 In order to study biological and disease processes at the cellular level, fluorescent 

probes for in vitro and in vivo imaging are required.
127,180

  To image effectively in a 

biological environment, optical labels must be tailored to provide both sensitivity as well 

as optical stability under physiological conditions.
181

 Currently, the most commonly used 

optical labels are fluorescent organic dyes.
182

  However, poor photostability and low 

quantum efficiency constitute major drawbacks that have limited the widespread use of 

organic dyes, particularly in vivo.
182-185

  Semiconducting quantum dots have gained 

popularity as a potential alternative due to their greatly enhanced photostability and 

quantum yields.  Quantum dots, however, also face major drawbacks due to their highly 

cytotoxic nature,
186,187

 as well as intermittence in emission or “blinking”,
185

 effectively 

limiting their widespread use in living systems and time-resolved imaging.  

 Most importantly, both quantum dots and organic dyes are excited through 

ultraviolet (UV) or short wavelength visible light.
188

  Both forms of radiation are limited 

by short penetration depth into biological tissues (microns),
189,190

 significant 

autofluorescence from tissue components resulting in poor signal-to-noise ratio and, in 

the case of UV radiation, potentially carcinogenic and cytotoxic effects.
188,191,192

 Near 

infrared radiation (NIR), on the other hand, generates very little autofluorescence in 

biological samples and is capable of penetrating tissue orders of magnitude deeper 

(millimeters to centimeters)
127

 than UV with greatly attenuated cytotoxicity.
50,192,193

 

 Upconversion fluorescence imaging exploits low-energy NIR excitation to induce 

visible emission.  NaYF4 nanoparticles co-doped with ytterbium and erbium or ytterbium 

and thulium, in particular, are reported as being very efficient at generating visible 
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photons via NIR excitation (Fig 6).
194

  Furthermore, Yb/Er and Yb/Tm doped NaYF4 

materials exhibit the highest upconversion efficiencies.
135,194,195

 However, these rare-earth 

doped nanoparticles (REs) as synthesized are not suitable for biological applications due 

to their insolubility and tendency to agglomerate in aqueous solution.
196

 Additionally, 

REs are limited by a lack of functional groups for surface attachment of ligands or other 

biomolecules for actively targeted delivery,
188,193,196,197

  and may potentially have dose- 

and time-dependent cytotoxic effects.
198

   

 Previous approaches to render NaYF4 nanoparticles hydrophilic include surface 

modification with silica,
198,199

 mercaptopropionic acid,
200

 diphosphonic acid,
201

 and 

polymer surfactants such as polyethyleneimine (PEI) and polyvinylpyrrolidone 

(PVP).
188,192,196

  While coating with silica has been reported to increase the fluorescence 

intensity from quantum dots, it can be difficult to coat nanoparticles uniformly, and 

further surface modification steps are required to generate functional groups on the silica 

for bioconjugation.
192

  Additionally, many of the reagents used for silica surface 

modification are toxic, and care must be taken to remove residual reagents before using 

the particles in living systems.  There has been some success with PEI surface 

modification, but its high cationic charge density imparts significant cytotoxicity.
202

  PVP 

treatment results in particles dispersible in water and organic solvents, but, as with silica, 

subsequent steps are needed to generate functional groups on the surface for 

bioconjugation.   

Human serum albumin nanoshells (ANS) have been demonstrated to be bio-

compatible with many cell types, exhibit long half life in vivo, capable of delivering a 

number of biologically relevant compounds and have numerous functional entities 
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available for conjugating ligands, antibodies and other peptides which can bind to 

specific molecular receptors.
179,203-212

  Nanoparticles composed of human serum albumin 

are also in use clinically.  For example, ABI-007 (Abraxane®, Abraxis BioScience Inc, 

Los Angeles, CA) is a commercial, albumin-bound paclitaxel delivery vehicle,
154

 which 

points to the translational relevance of albumin-based functional nanoparticles.  

Herein, we report on the encapsulation of NaYF4:Yb,Er nanoparticles (REs) in 

coacervated human serum albumin nanoshells functionalized with arginine-glycine-

aspartic acid (cRGD) tripeptide.  We observed that the composite particles were highly 

biocompatible in vitro, capable of selectively targeting cancerous cell lines exhibiting 

higher expression of cancer-specific integrin markers, and amenable to fluorescence 

imaging with high fidelity.  Thus, these composite particles have great potential for a 

variety of biomedical applications ranging from imaging to drug delivery.  
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2.2. Methods 

2.2.1. RE Synthesis  

 Nanoparticles of NaYF4:20%Yb, 2%Er with a doped core and undoped NaYF4 

shell were prepared in oleylamine by a thermal decomposition method.
144

 Briefly, yttrium 

(III) acetate hydrate (9.75 mmol), ytterbium (III) acetate hydrate (2.5 mmol) and erbium 

(III) acetate hydrate (0.25 mmol) were dissolved in excess trifluoroacetic acid to yield 

rare earth trifluoroacetate precursors.  For the undoped shell, yttrium (III) acetate hydrate 

alone was dissolved in trifluoroacetic acid.  Precursors were dried at 70C until 

trifluoacetic acid evaporated, and were re-dissolved in oleylamine to yield a stock 

solution of 0.5 M concentration.  In a typical synthesis, stock solution (2 mL), oleylamine 

(20 mL) and sodium trifluoroacetate (2 mmol) were stirred in a three-neck flask and 

gradually heated up to 100C in vacuo over 10 min.  Vacuum was stopped and the 

solution was then rapidly heated to 340C under Argon for 30 min to form nanoparticles.  

An undoped sodium yttrium fluoride shell was created around the nanoparticles by 

dripping in to the reaction a solution of yttrium trifluoroacetate (1 mmol) and sodium 

trofluoroacetate (2 mmol) in oleylamine (5 mL) at a rate of approximately 1 mL min
-1

.  

The solution was heated for another 30 min, and the reaction was then allowed to cool to 

room temperature.  Nanoparticles were separated from the mother liquor by 

centrifugation at 6,000 x g, 5 min, and then washed multiple times (>4) with ethanol and 

methanol by repeated cycles of redispersion with sonication and centrifugation.  The 

resulting powder was then dried at room temperature in vacuo. 

 

 



48 

 

 

2.2.2. ANS Synthesis 

 ANS were prepared through a modification of an established controlled 

coacervation technique.
179

 Briefly, a 2% (w/v) solution of human serum albumin in NaCl 

(10 mM) at pH 8.50 ± 0.02 was prepared and adjusted with 0.1 M NaOH.  Under 

continuous stirring at 700 RPM and room temperature, ethanol  (2 mL) was added by a 

syringe at 1.5 mL min
-1

 to the HSA solution (500 ml).  Immediately following ethanol 

addition, 0.24 ml of the glutaraldehyde solution/mg HSA was added to stabilize and 

crosslink the nanoparticles suspension. Particles were left to crosslink overnight under 

stirring and at room temperature.   

 

2.2.3. (RE)ANS Synthesis 

 ANS were prepared with REs by sonicating the rare earth particles (0.5 mg mL
-1

) 

in ethanol for approximately 75 min to ensure dispersion.  Following sonication, ANS 

were prepared as described above using the rare earth-enriched ethanol. 

 

2.2.4. ANS and (RE)ANS Purification 

 ANS were purified through three rounds of centrifugation at 16,100 x g, 8 min., 

4°C followed by washing and redispersion of the pellet to the original volume with PBS.  

Redispersion was performed in an ultrasonication bath for 15 min.    

 

2.2.5. Physical Characterization 

 To ensure that the REs were encapsulated within the ANS and to characterize the 

physical properties of the complexes, (RE)ANS were studied using dynamic light 
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scattering (DLS), transmission electron microscopy (TEM), scanning electron 

microscopy (SEM), and thermogravimetric analysis (TGA).  Particle size distributions, 

polydispersity indexes and zeta potential calculations were determined using a Malvern 

Zetasizer.  Samples were diluted 1:50 in deionized water for z-average size, or intensity 

mean, and polydispersity measurements and diluted 1:50 in PBS (pH 7.4) for zeta 

potential calculations.  Z-average sizes and polydispersity indexes of three sequential 

sample scans (3 runs scan
-1

, 120 s scan
-1

) were measured at a 90° scattering angle at 

37°C. Z-average potential calculations were also performed over three sequential sample 

scans (20 runs scan
-1

, 10 s scan
-1

) using the Smoluchowski model.  At least 5 separate 

batches of particles were measured and averaged in this manner, for all tested parameters.  

For particle stability in cell culture media, samples were diluted 1:50 in U87-LUC culture 

media and analyzed as previously outlined.   

REs, ANS and (RE)ANS were visualized using transmission electron microscopy, 

TEM, operated at 80 kV, and scanning electron microscopy, SEM, operated at 5 kV.  For 

TEM, the (RE)ANS or ANS solutions were diluted in water then deposited on a 400 

mesh Formvar backed carbon-coated copper grid.  REs were diluted in chloroform and 

likewise added onto a copper grid.  All solutions were dried at room temperature under 

vacuum before imaging.  Samples were treated similarly for energy-dispersive X-ray 

spectroscopy (EDS) measurements. Energy dispersive spectra were recorded with a 

TOPCON 002B TEM  operated at 200 kV, equipped with a PGT Omega (Princeton 

Gamma-Tech, Princeton, NJ) EDS detector.  Samples were tilted 10 degrees and 

acquisition times varied due to sample stability.  For SEM imaging, ANS, (RE)ANS, 

REs, and a mixture of unloaded ANS and REs were each diluted in water, and a drop of 
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diluted solution was deposited on an aluminum sample holder and dried at room 

temperature under vacuum.  A layer of Pt was sputtered on top of the dried film. Images 

were captured using an in lens detector.  To determine the weight percent of REs present 

in (RE)ANS, thermogravimetric analysis (TGA) was performed on dried powders of the 

samples under air at a flow rate of 20 mL min
-1

.  Samples were rapidly heated to 250°C 

and held at that temperature for 30 min.  The temperature was then increased to 1050°C 

at a rate of 25°C min
-1

 and held at the final temperature for 2.5 h. 

 

2.2.6. Emission Spectra of Nanoparticles 

 Prior to imaging under NIR excitation, ANS, (RE)ANS, and REs were dried to a 

loose powder at room temperature under vacuum.  The powder was then placed on a 

glass slide, and the sample was excited with 980 nm laser light and emission spectra were 

recorded with a TCS SP2 laser-scanning confocal fluorescence microscope.  

 

2.2.7. Functionalization of (RE)ANS 

 Integrin targeting cRGD and cRAD groups were attached to the (RE)ANS through 

a standard protein crosslinking protocol with Sulfo-LC-SPDP.  Briefly, nanoparticles 

were resuspended in PBS-EDTA (PBS with 1 mM EDTA and 0.02% sodium azide, pH 

7.5) in the final stage of purification.  1 mM of Sulfo-LC-SPDP was introduced to 2 mg 

of nanoparticles for 30 min under agitation.  For quantification analysis, DTT was used to 

reduce the SPDP-albumin nanoparticles to yield the pyridine-2-thione leaving group, 

which has a characteristic absorbance at 343 nm. Approximately 50 mg of cRAD or 

cRGD was added and reacted with the SPDP-(RE)ANS for 2 h.  Products were purified 
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through centrifugation and redispersed in PBS.  

 

2.2.8. Protein Quantification 

 For determination of particle protein content, the supernatants during purification 

were collected, diluted 1:5 in PBS and assayed by bicinchoninic acid (BCA), using 

bovine serum albumin as a standard. 

 

2.2.9. Cell Culture 

 U87-LUC, a human glioblastoma cell line with constitutive expression of firefly 

luciferase, was generously provided by Dr. Xu-Li Wang (Department of Pharmaceutics 

and Pharmaceutical Chemistry, University of Utah).   Cells were maintained in minimal 

essential medium containing 10% FBS, G418 (300 mg ml
-1

), streptomycin (100 mg ml
-1

), 

and penicillin (100 U ml
-1

).  Human glioblastoma A172 cells were cultured in DMEM 

containing 10% FBS, 1% L-glutamine, streptomycin (100 mg ml
-1

) and penicillin (100 U 

ml
-1

). WM239A human melanoma cells were cultured in RPMI-1640 containing with 

10% FBS, streptomycin (100 mg ml
-1

) and penicillin (100 U ml
-1

). All cells were cultured 

at 37°C under an atmosphere of 5% CO2 

 

2.2.10. Cell Metabolic Activity 

 The metabolic activity of viable cells
 
was assessed by CellTiter 96 Aqueous One 

Solution
 

Reagent (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, MTS), which measures tetrazolium reduction by viable 

cells.   Reduction was measured by absorbance at 490 nm using a microplate reader.   
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The U87-LUC and WM239A cells were cultured on 96-well tissue culture polystyrene 

plates at 5,000 cells well
-1

 and incubated with ANS, (RE)ANS and REs suspended in 

PBS.  After 24 h, MTS reagent (20 ml) was added to each well of the 96-well assay plate 

containing the samples in culture medium (100 ml).  Plates were incubated for 4 h at 

37°C in a 5% CO2 atmosphere.    Background absorbance was corrected by preparing a 

set of control wells without cells containing the same volumes of culture medium, test 

samples and MTS reagent.  All measurements were done in quadruplicate. The cellular 

metabolic activity was calculated using the equation: 

 

(1)  
 

%100
Absorbance Corrected

Absorbance Corrected
ActivityMetabolicCellular 










control

sample  

        

 

 

2.2.11. Cell Viability Assay 

 The numbers of both dead and live cells
 
were quantified with the CytoTox-Glo 

Cytotoxicity Assay.  The assay uses a luminogenic peptide substrate to measure a distinct 

dead cell protease release by cells with compromised membranes. Measurements were 

performed using a luminometer following the manufacturer’s protocol. U87-LUC and 

WM239A cells were seeded in using 96-well, black-wall clear bottom tissue culture 

polystyrene plates and treated as for the MTS assay.  All measurements were done in 

quadruplicate. The percent of dead cells was calculated using the following equation: 

 

(2)  
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Long term cytotoxicity studies of the nanoparticles were performed using the U87-LUC 

cells.  Cells were seeded as before and incubated with nanoparticles for 24 h.  Media and 

nanoparticles were then removed and fresh media added every day for 7 days.  On the 

final day, the relative number of live cells compared to a PBS negative control was 

determined using the following equation:   

 

(3) 

   

 
%100

ceLuminescen Cell Total Corrected

ceLuminescen Cell Dead CorrectedceLuminescen Cell Total Corrected
Viability Cell 
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2.2.12. Active Targeting of Functionalized (RE)ANS 

 To examine the active targeting of (RE)ANS, U87-LUC cells, with elevated 

expression of the avb3 integrin, and A172 cells, with low expression of the integrins, were 

cultured on poly-D-lysine (PDL)-coated Lab-Tek chambers, 50 mg ml
-1 

PDL per well, at 

20,000 cells well
-1

 and incubated with cRGD or cRAD functionalized (RE)ANS for 4 h. 

The WM239A human melanoma cells were cultured similarly to the glioblastoma cell 

culture protocols and treated equivalently with cRGD or RAD functionalized (RE)ANS 

for 4 h. Cells were then fixed, washed and stained with DAPI.  Near infrared imaging 

was performed using a Titanium-sapphire laser on a Leica TCS SP2 fluorescence 

microscope.  
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2.2.13. Quantification of Fluorescence Co-localization on Cells 

 To quantify the relative degree of co-localized fluorescence arising from the 

albumin shell and the REs on cells, U87-LUC and A172 cells were treated with cRGD, 

cRAD and unfunctionalized (RE)ANS for 4 hours.  Cells were fixed, washed and stained 

with DAPI prior to imaging.  Five sets of fluorescent images were taken for each test 

condition with a 40x objective.  Fluorescence from the albumin shell, REs and DAPI was 

captured for each set of images, maintaining the same gains and offsets for each group.  

An established co-localization protocol was followed for image processing.
213

 Briefly, all 

green and red fluorescence images from the albumin shell and the REs, respectively, 

were binarized by adjusting the image threshold to a common value. The binary images 

were then merged, and all yellow (green and red co-localized) pixels were selected for 

further processing.  Masks of the cellular bodies were created using the corresponding 

DAPI images of the cells.  The masks were applied to the yellow fluorescence images 

and the total yellow pixel area was quantified.  The number of individual cell masks was 

used to normalize all results (Supplementary Fig. S2.1). 
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2.3. Results 

2.3.1. Physical and Chemical Characterization of Nanoparticles  

Rare-earth nanoparticles (REs) were encapsulated to form rare-earth albumin 

nanoshells ((RE)ANS) using controlled coacervation of human serum albumin (HSA) in 

an aqueous solution (Fig. 2.1).
179

 REs dispersed in hexanes are approximately 20 nm in 

size as measured with transmitted electron microscopy (TEM) images (Supplementary 

Fig. S2.2). These nanoparticles are dispersible in hexanes or chloroform, but not in polar 

or aqueous solutions.  (RE)ANS were approximately 210 nm in aqueous solution as 

measured by dynamic light scattering (DLS), significantly larger than 140 nm ANS 

formed at identical synthesis conditions.  All particles exhibited low polydispersity values 

and negative zeta potentials in phosphate buffered saline (PBS, pH 7.4).  Protein assay 

(BCA) indicates that ~85% of the starting HSA was incorporated into the (RE)ANS 

(Table 2.1).  
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Figure 2.1 – Synthesis and Functionalization of Albumin Encapsulated Rare-Earth 

Nanoparticles.  Schematic of the synthesis and ligand functionalization of rare-earth 

nanoparticles within albumin nanoshells.  REs, dispersed in ethanol, are introduced to a 

solution of human serum albumin at a controlled rate, driving the protein monomers to 

aggregate around the rare earth nanoparticles. The aggregates are chemically stabilized to 

form (RE)ANS using glutaraldehyde, a homobifunctional crosslinker which acts on the 

amine groups present on the albumin.  The free amine groups on the particle surface are 

then reacted by Sulfo-LC-SPDP, which is subsequently used for conjugating ligands 

containing a cysteine group, such as RGDfC (cRGD).  The conjugation generates 

pyridine-2-thione (P-2-T), a detectable by-product which can be used to measure the 

extent of reaction. 



57 

 

 

The size stability of the (RE)ANS incubated in phosphate buffered saline (PBS) at 

4C was assessed over time through DLS. (RE)ANS size appeared to increase 10-15% 

after a period of 4 weeks with no significant aggregates forming (Table 2.1).   Also, 

(RE)ANS retained their mean size when dispersed in cell culture growth media 

containing serum (Table 2.1), while showing an increase in polydispersity.  

 

Sample Solvent 

Present 

Size [nm] Polydispersity Zeta 

Potential 

214
 

Protein 

Content 

[μg/ml] 

Protein 

Content 

[% 

yield] 

RE  Hexanes 18±1 0.320±0.018 — — —  

RE PBS 1525±700 1.000 — — — 

ANS PBS 143±5 0.059±0.035 -17.1± 

0.9 

2970±111 59±2 

ANS after 

4 wks 

PBS 146±1 0.073±0.004 — — — 

(RE)ANS  PBS 208±3 0.075±0.019 -13.5± 

0.7 

 4220±76 84±2 

(RE)ANS after 

4 wks 

PBS 234±2 0.059±0.017  — — — 

ANS Media 168±4 0.260±0.037 — — — 

(RE)ANS  Media 206±2 0.219±0.010 — — — 
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Table 2.1 – Summary of Physical Characterization of Nanoparticles – 

Hydrodynamic radii (size), polydispersity index, zeta potential and protein content of 

REs, ANS and (RE)ANS under various conditions.  REs are readily dispersible in 

hexanes, but aggregate in aqueous solution.  After encapsulation within the albumin 

nanoshells, the RE composites, (RE)ANS, are larger than either REs or ANS alone yet 

still exhibit narrow size distribution in PBS. (RE)ANS are stable in PBS at 4°C for over 

one month, showing only a moderate rise in size during this time.  Zeta potential 

calculations for both ANS and (RE)ANS in PBS are negative, while percentage of HSA 

used during the encapsulation of the REs dramatically rises compared to the ANS alone 

(from approximately 60% to 85%). Furthermore, both ANS and (RE)ANS appear to 

retain their size when dispersed in cell culture media. ±SD. 

 

 

In order to provide evidence of RE encapsulation within the nanoparticles, ANS, 

(RE)ANS, REs and a mixture of ANS and REs were dispersed in water, dried, and 

imaged with scanning electron microscopy (SEM).  The images of the ANS and 

(RE)ANS reveal mainly spherical, fairly monodispersed and non-aggregated particles 

(Fig 2.2).  In contrast, the RE and mixture samples showed extremely large agglomerates 

(Supplementary Fig. S2.3).  These results were also confirmed through DLS. 

 The degree of RE loading within the ANS was quantified with thermogravimetric 

analysis (TGA).  All organic matter pyrolyzes during the TGA analysis; therefore, any 

remaining sample mass can be attributed to the inorganic REs (Supplementary Fig. 
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S2.4). The (RE)ANS had approximately 7 wt.% remaining, which is less than the 10 

wt.% of REs that were added during the synthesis of the (RE)ANS. The weight 

discrepancy of the (RE)ANS analysis can be attributed to residual water as well as 

residual oleylamine associated with the nanoparticle, adding to the total weight of the 

sample to reduce the weight percentage of the REs. The TGA profile of the REs alone 

reveals a weight loss of approximately 30 wt.% at around 1000C, which reflects the 

residual oleylamine burning off the surface of the nanoparticles.  The 30 wt.% loss seen 

with the REs alone also explains the 3 wt.% discrepancy of the REs present in the 

(RE)ANS analysis.  
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Figure 2.2 – Albumin Nanoshells and Albumin Encapsulated Rare-earth 

Nanoparticles are Monodisperse.  In lens scanning electron microscope images of: (A) 

albumin nanoshells and (B) albumin encapsulated rare-earth nanoparticles, dried from 

water. Both albumin nanoshells and albumin encapsulated rare-earth nanoparticles appear 

monodisperse and spherical.  (C) Dynamic light scattering (DLS) results confirm electron 

microscopy observations with ANS and (RE)ANS displaying monomodal size 

distributions, while a mixture of both pre-formed ANS and rare-earth nanoparticles 

contains two distinct size populations. REs alone aggregated beyond the measuring 

capabilities of DLS when dispersed in water.  
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Electron Dispersive Spectroscopy (EDS) and X-ray photoelectron spectroscopy 

(XPS) was performed on REs, ANS, (RE)ANS and a mixed population of REs and ANS 

to further confirm RE encapsulation (Fig. 2.3A and Supplementary Fig S2.5). The 

deposition of the samples on the copper grid accounts for its detection by the EDS. The 

characteristic ionization energies for yttrium, erbium and ytterbium were detected for RE 

samples.  Energies for ytterbium and, to a lesser extent, erbium, were also detected for 

the mixed population samples, but not for ANS or (RE)ANS. These results suggest that, 

in the (RE)ANS sample, the REs were being shielded from the EDS X-rays by the 

albumin shell, confirming that the REs were encapsulated. 
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Figure 2.3 – Encapsulation of Rare-Earth Nanoparticles within Albumin 

Nanoshells.  (A) Energy-dispersive X-ray spectroscopy (EDS) measurements for rare-

earth nanoparticles and the mixed population show a distinct peak, assigned to yttrium, 

which arises from the rare earth dopant in the rare-earth nanoparticles.  Albumin 

encapsulated rare-earth nanoparticles lack this peak due to shielding of the dopant from 

X-rays by the albumin cladding.  The data are arbitrarily shifted along the y-axis for 

better visualization. (B) Qualitative emission spectra of samples demonstrate that 

albumin nanoshells alone do not emit upon 920 nm excitation, whereas emission is 

detected with rare-earth nanoparticles and albumin encapsulated rare-earth nanoparticles.  
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2.3.2. Photoluminescence of Nanoparticles 

Glutaraldehyde cross-linking of the albumin present in the ANS and (RE)ANS 

imparted detectable fluorescence across a range of excitation wavelengths.
215

 Unloaded 

ANS displayed strong, green emission when excited with 488 nm light, enabling the 

albumin shells to be localized during in vitro studies.  The emission spectra upon 920 nm 

excitation of a dried powder sample of REs, (RE)ANS, and ANS were recorded to 

determine the effects of the albumin shell on the optical properties of the REs.  The ANS 

showed no emission upon near infrared (920 nm) excitation.  The peak positions of the 

REs and the (RE)ANS were similar, the only difference being intensity (Fig. 2.3B).   

 

2.3.3. In vitro Cytotoxicity of Nanoparticles 

 Following the characterization of the particles, we performed in vitro 

testing to determine cytotoxicity and specific targeting.  Both the MTS and Live/Dead 

assays were performed on U87-LUC human glioblastoma and WM239A human 

melanoma cells incubated with varying concentrations of (RE)ANS for 24 h. The MTS 

assay measures the metabolic activity of viable cells whereas the Live/Dead assay 

measures directly the number of dead cells in cell populations. The MTS assay reveals 

that non-encapsulated REs caused significantly greater cytotoxicity compared to 

(RE)ANS at 2.5 mg REs ml
-1

 for U87-LUC cells and 25 mg ml
-1

 for WM239A cells (Fig 

10a, c). The Live/Dead assay showed that REs elicited significantly higher levels of cell 

death than (RE)ANS at every tested concentration in both cell lines (Fig. 2.4B,D).  

In addition, (RE)ANS appear to reduce the degree of cell death in U87-LUC cells 

compared to REs at concentrations of 25 mg ml
-1

 and higher over the course of 7 days 
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(Supplementary Fig S2.6).  After exposing the cells to nanoparticles for 24 h, media and 

nanoparticles were removed and fresh media added daily to cells for 1 week. 

Encapsulation in the form of (RE)ANS attenuated RE-induced cytotoxicity at 25 mg ml
-1

 

concentrations and significantly improved the biocompatibility of the rare-earth 

nanoparticles at 250 mg ml
-1

. 

 

2.3.4. Active Integrin Receptor Targeting using cRGD Functionalized Nanoparticles  

 (RE)ANS were functionalized with various cyclic tripeptides using a standard 

crosslinking procedure conjugating the free amine groups on the albumin shell to thiol 

groups present on the ligands.  The coupling procedure utilized the heterobifunctional 

crosslinker, Sulfo-LC-SPDP, to covalently link the tripeptide ligands to the primary 

amine groups on the albumin shell surface.  The concentration of Sulfo-LC-SPDP reacted 

with the nanoshells was used to control the extent of coupling. The conjugation of the 

tripeptides, which were added to the Sulfo-LC-SPDP modified shells in excess, generated 

pyridine-2-thione, a detectable by-product displaced from the thiol reactive portion of 

Sulfo-LC-SPDP that was monitored to estimate the degree of ligand conjugation. 

(RE)ANS, conjugated with either cRGD or cRAD, generated approximately 80 nmoles of 

pyridine-2-thione per mg of human serum albumin following coupling corresponding to 

the amount of ligands bound to the nanoshells. 

 (RE)ANS were functionalized with either cRGD, which targets the integrin avb3, 

or, as a negative control, cyclic arginine-alanine-aspartic acid (cRAD), which does not 

have affinity for avb3. To confirm receptor specific targeting, (RE)ANS functionalized 

with cRGD were incubated with highly avb3 expressing U87-LUC and with low avb3 
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expressing A172 cells (Fig 11). 
216

  Near infrared-excited, fluorescent images of cRGD 

functionalized particles incubated with the U87 cells show particles distributed in a 

punctate pattern primarily throughout the cellular cytoplasmic space.  The U87 cells 

treated with non-functionalized or cRAD functionalized (RE)ANS showed little particle 

accumulation.  Fluorescent images of the A172 cells incubated with cRGD particles show 

little to no association of particles with cells, and appear similar to the images of A172 

cells treated with cRAD functionalized (RE)ANS or un-functionalized (RE)ANS (data 

not shown).  Quantification of fluorescence within the cell body was significantly 

elevated in U87-LUC cell line treated with cRGD functionalized (RE)ANS over 4 h in 

relation to that seen in the A172 cells.   
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Figure 2.4 – Albumin Encapsulation of Rare-Earth Nanoparticles Provides Cyto-

Protective Effect.  (A) MTS and (B) Live/Dead  assays of U87-LUC cells, and (C) MTS 

and (D) Live/Dead assays of WM239A cells incubated with samples for 24 h reveal that 

the albumin cladding enhances the biocompatibility of rare-earth nanoparticles at 

elevated concentrations.  The MTS assays show a significant reduction in cellular 

viability, relative to a PBS control, in the U87-LUC and WM129A cells at 25 μg/ml and 

greater concentrations of rare-earth nanoparticles, but not when exposed to albumin 

encapsulated rare-earth nanoparticles (A, C). Similar results were seen in the Live/Dead 

assays of the U87-LUC and WM129A cells exposed to the nanoparticles (B, D).  The 

assays show significant cell death when both cell types were exposed to all tested 

concentrations of rare-earth nanoparticles, while no change when incubated with the 
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albumin encapsulated rare-earth nanoparticles.  The albumin encapsulated rare-earth 

nanoparticles were normalized to the total amount of rare-earth nanoparticles 

encapsulated.  *ANS concentrations were normalized to protein content in (RE)ANS. ± 

SD; †, P < 0.01; ** P < 0.05, REs compared to (RE)ANS (t test). 

 

 

Particles were also incubated with WM239A human melanoma cells, which are 

known to express high levels of the avb3 integrin.
217

 After 4 h, the (RE)ANS 

functionalized with cRGD accumulated around the WM239A cells whereas 

nonfunctionalized and cRAD conjugated particles showed low levels of cellular 

association, as was seen with the U87-LUC cells (Supplementary Fig. S2.7). 

Furthermore, cRGD functionalized particles exhibited significantly more cellular 

internalization compared with non-functionalized particles during the same incubation 

times. 
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2.4. Discussion 

The overall goal of this work was to investigate a new approach to encapsulate 

NaYF4:Yb,Er nanoparticles to yield water dispersible, biocompatible, luminescent 

nanoparticles capable of targeting specific cell types for multifunctional applications. 

Typically, NaYF4:Yb,Er nanoparticles are hydrophobic as synthesized and thus require 

further surface modification to become dispersible in water. Many of the existing coating 

methods have issues of toxicity, poor stability in water, or require numerous steps to 

create functional groups on the particle surface for further conjugation to bio-molecules. 

We demonstrate that our nanoparticles can be efficiently fabricated, are water dispersible, 

show enhanced biological stability and viability and feature active targeting to tumor cell 

lines, while retaining their optical properties.  

The encapsulation of NaYF4:Yb,Er nanoparticles within albumin nanoshells was 

enabled by the controlled coacervation of monomeric human serum albumin around the 

nanoparticles. The DLS, TEM, and SEM data reveal that the (RE)ANS samples are very 

similar in size and morphology to ANS control samples, and they differ in size and 

appearance from a sample of pre-formed ANS simply mixed with REs. The size 

discrepancy between DLS and TEM/SEM for the ANS arises from hydration effects. The 

EDS data also supports encapsulation, for if the REs were surface bound to the ANS or 

otherwise associated with them, characteristic X-rays of ytterbium and erbium would be 

detected via EDS, as seen in a mixed population of pre-formed ANS and REs. However, 

because the REs are within the ANS, the X-rays from the EDS do not penetrate to the 

core, and thus no signal is seen from the rare earth elements. Therefore, based on the 



69 

 

 

EDS data, taken in conjunction with the DLS, TEM, SEM and the emission data, we 

determined that the REs are encapsulated within the ANS.  

The REs exhibited cytotoxicity at concentrations of 2.5 mg mL
-1

, while the 

(RE)ANS exhibited significantly reduced cytotoxicity after 24 h incubation with cells 

even at the maximum tested concentration (250 mg mL
-1

). The toxicity of the REs may 

be due to remnant oleylamine (the nanoparticle solvent and stabilizing agent on the 

surface of these particles), which has been shown to elicit cytotoxicity.
218

 The TGA 

profile of the REs alone reveals a weight loss attributable to residual oleylamine on the 

surface of the nanoparticles. We believe that the albumin shell shields the cells from the 

oleylamine and that as a consequence the (RE)ANS confer enhanced cyto-compatibility 

to the REs. We have imaged cells incubated with (RE)ANS for approximately 5 days 

(data not shown) and still observe fluorescence from the cross-linked albumin, suggesting 

that the albumin shell has maintained its integrity over this time course. The long-term 

cytotoxicity studies of nanoparticle exposure support these observations. 
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Figure 2.5 – Receptor-Mediated Targeting of Albumin Encapsulated Rare-earth 

Nanoparticles to Differential Integrin Expressing Human Glioblastoma Cells.  Near 

infrared-excited fluorescent images of human glioblastoma cells with high and low 

expression of the αvβ3 integrin incubated for 4 h with: (A,C) 25 μg/ml cRGD 

functionalized albumin encapsulated rare-earth nanoparticles (B) cRAD functionalized, 

and (D) unfunctionalized albumin encapsulated rare-earth nanoparticles.  Transmitted 

light and fluorescence image merges show that the highly integrin expressing U87-LUC 

cells readily internalize albumin encapsulated rare-earth nanoparticles conjugated with 
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cRGD, as shown by the white arrows, but not when conjugated with (B) cRAD or (D) 

unfunctionalized, indicated by the black arrows.  (C) A172 cells with reduced expression 

of αvβ3 integrin show no significant cellular uptake of particles when incubated with 

cRGD functionalized (RE)ANS for 4 hours. Green – autofluorescent, internalized 

albumin nanoshells; red – REs; yellow – co-localization of signal; blue – nuclear stain.  

63x immersion, 2.5x zoom. (E) Quantification of co-localized nanoparticle fluorescence 

signal by pixel area per cell (n represents number of cells counted).  Values of 

fluorescence around cells confirm targeting of cRGD conjugated (RE)ANS seen in 

selected images.  ± SEM; ** P < 0.05, one-way ANOVA, Tukey post-hoc.  

 

 

Once the biocompatibility of the particles was established, we then functionalized 

the particles with a ligand (cRGD) to selectively target cells which over express the avb3 

integrin receptor. Integrins are a family of heterodimeric transmembrane proteins that 

mediate both cell-to-cell and cell-to-extracellular matrix (ECM) adhesion. Involved in 

development, tissue repair, immune responses and hemostasis,
219

 integrins are present on 

the surface of many cells, but certain members of this family are highly expressed on 

tumor cells
220-222

.  The αvβ3 integrin, in particular, has been shown to play a role in 

angiogenesis and metastasis in many tumors,
223,224

 including melanoma, glioma, 

neuroblastoma, breast and prostate cancer.
220,225-227

 For this reason, αvβ3 is an attractive 

targeting marker for locating and identifying cancer cells.
220,226,228,229

 Antagonists of αvβ3, 

such as the cyclic arginine-glycine-aspartic acid (cRGD) tripeptide motif, are capable of 
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blocking both tumor cell metastasis and angiogenesis while providing a means of 

targeting cancer cells expressing the integrin.
230,231

    

Cells incubated with (RE)ANS were imaged by near-infrared excitation 

fluorescence microscopy. The characteristic streaking of the RE emission arises from the 

significantly slower emission decay of the particles compared with a conventional 

organic fluorophores.
195,232,233

 Even when a particular spot is no longer being excited, 

emission will still be detected because the microscope scan speed is too rapid to allow for 

the extended decay time. From the fluorescence images, it is clear that the highest degree 

of particle association with cells occurs in the case of cRGD functionalized particles with 

U87 glioblastoma cells. This is due to the targeting of the ligand cRGD on the surface of 

the particles to the receptor avb3 on the surface of these cells, indicating that the receptor 

binding properties of the ligand are maintained after functionalization, and that the 

composite nanoparticles are capable of specific cell targeting. By 4 hours, the 

functionalized nanoparticles were not internalized but mostly sequestered at the 

membrane (Supplementary Fig. S2.8) whereas a low level of uptake is observed for the 

unmodified nanoshells, which is not unexpected since it has been shown that albumin 

nanoparticles are passively internalized by cells.
179

  

The focus of this work was to show that cRGD-functionalized (RE)ANS can 

effectively and preferentially target a molecular marker on cell surfaces expressing a 

cognate receptor, enabling detection of cancer cells in vitro. The nanoshell system size 

falls within the range appropriate for cell/tissue targeting and visualization. Several other 

groups have modified albumin nanoshells of sizes comparable to or larger than 

nanoshells reported here for similar in vitro and in vivo applications.
207,209,211,234
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Experiments have shown that the threshold for this effect in liposomes is approximately 

400 nm and that sizes of carriers below 200 nm are more effective at vascular 

penetration.
89-92 

The target size of the designed (RE)ANS composite particles in this 

study was approximately 200 nm, however, it is feasible to fabricate (RE)ANS 

configurations down to about 100 nm in diameter by modulating the salt concentration, 

should size be a limiting factor in vivo. We selected ~20 nm RE particles for this study, 

although in theory we could have explored a range of particle sizes, which in turn could 

influence the signal to noise ratio. Using variable RE sizes and ANS sizes, a controlled 

range of (RE)ANS can be developed in the future and the near infrared excitation 

intensity quantified as a function of RE size and concentration. In addition to imaging, 

the RE-ANS may prove useful, with further development, for therapeutic purposes as 

well. Indeed, the Abraxane formulation of paclitaxel in albumin nanoparticles is 

approved for clinical use by the U.S. Food and Drug Administration, and research has 

been reported on the use of albumin nanoparticles for drug and nucleic acid formulation 

and delivery.
207,211

 The ability of albumin nanoparticle to release the therapeutic cargo 

within cells in such a way that it becomes accessible to its intracellular target would be 

integral to these applications. The (RE)ANS system also combines features of drug 

carriers with imaging modalities, a multifunctional platform that can optically track the 

tumor cells to which drug has penetrated, which would be relevant to evaluation of the 

efficacy of nanoparticle-based therapeutics. 
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2.5. Conclusion 

The nanocomposite materials developed and presented here exhibit narrow size 

distribution, cellular targeting, and are capable of imaging tumor cells in vitro. Our 

results indicate that the albumin nanocarrier encapsulation of REs yields a significant 

reduction of RE toxicity, an aqueous-dispersible encapsulate, and surface groups capable 

of chemical conjugation for the purpose of cellular targeting. Functionalization of 

(RE)ANS with cRGD allowed for rapid and selective targeting of established cell surface 

receptors commonly over-expressed in a wide range of tumors.  
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2.6. Supplementary Figures 

 

 

Supplementary Figure S2.1 – Quantification of Cell-Associated Nanoparticle 

Fluorescence – Representative images quantified for cRGD-(RE)ANS targeting around 

U87-LUC cells using the nanoparticles’ fluorescence.  Green and red fluorescence 

images from the albumin shell and the REs, respectively, were first binarized and merged 

generating a composite image.  Yellow pixels were then selected and filtered for further 

processing.  In parallel, masks of the U87-LUC cell bodies were created from the DAPI-

stained nuclei images.  The masks were filtered by area then applied to the filtered 

fluorescence images.  
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Supplementary Figure S2.2 – TEM of REs. REs appear spherical in morphology and 

are approximately 20 nm in diameter as seen by TEM. 
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Supplementary Figure S2.3 – SEM of Pre-Formed ANS Mixed with REs. Significant 

aggregation and irregular morphology can be observed with SEM imaging of a mixture 

composed of pre-formed ANS mixed with REs.  The images strongly indicate a lack of 

encapsulation between the ANS and REs, strikingly different from SEM images of 

(RE)ANS samples seen in Figure 2.2 
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Supplementary Figure S2.4 – Confirmation of Rare-earth Nanoparticle 

Incorporation Within Albumin Nanoshells Via Thermogravimetric Analysis.  

Thermogravimetric analysis (TGA) of samples reveals that albumin nanoshells 

disintegrate completely at elevated temperatures while albumin encapsulated rare-earth 

nanoparticles loaded with approximately 10% rare-earth nanoparticles (w/w) show 

approximately 7% weight remaining.  All samples began at approximately 100 weight 

percent but the graph has been truncated up to 400°C to call attention to the final sample 

weight.  
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Supplementary Figure S2.6 – Albumin Encapsulation of Rare-Earth Nanoparticles 

Provides Extended Cyto-Protective Effect. Live/Dead assay of U87-LUC cells 

incubated with samples for 24 h. After 1 week, the assay reveals that the albumin coated 

rare-earth nanoparticles do not exhibit significant cytotoxicity.  Furthermore, the total 

number of live cells relative to the control is reduced when exposed to 25 μg/ml and 

greater concentrations of rare-earth nanoparticles.  The albumin encapsulated rare-earth 

nanoparticles showed significant improvements in the biocompatibility of the rare-earth 

nanoparticles at those concentrations. *ANS concentrations were normalized to protein 

content in (RE)ANS. ± SD; ** P <0.05, REs compared to (RE)ANS (t test). 
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Supplementary Figure S2.7 – Receptor-Mediated Targeting of Albumin 

Encapsulated Rare-Earth Nanoparticles to Human Melanoma Cells.  Near infrared-

excited fluorescent images of WM239A human melanoma cells incubated for 4 h with: 

(A) 25 μg/ml cRGD functionalized albumin encapsulated rare-earth nanoparticles, (b) 

cRAD functionalized, or (c) unfunctionalized albumin encapsulated rare-earth 

nanoparticles.  Cells were fixed then stained with DAPI (blue).  Co-localization (yellow) 

of albumin nanoshells (green) and REs (red) is seen predominately around the cell body 

for cRGD, as indicated by white arrows, but not in cRAD functionalized sample or 

unfunctionalized sample. 63x immersion, 2.6x zoom. 
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Supplementary Figure S2.8 – TEM Imaging of Glioblastoma Cells Targeted with 

cRGD Functionalized (RE)ANS.  TEM images of U87 cells (+αvβ3) treated with cRGD 

functionalized (RE)ANS reveal localization on cell surface after 4 h of exposure (A, B). 
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CHAPTER 3 

 

INVESTIGATION OF RARE-EARTH DOPED NANOPARTICLES AS PROBES 

FOR SHORTWAVE INFRARED IN VIVO IMAGING 

 

 

 

 

 

 

 

 

 

 

 

 

Sections of this chapter are currently being prepared for publication elsewhere as part of 

an article entitled: 

 

“Rare-earth doped nanoparticles as bioactive probes for shortwave infrared in vivo 

imaging” 

D.J. Naczynski, M.C. Tan, M. Zevon, B. Wall, J. Kohl, A. Kulesa, S. Chen, C.M. 

Roth, R.E. Riman, P.V. Moghe 
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Abstract 

 The utility of in vivo optical imaging toward rapid disease screening and image-

guided surgical interventions relies on brightly-emitting, tissue-specific probes that can 

circulate and target efficiently in vivo and be amenable to real-time imaging.  Commonly 

used optical imaging probes have limited widespread clinical application due to their 

dependence on visible light, which exhibits significant absorption, scattering, and 

autofluorescence following photon interaction with biological tissue. While the imaging 

properties of near infrared light (NIR) probes are superior to visible light probes with 

respect to absorbance, light scattering resulting from the complex heterogeneity of 

biological tissue limits their penetration depth. It has been recently suggested that a new 

biomedical imaging window exists within the short wavelength infrared light (SWIR) 

region which can improve imaging sensitivity significantly over NIR. This chapter is 

focused on investigating the tools for establishing multi-spectral, real-time SWIR 

imaging at anatomical resolutions using REs. To this end, NaYF4 co-doped nanoparticles 

(REs) were formulated and were shown to generate highly efficient SWIR emissions, 

providing useful luminescence for biological imaging. These findings lay the groundwork 

for prospects of a new generation of low-cost, rapid biomedical imaging techniques for 

screening disease progression. 
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3.1. Introduction 

 Real-time, non-invasive optical imaging is limited by the availability of optical 

probes capable of being detected and resolved in living tissues
4
.  Probe detection is 

governed by emission intensity as well as the extent of photon propagation and 

volumetric energy distribution, which are linked to the absorption and scattering 

properties of biological media and tissues.
72

 Most significantly, water, hemoglobin, 

melanin and lipids act as major absorbers of light while the size, composition and 

morphology of biological tissues control light scattering.
67,235,236

 Near infrared light (NIR, 

700-1000 nm) is absorbed less by tissue components than visible light
237

 resulting in 

greater penetration and permitting deeper imaging
238

 in the first “tissue transparent 

window.” Recently, simulations have led to predictions of a second “tissue transparent 

window” using SWIR (above 1000 nm) exhibiting over a 30-fold reduction in scatter 

losses compared to NIR.
72

 Reducing the amount of scattered light in optical imaging can 

result in better imaging fidelity and integrity by improving the amount of light 

transmission.
239

  

 Unfortunately, there are few materials that can efficiently generate SWIR and 

exhibit properties for safe translation into biomedical applications thereby greatly 

limiting the exploration and use of SWIR.
240

 Currently available SWIR-emitting probes 

have numerous shortcomings including high toxicity, broad spectral emission and low 

quantum yield that must be overcome prior to clinical translation.  SWIR-emitting 

semiconducting quantum dots (QDs) made from materials such as HgTe, CdHgTe, InP, 

InAs, PbS, PbSe, and PbTe are comprised of several well-known toxic elements reducing 

their applicability in biomedical imaging.
241,242

 Weakly infrared-emitting single-walled 
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carbon nanotubes (SWNTs) generate broad emissions and require high-powered, pulsed 

excitation sources.
243,244

 Broad emissions prevent the simultaneous use of multiple 

contrast agents for imaging pathological states limiting the amount of information that 

can be obtained during a single imaging session.
245,246

  A unique property of optical 

imaging is the ability to perform “multispectral” imaging of several events or targets at 

several distinct wavelengths simultaneously.
247

  Imaging approaches that can only resolve 

individual targets provide an incomplete portrait of the heterogeneous nature and 

complex relations among various species in many disease states.
248

 Classes of optical 

probes must therefore be engineered to be optically tunable while still having desirable 

excitation and emission properties for tissue imaging. Furthermore, probes that require 

high-powered excitation have limited clinical translation due to the potential for tissue 

damage from prolonged exposure to heat.
249

  

NIR-excitable rare-earth doped NaYF4 nanoparticles (REs) have gained attention 

for biomedical imaging due to their relatively biocompatible composition in contrast to 

QDs. They have favorable optical properties, including narrow emission bandwidths, 

large Stokes shifts, long fluorescence lifetimes and photostability.
142,250-252

   To date, 

imaging with REs has been focused primarily on exploiting upconversion fluorescence, 

an anti-Stokes process whereby low energy NIR light is used by REs to generate higher 

energy visible or ultraviolet (UV) emission.
253

 Recently, there has been growing interest 

in utilizing the highly efficient SWIR emissions which are also produced by exciting 

REs, opening the possibility for SWIR-based biomedical imaging.
130,141

 

 However, comprehensive studies evaluating the physical and optical properties of 

REs for in vivo SWIR imaging are lacking.  Here, we report on the systematic 
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engineering of a multispectral library consisting of uniquely-emitting SWIR REs which 

can be excited by a single, low-powered laser source.  In the process, we have designed 

and tested a highly translatable in vivo SWIR imaging system and post-processing 

workflow methodology.  Our findings confirm the dramatic improvements of SWIR 

transmittance through several major tissue absorbers over visible light and highlight the 

reduced scattering of SWIR compared to NIR, examining the potential of SWIR-based 

imaging approaches. We have presented proof-of-concept applications for improving 

biomedical optical imaging using SWIR extending the current paradigm for non-invasive, 

deep tissue imaging using light-based probes. 
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3.2. Methods 

3.2.1. Synthesis of REs – In Collaboration with Dr. Richard Riman’s Group 

 NaYF4:Yb,Ln (Ln = erbium (Er), holmium (Ho), praseodymium (Pr) and thulium 

(Tm)) powders (RE(Ln)) were prepared using either a solvothermal decomposition or 

hydrothermal method to synthesize nano- and micron-scale particles, respectively.  

 The nano-scale REs in vivo imaging studies were synthesized through 

solvothermal decomposition of rare earth trifluoroacetate precursors in oleylamine as 

described previously.
128

 Core precursor solution was prepared by dissolving 

stoichiometric amounts of 99.9% erbium triflouroacetate, 99.9% yttrium trifluoroacetate, 

99.9% ytterbium trifluoroacetate (GFS Chemicals, Columbus, OH) and 98% sodium 

trifluoroacetate (Sigma Aldrich, St. Louis, Missouri) were dissolved in oleylamine. The 

shell solution was prepared by dissolving stoichiometric amounts of the sodium and 

yttrium trifluoroacetates in oleylamine. The core solution was then heated to 340°C under 

vigorous stirring in an inert argon atmosphere to allow the formation of the core particles. 

The shell precursor was then added and, after cooling, the synthesized nanoparticles were 

washed three times in ethanol by centrifuging at 15 000g (Beckman Coulter Inc., Avanti 

J-26 XP, Fullerton, CA) and freeze-dried at -40°C (SP Industries Inc., VirTis AdVantage 

Plus Warminster, PA).  

 The micron-sized REs used for optical measurements were synthesized using a 

hydrothermal process.
254

 Stoichiometric amounts of 99.8% yttrium (III) nitrate, 99.9% 

ytterbium (III) nitrate, 99.9+% lanthanide (III) nitrate (where lanthanide = holmium, 

praseodymium, and thulium), 99.0% sodium fluoride, and polyvinyl-pyrrolidone (Sigma 

Aldrich, St. Louis, Missouri) were mixed in 20% ethanol. The mixture was then heated at 
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240° C forming particles which were then washed three times in ethanol followed by 

three times in deionized water by centrifuging at 10,000g (Beckman Coulter Inc.), and 

dried at 70°C in an oven (Thermo Scientific Thermolyne, Waltham, Massachusetts).  

 Pellets were made using RE(Er)s prepared by solvothermal decomposition.  

Approximately 0.2 g of freeze-dried RE(Er) powder was pressed (Carver Laboratory 

Press, Menomonee Falls, WI) for 30 seconds with 2 tons of force creating a 2 cm pellet. 

 

3.2.2. Physical and Optical Characterization of Phosphors  

 REs were chemically, physically and optically characterized using transmission 

electron microscopy (TEM), energy dispersive x-ray spectroscopy and optical 

spectroscopy.  

 Particles were visualized by using a TEM instrument (JEOL 2010F, Tokyo, 

Japan) operated at 200 kV. After synthesis, REs were washed with an ethanol/methanol 

solution and resuspended in toluene, sonicated and deposited on a 400-mesh Formvar-

backed carbon-coated copper grid (EMS, Hatfield, PA).  Solutions were dried in an oven 

at 60°C before imaging.  To determine the average size of REs, approximately 100 

particles were measured from acquired TEM images.  

 Energy-dispersive X-ray (EDX) spectroscopy area scans of the powder samples 

were completed to determine their elemental composition.  The measurements were done 

using the Carl Zeiss Σigma field emission scanning electron microscope (Carl Zeiss, Carl 

Zeiss SMT Inc., Peabody, MA) at an accelerating voltage of 25 kV with a working 

distance to 8.5 mm for an aperture of 30 μm.  The EDX elemental composition was 
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determined by comparing relative peak intensities together with the corresponding 

sensitivity factors of each element and assuming their total intensities to be 100%. 

 The emission spectra of powdered REs held in a 0.5 cm path length cell were 

recorded following excitation using a 2.5 W 975 nm photodiode (model BWF-OEM 975, 

BW Tek, Newark, NJ). The emission from the sample was collected using a FSP920 

Edinburgh Instruments spectrometer (Edinburgh Instruments, Livingston, United 

Kingdom) that was equipped with a Hamamatsu G5852-23 thermoelectrically cooled 

shortwave infrared sensitive InGaAs photodiode.  

 Optical efficiency measurements were performed using a modification of the 

C9220-03 quantum yield measurement system from Hamamatsu (Hamamatsu, 

Bridgewater, NJ) as described previously.
255

 We have demonstrated optical efficiency 

(OE), which is defined as the ratio of emitted to incident power, can be used to measure 

the relative emission intensity of the REs. Briefly, an integrating sphere was set up in the 

reflectance mode to measure total integrated reflectance of a pressed phosphor pellet (2 

cm diameter, ~0.2 g). The PD300-IR power detector (Ophir-Spiricon, Logan, UT) which 

measures the power of emitted light was used in place of the photomultiplier tube that 

was originally on the C9220-03 quantum yield measurement system 

 Images of variously formulated phosphors in cuvettes were taken using a digital 

camera (Canon Powershot SD780IS, Lake Success, NY) after excitation with an infrared 

laser diode (WSTech, Toronto, Ontario) operating at 980 nm and 100 mW. RE(Ln) (Ln = 

Er, Ho, Tm, Pr) were sonicated in DMSO at various concentrations (Er and Ho = 1 mg 

ml
-1

, Tm = 4 mg ml
-1

, Pr = 10 mg ml
-1

) and the visible emission captured after excitation.  
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3.2.3. Tissue Attenuation and Scattering Measurements 

 Scattering of light at 1525 nm and 808 nm was captured with a thermoelectric-

cooled Indium Gallium Arsenide (InGaAs) SWIR camera (Goodrich, Princeton, NJ) with 

a detection range from 800 to 1700 nm fitted with a 25 mm focal length SWIR Lens 

(StingRay Optics, Keene, NH).  A pressed pellet of RE(Er) nanoparticles was irradiated 

with 975 nm light generating 1525 nm emission and imaged through increasing depths of 

phantom tissue.  Excitation was performed with a 975 nm photodiode coupled to a 600 

μm fiber optic cable placed directly underneath the 2 cm pellet.   Phantoms were made 

from 1% agarose and 1% Intralipid as the primary scattering source. Parallel experiments 

were performed with 808 nm light emitted from a 600 μm fiber optic cable coupled 808 

photodiode (BW Tek, Newark, NJ). Appropriate filters were positioned in front of the 

camera for each set of measurements. An 1100 nm longpass and an 850 nm shortpass 

filter (Thor Labs, Newton, NJ) were used for the SWIR and NIR measurements, 

respectively.  Measurements were quantified by mean intensity around an ROI using 

camera software. The initial intensities of both SWIR and NIR signals were adjusted to 

similar values before phantoms were applied using the camera software quantification to 

more accurately compare attenuation.  

 Absorption measurements of mouse tissue and organs were carried out using an 

integrating sphere of a double beam spectrophotometer (Perkin-Elmer Lambda 9, 

Wellesley, MA).  Samples in 0.5 cm cuvettes were mounted in the path of the incoming 

beam of the integrating sphere and their absorption was measured.  Various biological 

tissue samples including liver, spleen, kidneys, lungs, heart, brain, muscle, fat, bone, skin, 

peritoneum cavity and tumors were taken from TGS mice following perfusion of the 
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animals.  All samples were rinsed and left in PBS after harvesting.  Blood samples were 

also collected in EDTA collection tubes for the analysis.  All samples were left on ice and 

measurements were taken within several hours of harvesting. 

 In order to measure the tissue transmittance of SWIR compared to visible light, 

optical efficiency measurements were performed using the infrared and visible emission 

of a pressed pellet of RE(Er) nanoparticles as previously described.
255

 All experiments 

were repeated with three different sets of organs, tumors and blood samples. 

 For comparing the loss of signal resolution between SWIR and visible light, ~0.2 

g of RE(Er)s were patterned into an “R” using multipurpose glue (Elmer’s, Westerville, 

OH).   TGS mice were sacrificed and intestinal tracts removed.  The patterned RE(Er)s 

were placed directly below the animal and irradiated with 980 nm light. Images were 

captured with either an InGaAs camera equipped with an 1100 nm longpass and two 

1152 nm bandpass filters (Thor Labs, Newton, NJ) for SWIR images or a standard 

camera with a silicon-based image detector (Canon Powershot SD780IS, Lake Success, 

NY) equipped with a 900 nm shortpass filter (Thor Labs, Newton, NJ) for visible images. 

Two intensities of 980 nm light were used, 0.14 W cm
-2

 (low) and 0.5 W cm
-2

 (high), to 

excite the patterned RE(Er)s.   

 

3.2.4. Animal Models – In Collaboration with Dr. Suzie Chen’s Group 

 Tissue attenuation studies were performed using mutant mice that are predisposed 

to developing multiple melanomas (TG-3), developed by the Chen group, as described 

previously.
256

 These transgenic mice develop spontaneous melanin-containing dermal 

lesions in the absence of any known carcinogen or ultraviolet radiation as early as 10-12 



92 

 

 

days. Pigmented tumors on distant organs are observed by 3-4 months. Hairless versions 

of the TG-3 animal, TGS, were developed for ease of tumor visualization and were used 

in this study. Animals were inspected for tumor development twice weekly.  

 Initial imaging studies were conducted using nude mice purchased from Taconic 

(Hudson, NY). Human melanoma cells, C8161, were injected into the dorsal area at 10
6
 

cells per site.  All animal studies were approved by the Institutional Review Board for the 

Animal Care and Facilities Committee of Rutgers University and performed in 

accordance with institutional guidelines on animal handling. 

 

3.2.5. Imaging Prototype and Post-Processing    

 A prototype of a small animal SWIR-imaging system was utilized to investigate 

the photonic behaviors of the nanocomposites using noninvasive fluorescence imaging. 

The in-house SWIR-imaging prototype consists of fiber-coupled NIR laser photodiode 

which operates at 980 nm and 1.4-1.5 W, and an InGaAs camera (Goodrich, Princeton, 

NJ) positioned approximately 12 in above the imaging surface. A collimator with a NA = 

0.25 and f = 37 mm (Thor Labs, Newton, NJ) was attached to the excitation fiber to 

enable a uniform and constant excitation beam radius which is independent of the 

distance between source and animal subject.  Based on the power output and collimation, 

the animal was irradiated with approximately 0.13-0.14 W cm
-2 

of 980 nm light. During 

the imaging, the excitation fiber was held at an arbitrary distance above the animal and 

slowly scanned across the animal’s body. The distance of the fiber above the animal was 

held within 12 in of the animal, within the limits where the incident beam remains 

collimated. Any SWIR emissions were then simultaneously captured in real time by the 
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SWIR camera that was positioned in a fixed height above the animal.  Videos were 

captured at 19-22 frames per second (i.e. detection exposure time 45-53 msec).  Optical 

filters were fitted, as described earlier, onto the SWIR camera to eliminate detection of 

the NIR excitation source to confidently determine that only the SWIR emissions were 

captured.  An incandescent Xe flashlight (Mini Maglite AA-Cell Flashlight, Maglite, 

Ontario, CA) was also to provide backlight to partially resolve the location of the mouse.  

Finally, black Neoprene rubber or a latex-paint-coated cardboard was used as the 

background surface on which the mouse was placed to reduce the amount of ambient 

reflected light and produce a favorable signal-to-noise ratio.  Acquired SWIR video files 

were processed using a series of MATLAB codes to generate a background-corrected 

heatmap of fluorescence distribution in the animal. 

 In order to correct for any background fluorescence, videos of the irradiated 

animals were taken before nanoparticle injection and analyzed using a custom designed 

MATLAB script (VideoMax.m).  The VideoMax.m algorithm reduces the captured video 

file into individual frames then analyzes each frame recording pixels with the highest 

intensity values at a given position.  The final image is a merge of the highest intensity 

pixels onto a single composite image.  Using ImagePro, a low radius Gaussian blur filter 

is then applied to the composite image to eliminate noise. Any background fluorescence 

is detected using a Sobel edge detection algorithm. The average intensity of all 

contiguous regions of background fluorescence on the animal body is recorded.  Regions 

are identified (head, ears, upper body, lower body, anus, tail) and averaged together 

yielding regional averages that can be used for background subtraction in that particular 

animal following nanoparticle injection.  
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 Videos of the mice post nanoparticle injection were similarly collected and 

analyzed in MATLAB using the VideoMax.m script. MATLAB was then used to 

perform a background subtraction using the regional averages recorded previously. Using 

a contrast enhanced, backlit infrared image, rectangular regions were designated in 

MATLAB that envelop the head, ears, upper body, lower body, anus, and tail.  The 

background algorithm then subtracts the regional averages from these regions.  The final, 

background-corrected image is named VideoMax_adj.  To create a heatmap, each grey 

level in the VideoMax_adj image was assigned an RGB value on a gradient. In Adobe 

Photoshop, the black pixels were removed and any remaining color pixels are overlayed 

on the contrast enhanced backlit infrared image to yield the final image. 

 For further enhancement of low intensity images, Photoshop was used to convert 

the VideoMax_adj image to a tritone image of black, red, and yellow inks, with each ink 

curve adjusted as to create a smooth black-red-orange-yellow gradient across low grey 

value intensities. The intensity values were then linearly mapped from 0-255 to 3-115, 

which was found empirically to give the best contrast and least noise. To create the final 

image, a low radius Gaussian blur was applied to remove noise, and the non-black pixels 

of the image are overlayed on the contrast enhanced back-lit infrared image.  

 

3.2.6. Optical Signal Phantom and In vivo Studies 

 SWIR signal linearity was tested using 1% agarose phantoms containing no 

absorbing or scattering agents.  RE(Er)s were sonicated in water and serially diluted in a 

96-well plate at 250, 62.5, 31.3, 15.6, 7.8, 3.9 and 0 μg ml
-1

.  Approximately 200 μL of 

warm agarose was then added to 50 μL of diluted RE(Er)s.  Wells were irradiated and the 
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signal was quantified from collected images using an InGaAs camera with appropriate 

filter sets.  Measurements were repeated in a triplicate set of wells. 

 For in vivo studies, RE(Er)s were mixed with matrigel (BD Biosciences, San 

Jose, CA) 1:1 and injected subcutaneously into TGS mice.  Approximately 50 μl of the 

mixture was injected into loose skin over the flank and neck of the animals.  Animals 

were irradiated with 980 nm light and images were quantified as described previously.  

Three sets of mice were averaged for each injected concentration.  

 

3.2.7. Proof-of-Concept In vivo Imaging 

 Real-time and vascular SWIR imaging was performed in nude and xenograft 

mice, respectively.  Catheters consisting of polyethylene tubing (BD, Sparks, MD) were 

surgically implanted into the tail veins of mice and secured to tongue depressors.  A bolus 

of approximately 200 μl of 2 mg RE(Er) nanoparticles per ml was slowly infused over 5 s 

while an operator continuously scanned the mouse with collimated 980 nm laser light.  

For real-time imaging observations, the recorded SWIR videos were segmented into 5 s 

clips before being subjected to post-processing.     

 Multiplex imaging of RE(Er) nanoparticles and RE(Ho) microparticles of 

comparable SWIR optical efficiencies was performed in xenograft mice after 

intratumoral injection of 100 μl (2 mg particles ml-1).  Mice were scanned with 

collimated 980 nm laser light before and after injection.  To distinguish the separate 

SWIR emissions from the Er- (em: 1525) and Ho- (em: 1185) doped formulations, a 

combination of a longpass filter and two bandpass filters were used for each signal. To 

resolve the RE(Er), a combination of one 1400 nm longpass (FEL1400, Thor Labs, 
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Newton, NJ) and two 1550 nm (FB1550-12, Thor Labs, Newton, NJ) bandpass filters 

was used, while an 1100 nm longpass (FEL1100, Thor Labs, Newton, NJ) and two 1152 

nm bandpass filters (FL1152-10, Thor Labs, Newton, NJ) were used to distinguish the 

RE(Ho). Videos were subjected to post-processing.  
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3.3. Results 

3.3.1. Physical and Optical Characterization of REs 

 REs consisting of a rare-earth doped core and undoped shell were synthesized 

around a NaYF4 host (Fig. 3.1a).  Particles displayed a uniform shape and size 

distribution which was confirmed by TEM imaging (Fig. 3.1b). The crystal structure of 

the NaYF4 host was characterized to be primarily hexagonal by XRD measurements (Fig. 

3.1c). The size of the NaYF4 host was controlled by utilizing two synthesis procedures.  

Nanoscale formulations were made using the thermal decomposition of rare earth 

precursors in surfactants while micronscale formulations were synthesized using a 

hydrothermal process (Supplementary Fig. S3.1). By varying the dopant schemes of 

NaYF4:Yb,Ln (Ln = Er, Ho, Tm, or Pr) particles (REs) (Fig. 3.1d), the emission 

properties of REs can be tailored in both the SWIR (Fig. 3.1e) and visible (Fig. 3.1f,g) 

range.  The optical efficiency, defined as the ratio of emitted to incident power, was used 

to measure the relative SWIR and visible emission intensity of variously doped REs (Fig. 

3.1h).  

 

3.3.2. Scattering and Absorption Properties of SWIR Emissions From REs 

 The scattering and transmission of SWIR compared to NIR was examined using 

an InGaAs camera which captured the SWIR emission of an irradiated pellet of RE(Er)s 

through increasing thicknesses of tissue phantoms.  For comparison, an 808 nm excitation 

source was as an NIR source. Special classes of cameras that use indium gallium arsenide 

(InGaAs) semiconductor technology are necessary to detect SWIR emission. Images 

showed increased scattering and spreading of the NIR signal compared to the SWIR (Fig. 
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3.2a), while intensity measurements performed within the camera software confirmed the 

that while NIR emission is reduced by close to 50% through 1 mm of phantom tissue, 

SWIR emission penetrates approximately three times further (Fig. 3.2b) 

 

 

 

 

 



99 

 

 

Figure 3.1 – Physical, Chemical and Optical Properties of REs.  REs consist of a 

NaYF4 Yb:Ln doped core (Ln: Er, Ho, Tm or Pr) surrounded by an undoped shell of 

NaYF4 (a). TEM images of REs (b) show uniform 10 nm spherical particles. X-ray 

crystallography (XRD) plot of REs confirm a predominately hexangonal phase crystalline 

structure (c), which has been shown to produce efficient and intense SWIR emission.  

Elemental weight percentages of various REs as determined by EDS reveal consistency 

with doping schemes (d). SWIR emissions of REs can be tuned by changing the types of 

rare earth dopant used during synthesis (e).  REs consisting of a NaYF4 host doped with 

ytterbium (Yb) and one or more elements selected from erbium (Er), holmium (Ho), 

thulium (Tm) and praseodymium (Pr) are favored for their low phonon energies that 

minimize non-radiative losses to enable intense emission spanning the SWIR region. In 

addition to traditional Stokes fluorescence, REs display upconversion fluorescence by 

exploiting low-energy NIR excitation to generate visible emissions.  As with SWIR 

emission, the visible (f, g) emissions of REs can be tuned by changing the types of rare 

earth dopant used during synthesis. The optical efficiency of a specific dopant scheme 

was determined by integrating sphere measurements and reveals REs are more efficient at 

generating SWIR emissions than visible, with RE(Er)s producing the most efficient 

emissions in the SWIR (h). Mean values ± s.e.m.; n = 3. 

 

 

  The absorption properties of biological tissues obtained from a TGS mouse 

exhibiting pigmented tumor lesions were examined from 400 to 1700 nm. The majority 

of tissue samples exhibited markedly low absorbance between 1000-1350 nm as well as 
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between 1500-1650 nm (Supplementary Fig. S3.2).  Strong tissue absorbers like 

melanin, in tumor samples, and hemoglobin, in blood samples, exhibited strong 

attenuation in the visible regime which was absent in the SWIR (Fig. 3.2c).  

 The tissue transmittance of SWIR and visible light emitted from the RE(Er)s was 

quantified using an integrating sphere operating in transmission mode. The results 

indicate that SWIR light at 1525 nm transmits 3- and 2-times more effectively in 

oxygenated blood and melanin-rich tumors, respectively, than 523/550 nm light (Fig. 

3.2d).  The differences in scattering between SWIR and visible light were observed after 

RE(Er)s were patterned and deposited underneath a mouse with resected intestines and 

irradiated with NIR excitation. While the visible emission from the RE(Er) mold was not 

discernible, the SWIR emission clearly resolved the “R” pattern (Fig. 3.2e).  Increasing 

the incident power resulted in more visible scatter and autofluorescence, obscuring the 

features and boundaries of the shape.   

    

3.3.3. Designing and Evaluating an In vivo SWIR Imaging System 

 Due to the lack of commercially available small animal SWIR imaging systems, 

we designed our own prototype consisting of low-powered (1.5 W, 0.14 W/cm
2
), fiber-

coupled, collimated NIR laser photodiode and a room temperature-cooled Indium 

Gallium Arsenide (InGaAs) SWIR camera to detect REs in vivo (Fig. 3.3a).  Using this 

system, video-rate imaging could be captured at ~19-22 frames per second which 

translates to an exposure time of ~45-53 msec.  A series of MATLAB codes were 

developed to generate a background-corrected heatmap of fluorescence distribution in the 

animals from acquired videos (Supplementary Fig. S3.3).  
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 We first determined the in vitro detection threshold of the RE(Er)s using SWIR 

emission. REs were embedded in a 1% agarose phantom, containing no scattering or 

absorbing agents, and imaged over concentrations ranging from 250 to 3.9 μg ml
-1 

(Fig. 

3.3b).  SWIR signal was quantified from a region-of-interest analysis and found to 

correlate linearly with concentration (R
2
 = 0.97) (Fig. 3.3e).  The detection threshold of 

RE(Er)s was found to be at approximately 3.9 μg RE(Er)s ml
-1 

(Fig. 3.3d).   

 We next measured the SWIR detection of RE(Er)s in living mice. RE(Er)s were 

mixed with Matrigel at various concentrations and injected subcutaneously into nude 

mice.  Imaging was then performed and the SWIR signal was evaluated as for the in vitro 

studies (Fig. 3.3c).  Again, SWIR emissions were found to correlate linearly with 

concentration (R
2
=0.98) (Fig. 3.3f).   

 

3.3.4. Proof-of-Concept Biomedical Applications for SWIR Imaging  

 To demonstrate real-time SWIR imaging, RE(Er)s were intravenously injected 

into nude mice via catheterized tail veins. Following injection, SWIR emissions were 

identified in the tail vein followed by the heart and lungs before finally accumulating in 

the liver and spleen (Fig. 3.4a,b).  In parallel, replicate animals were sacrificed and 

dissected as closely to each timepoint as possible.  SWIR emissions from excised organs 

confirm the localized distribution of RE(Er)s in tissues at each timepoint. The 

accompanying RE(Er) upconversion visible signal was notably absent.  
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Figure 3.2 – Tissue Transmission of SWIR Compared to NIR and Visible Light.  

Tissue phantom studies reveal that NIR light (800-950) generated from an 808 nm 

excitation diode is more greatly scattered than SWIR light (>1100 nm) emitting from a 

pellet of RE(Er)s after 980 nm excitation as captured by an Indium Gallium Arsenide 

(InGaAs) infrared camera (a).  Using the camera software, NIR transmission intensity is 

significantly attenuated through 2 mm of phantom tissue, whereas SWIR light is able to 

effectively transmit through 4 mm of tissue before similar attenuation is observed (b). 

Transmission spectra of two key absorbers, blood and melanin, were acquired through the 

visible and SWIR range (c). The absorbance of the melanin present in melanomas 
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exhibits a minimum beyond 900 nm in the SWIR (blue region), while blood shows an 

absorbance minimum beyond 700 nm. Note the break in the spectra from 800 to 900 nm 

is due to the spectrometer’s detector change.  SWIR transmission (1525 nm) through 

blood and tumor samples is approximately 3- and 2-folds greater, respectively, than 

compared to RE(Er) emissions in the visible (523 and 550 nm) (d). RE(Er)s were 

patterned into the shape of an “R,” placed beneath a mouse with resected intestines  and 

irradiated with 980 nm light (0.14 W cm
-2

) (e) SWIR emission easily distinguished the 

“R” shape while RE(Er) visible emission was attenuated by the mouse (visible emission – 

low).  Incident power was raised ~4 folds to ~0.5 W cm
-2

 (visible emission – high) and 

although emission was detected, the pronounced scattering of visible light significantly 

distorted the “R” shape. Mean values ± s.e.m.; n=3 (†P < 0.01) determined by Student’s 

t-test.  

 

 

 To evaluate the disease tracking capabilities of SWIR, RE(Er)s were 

intravenously injected into nude mice with developed melanoma xenografts. During 

imaging, irregular branching patterns from SWIR emission were seen near tumors (Fig. 

3.4c).  Intraoperative images revealed the abnormal pattern of SWIR emission 

corresponding to the surrounding tumor vasculature stemming from a large feeder vessel 

lining the inner skin over the chest and abdomen.  

 To highlight the potential use of multispectral SWIR imaging, REs emitting at 

two independent wavelengths were injected into the tumor sites of nude mice with 

xenograft C8161 human melanomas. Er- and Ho-doped REs were detected in separate 
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tumors following NIR excitation at distinct SWIR emissions (1525 and 1185 nm, 

respectively) by adjusting the filters on the SWIR imaging system (Fig. 3.4d).  Notably, 

the distinct SWIR emissions could be isolated with filters during full-body irradiation of 

the animal with a single NIR light source.   
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3.4. Discussion 

The development of probes which permit deeper tissue imaging is critical for the 

translation of optical imaging for clinical applications.  Fluorophores emitting in the 

SWIR have been reported to exhibit greatly enhanced signal-to-noise ratios compared to 

their counterparts in the NIR,
72

 opening the possibility of a new, second window for 

biomedical imaging.  However, a lack of multispectral SWIR probes has prevented the 

use of SWIR for in vivo imaging.
257

 To address this challenge, we have formulated a 

library of rare-earth doped nanoparticles (REs) that have tunable and discrete emissions 

spanning the entire SWIR window.  Furthermore, we have characterized and tested REs 

for in vivo applications.     

REs consisting of a NaYF4 rare-earth doped core and NaYF4 undoped shell were 

synthesized and characterized physically, chemically and optically.  These nanoparticles 

displayed uniform size and morphology distributions, shown by TEM (Fig. 3.1b).  The 

crystalline structure of the NaYF4 host, which has been shown to play an important role 

in determining fluorescence efficiency, was determined by XRD measurements to be 

predominately hexagonal (Fig. 3.1c).  Hexagonal phase NaYF4 hosts have been shown to 

exhibit up to an order of magnitude greater fluorescence efficiencies compared to cubic 

phase versions.
135

  Fabricating highly efficient SWIR-emitting probes is critical for 

extension and applications in biomedical imaging.      

By changing the lanthanide dopant used in the RE core, discrete spectral 

emissions were produced across the SWIR region using a single NIR (980 nm) excitation 

source.  Altogether, four distinguishable spectral patterns were produced using erbium, 

holmium, thulium and praseodymium dopant schemes. SWNTs, which have gained 
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attention for emitting in the SWIR, exhibit much broader emissions spanning over 100 

nm and exhibit optimal excitation near 650 nm outside the NIR transparent window.
243,244

   

The ability to tune the SWIR emissions of REs opens the possibility for multispectral 

imaging and, with appropriate targeting approaches, molecular imaging using excitation 

and emission wavelengths that are both in a tissue transparent spectral region. 
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Figure 3.3 – Illustration of SWIR-Imaging Prototype and Detection Capabilities. 

Schematic of a portable SWIR-imaging prototype consisting of a fiber-coupled, 

collimated NIR laser photodiode operating at 0.14 W/cm
2
 (1.5 W) and a room 

temperature-cooled Indium Gallium Arsenide (InGaAs) SWIR camera (a).   During the 

imaging, the excitation fiber is held at an arbitrary distance above the animal and slowly 

scanned across the body, enabling real time capture of SWIR emission. The distance of 

the fiber above the animal is held within the limits where the incident beam remains 

collimated.  REs were embedded in a 1% agarose phantom and imaged over several serial 

dilutions by a SWIR camera resulting in a linear  (R
2
=0.97) SWIR signal (b,e).   REs 

were also mixed with Matrigel and injected subcutaneously into nude mice (c,f). Imaging 

likewise revealed a linear relationship (R
2
=0.98) between SWIR signal and RE 

concentration.  The detection threshold by the SWIR camera was determined at 3.9 μg 

ml
-1

 (blue box) in the agarose phantom (d).  Mean values ± s.e.m.; n = 5. 

 

 

 Next, we compared the performance of SWIR emission from RE(Er)s to both 

visible and NIR light in phantom and animal-derived tissue samples.  Using phantom 

tissue composed of agarose and Intralipid, a well-characterized scattering medium, we 

determined that SWIR at 1525 nm is scattered less and penetrates deeper than NIR at 

~800 nm.  Qualitatively, NIR light was observed to broaden further with increasing 

phantom depth, likely due to wavelength-dependent scattering caused by the Intralipid.
258

  

The scattering observed with NIR can lead to information loss during imaging,
239

 

resulting in poorer resolution and greater difficulty in distinguishing signal source 
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features.  Indeed, this was made evident when RE(Er)s were patterned into a defined 

shape and placed underneath a mouse carcass (Fig 3.2e).  While the visible upconversion 

fluorescence was either attenuated with low power excitation or highly scattered and 

blurred with high power excitation, SWIR emissions could penetrate through the animal 

while retaining accurate optical information regarding the structure and position of the 

shape. Furthermore, we observed enhanced SWIR transmission compared to visible light 

through tissue absorbers including blood and melanin.  Taken together, these results 

highlight the promise of SWIR derived from REs for biomedical imaging purposes.  

 SWIR-based imaging requires a simple set-up that can be rapidly implemented in 

a preclinical or clinical environment. We designed a basic imaging platform consisting of 

an indium gallium arsenide (InGaAs) camera for video-rate SWIR detection, low power 

NIR photodiode for RE excitation and image post-processing software. Compared to 

another similarly functioning system that has been reported in the literature which uses a 

5-8 W pulsed NIR source and liquid nitrogen cooled InGaAs camera with exposure times 

in the hundreds of milliseconds,
239,243,244

 our prototype operates at significantly lower 

excitation power (~1.4 W) and detector sensitivity. Furthermore, our imaging set-up is 

inexpensive, removing one potential barrier to widespread preclinical and clinical 

implementation.    

 Finally, we explored the potential of REs as contrast agents for several important 

biomedical imaging applications: 1) real-time probe detection, 2) anatomical 

discrimination, and 3) multi-spectral signal resolution.  Following injection via the tail 

vein, RE(Er)s were observed throughout the vasculature network and tracked through 

individual organs such as the lungs and heart before accumulating in the liver and spleen. 
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Transient SWIR emissions were observed in both the lungs and heart, confirming the 

circulation and whole-body distribution of the nanoparticles.  Strikingly, video imaging 

clearly revealed pulsing SWIR emissions in the animal’s chest, likely due to the 

movement of RE(Er)s through the beating heart and active lungs. Over the course of 

imaging, SWIR emission intensity progressively increased in both the liver and spleen, 

organs part of the reticuloendothelial system (RES) that mediate nanoparticle clearance.  

Although SWIR emission was briefly seen in the kidneys, this was likely due to first pass 

circulation and not renal clearance.  The imaging study strongly suggests that the RE(Er)s 

are removed from circulation primarily through RES filtration.  Importantly, both the 

real-time circulation and spatio-temporal distribution of RE(Er)s in individual organs 

could be distinguished.  This provides a means for rapidly evaluating nanoparticle 

biodistribution in real-time within deep tissue using SWIR. Notably, in all locations 

where SWIR emission was observed in the mice, the upconversion fluorescence signal of 

the REs was absent, likely due to absorption and scattering losses caused by blood and 

tissue components.  
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Figure 3.4 – Proof-of-Concept In vivo SWIR Imaging. Video-rate biodistribution of 

intravenously injected RE(Er) was captured in hairless mice using the imaging system 

prototype from both the ventral (a) and left lateral (b) views. SWIR emission was initially 

detected in the vasculature of the tail and branching through the abdomen (5 s) before 

progressing through the lungs (10 s), liver (30 s) and spleen (30 s) over the course of 60 

seconds.  RE(Er)s were transiently seen in the kidneys (c, 30 s).  Insets (b) show excised 
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organs including sampled blood (5 s), lungs (10 s), liver (30 s, top) spleen (30 s, middle) 

and kidneys (30 s, bottom) taken from replicate mice sacrificed as closely as possible to 

each time point.  The high-resolution capabilities of the imaging system and enhanced 

transmission of SWIR through blood was examined in nude mice bearing melanoma 

xenografts.   Mice were injected with RE(Er) intravenously and imaged over time.  

Irregular, branching emission patterns were observed near tumor regions that were 

associated with surrounding vasculature upon dissection (c).  Proof-of-concept 

multiplexed SWIR imaging was performed with the RE(Er) and RE(Ho) in nude mice 

with developed melanoma xenografts (d). Filter sets were adjusted to capture only the 

1525 nm emission of the RE(Er) and subsequently changed to capture the 1185 nm 

emission of the RE(Ho). Tumors were excised and confirmed to show the localized 

SWIR signal. Representative images (n=3) are shown in all instances. 

 

 

 To highlight the enhanced blood transmission of SWIR, tumor-burdened mice 

were injected with RE(Er)s and imaged in real-time.  Aberrant vascular patterns were 

observed near tumor xenografts during whole body imaging which corresponded to 

tumor vasculature during intraoperative imaging (Fig. 3.4c).  The SWIR emissions from 

RE(Er)-rich blood appeared to distribute through the tumor, possibly indicating passive 

targeting of the REs.  Both the feeder vessel and individual angiogenic blood vessels 

lining the tumor were easily resolved without any further modifications to the imaging 

system, unlike earlier reports of vascular imaging using SWNTs.
243

 These results 

highlight the clinical potential of SWIR to identify and monitor pathological states such 
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as tumor angiogenesis or cardiovascular lesions, current challenges for many imaging 

modalities.
259,260

   

 Finally, our studies provide, to the best of our knowledge, the first successful 

demonstration of multispectral SWIR imaging in vivo. Using a single, low power 

excitation source in the NIR, separate SWIR signals could be identified from REs 

injected into different tumors.  Our current system and probe library therefore has the 

potential to image up to four distinct SWIR signals in vivo simultaneously. Combined 

with molecular targeting approaches, multispectral REs have the potential to open a new 

field of molecular imaging with superior SWIR optical properties. 
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3.5. Conclusion 

 In this work, we have reported on the first evidence of multi-spectral, real-time 

SWIR in vivo imaging using rare earth nanoprobes and demonstrated the improvements 

that can be made with the current standards of optical imaging using SWIR light.  Our 

work has determined that utilizing SWIR light for in vivo imaging affords both 

qualitative and quantitative benefits over conventional imaging approaches that rely on 

NIR or visible light.  Furthermore, we have provided details regarding the design of a 

cost-effective SWIR imaging system that can be readily applied in both a pre-clinical and 

clinical setting.   We envision use of this platform imaging technology in a wide variety 

of biomedical applications including deep tissue imaging, real-time nanoparticle tracking 

and multispectral molecular imaging. 
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3.6. Supplementary Figures 

 

Supplementary Figure S3.1 – SEM Micrographs of Micron Sized REs.  Micron-sized 

RE(Er) (a) and RE(Ho) (b) particles exhibit distinct rod-like morphology as seen under 

SEM.  
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Supplementary Figure S3.2 – Absorbance SWIR Through Various Tissue Samples.   

Absorbance spectra of various tissue components spanning from 400 to 1700 nm reveals 

a distinct region between 900-1300 and 1500-1700 nm exhibiting very low tissue 

absorbance, confirming earlier reports of a second window of biological transparency (a).  

Note the break in the spectra from 800 to 900 nm is due to the spectroscope detector 

change.  
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Supplementary Figure S3.3 – Image Processing Workflow. The SWIR video files 

obtained from our imaging system (bottom right corner) were processed using a series of 

MATLAB algorithms to generate a background-corrected heatmap of fluorescence 

distribution in the animal.  Two sets of videos were captured for each animal: pre- and 

post-nanoparticle injection scans.  These videos were processed using the VideoMax.m 

algorithm, which generates a single image composed of the highest intensity pixels of 

SWIR fluorescence.  The BackgroundSubtraction.m algorithm is then applied to subtract 

any background SWIR fluorescence from the post-injection images.  The HMap.m 

algorithm is used on the background-corrected images to apply a color heatmap of 

fluorescence.  In parallel, single-frame SWIR images of the mice were captured under 

ambient light conditions. The contrast of these images was enhanced and merged with the 

appropriate heatmaps to generate the final images. 
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CHAPTER 4 

 

INVESTIGATION OF BIOACTIVE FORMULATIONS OF RARE-EARTH 

DOPED NANOPARTICLES IN ENCAPSULATED ALBUMIN NANOCARRIERS 

FOR TUMOR IMAGING 

 

 

 

 

 

 

 

 

 

 

 

Sections of this chapter are currently being prepared for publication elsewhere as part of 

an article entitled: 

 

“Rare-earth doped nanoparticles as bioactive probes for shortwave infrared in vivo 

imaging” 

D.J. Naczynski, M.C. Tan, M. Zevon, B. Wall, J. Kohl, A. Kulesa, S. Chen, C.M. 

Roth, R.E. Riman, P.V. Moghe 
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Abstract 

 The availability of exogenous optical contrast agents that can be resolved 

sensitively within deep tissues and targeted to specific disease states is critical for the 

effective and widespread clinical translation of optical imaging.  Short wavelength 

infrared (SWIR) detectable agents were recently reported to offer significant advantages 

over traditional near infrared (NIR) probes for in vivo optical imaging.   This chapter 

focuses on disease targeting SWIR imaging using inorganic-organic nanocomposite 

formulations of the rare earth contrast probes developed in the previous chapter.  Human 

serum albumin was used to encapsulate rare earth doped nanoparticles (RE(Er)s), 

forming SWIR-emitting nanocomposites of tunable hydrodynamic diameters.  The 

presence of albumin, as well as the thickness of encapsulation, strongly influenced the 

pharmacokinetic profile of RE(Er)s and prolonged the nanocomposite circulation in vivo.  

Importantly, albumin encapsulation increased the amount of RE(Er)s delivered by greater 

than 10-fold compared to uncoated RE(Er)s in metastatic tumors generated de novo in a 

murine transgenic melanoma model.  Additionally, nanoparticles were readily imaged 

through dense, pigmented tumor using SWIR detection, and successfully resolved at 

specific organs in a spatio-temporal manner. Our results demonstrate the effect of a 

bioactive albumin coating on inorganic nanoparticles and its effect on biodistribution and 

disease targeting ability.  
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4.1. Introduction 

 Optical imaging offers a range of unique features that complement the biological 

information gained from current clinical imaging modalities such as computed 

tomography (CT), magnetic resonance imaging (MRI) and positron emission tomography 

(PET).
33,35,51,58,261

  Optical imaging offers the safety of non-ionizing radiation with the 

convenience of simple, cost-effective imaging systems that can be readily implemented 

within a clinical setting.
262

 Fundamentally, optical imaging is governed by the interaction 

of photons with biological tissues.  The greatest challenge for implementing optical 

imaging for clinical applications is the limited depth of tissue through which light can 

penetrate.
72

  

 The total attenuation of photons through biological tissues is a sum of the losses 

sustained by both light absorption and scattering.
72

   The discovery that light in the near 

infrared range (NIR 700-1000 nm) is absorbed by tissue components to a lesser extent 

than visible light has led to the development of numerous NIR imaging approaches in this 

first “tissue transparent window.”
31

 Light scattering is a complex phenomenon wherein a 

photon deviates from the parallel axis of its path.
72

 In addition to reducing penetration 

depth, scattering can also lead to a reduction of structure resolution within a biological 

environment.
239

 It has been reported that light in the short wavelength infrared range  

(SWIR 1000-2000 nm) exhibits significant reductions in scatter losses compared to NIR 

and has comparably low absorption characteristics.
72

 The development of materials or 

contrast agents that can exploit the benefits of SWIR would therefore accelerate the 

development of a potentially disruptive clinical imaging platform.  
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 Contrast agents provide a means of detecting changes in native surroundings 

during imaging.  With proper design, contrast agents can target and visualize specific 

biological features or events, such as specific molecular receptors or disease 

progression.
74

 While there are numerous contrast agents that can be visualized with low-

absorbing NIR, few materials can effectively exploit the benefits of SWIR for biological 

imaging.
257

 Currently available materials, such as single-walled carbon nanotubes and 

SWIR-emitting quantum dots QDs, lack the physical tunability for controlled in vivo 

pharmacokinetics or the safety for widespread clinical use.
257

 Recently, a new class of 

nanoparticles, composed of NaYF4 doped with ytterbium (Yb) and erbium (Er) 

(RE(Er)s), has been shown to efficiently generate intense SWIR emissions.
141

 However, 

poor aqueous solubility, lack of functional groups and moderate cytotoxicity preclude the 

use of RE(Er)s as synthesized for biological applications.
128

    

 Our previous work has shown that the encapsulation of RE(Er)s in human serum 

albumin (HSA) yields a significant reduction of RE(Er) toxicity, an aqueous-dispersible 

encapsulate, and surface groups capable of chemical conjugation for the purpose of 

disease targeting.
128

 HSA is known to exhibit distinct preferential affinity for tumor 

associated molecules when incorporated into a nanoparticle form, offering a unique 

opportunity for the delivery of contrast agents such as RE(Er)s.  Current FDA-approved 

HSA nanoparticles, for example, have been shown to improve the circulation time of 

bound therapeutics
263

 and are thought to interact with molecular targets resulting in 

improved drug delivery and lengthened particle retention at tumor sites.
264,265

 

 In the studies described within this chapter, RE(Er)s were encapsulated in HSA to 

form rare-earth albumin nanocomposites ((RE)ANCs) and evaluated for in vivo  tumor 
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targeting.  Through the size controlled HSA encapsulation of RE(Er)s, the importance of 

both nanoparticle size and surface properties for the enhanced delivery of RE(Er)s into 

tumor tissue was investigated.  Our results show that the albumin-mediated bioactivity of 

(RE)ANCs strongly influences the pharmacokinetic profile of RE(Er)s, promoting 

increased circulation and more widespread, rapid biodistribution. Furthermore, we 

observed significantly greater accumulation of smaller (RE)ANCs in tumors exhibited by 

transgenic mice when compared to non-encapsulated RE(Er)s or larger (RE)ANCs. 

Taken together, our results indicate that significant improvements in both the 

pharmacokinetics and tumor targeting potential of RE(Er)s can be achieved by the 

controlled encapsulation by HSA. 
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4.2. Methods 

4.2.1. Synthesis of REs 

 NaYF4:Yb,Er nanoparticles (RE(Er)s) were prepared using solvothermal 

decomposition of rare earth trifluoroacetate precursors in oleylamine as described 

previously
128

. Briefly, a core precursor solution was prepared by dissolving 

stoichiometric amounts of 99.9% erbium trifluoroacetate, 99.9% yttrium trifluoroacetate, 

99.9% ytterbium trifluoroacetate (GFS Chemicals, Columbus, OH) and 98% sodium 

trifluoroacetate (Sigma Aldrich, St. Louis, Missouri) in oleylamine. The shell solution 

was prepared by dissolving stoichiometric amounts of the sodium and yttrium 

trifluoroacetates in oleylamine. The core solution was then heated to 340°C under 

vigorous stirring in an inert argon atmosphere to allow the formation of the core particles. 

The shell precursor was then added and after cooling, the synthesized nanoparticles were 

washed three times in ethanol by centrifuging at 15,000g (Beckman Coulter Inc., Avanti 

J-26 XP, Fullerton, CA) and freeze-dried at -40°C (SP Industries Inc., VirTis AdVantage 

Plus Warminster, PA).  

 

4.2.2. Physical and Optical Characterization of RE(Er)s 

 RE(Er)s were both physically characterized using transmission electron 

microscopy (TEM) and optical spectroscopy.  

 Particles were visualized by using a TEM instrument (JEOL 2010F, Tokyo, 

Japan) operated at 200 kV. After synthesis, RE(Er)s were washed with an 

ethanol/methanol solution and resuspended in toluene, sonicated and deposited on a 400-

mesh Formvar-backed carbon-coated copper grid (EMS, Hatfield, PA).  Solutions were 
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dried in an oven at 60°C before imaging.  To determine the average size of RE(Er)s, 

approximately 100 particles were measured from acquired TEM images.  

 The emission spectra of powdered RE(Er)s held in a 0.5 cm path length cell were 

recorded following excitation using a 2.5 W 975 nm photodiode (model BWF-OEM 975, 

BW Tek, Newark, NJ). The emission from the sample was collected using a FSP920 

Edinburgh Instruments spectrometer (Edinburgh Instruments, Livingston, United 

Kingdom) that was equipped with a Hamamatsu G5852-23 thermoelectrically cooled 

shortwave infrared sensitive InGaAs photodiode.  

 

4.2.3. (RE)ANC Synthesis and Characterization 

 (RE)ANCs were prepared through the modification of an established controlled 

coacervation technique as described previously.
128

 Briefly, a 2% (w/v) solution of HSA in 

NaCl at pH 8.50 +/- 0.05 was prepared and adjusted with 0.1 M NaOH.  The 

concentration of NaCl was varied between 2 mM and 12 mM to change the thickness of 

the albumin nanocomposite coating. Under continuous stirring at 700 rpm and room 

temperature, ethanol (2 mL) sonicated with RE(Er) nanoparticles (0.2 mg mL
-1

) was 

added with a syringe pump (Harvard Apparatus PHD 2000, Holliston, MA) at 1.5 mL 

min
-1

 to the HSA solution (500 mL). Immediately following ethanol addition, 

glutaraldehyde solution (0.24 μL mg
-1

 HSA) was added to stabilize and crosslink the 

nanoparticle suspension. The particles were left to crosslink overnight under stirring at 

room temperature. 

 (RE)ANC were purified by three rounds of centrifugation at 8,000xg and 

48,400xg for 2 mM NaCl formed nanoparticles for 8 min at 4°C (Beckman Coulter, 
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Avanti J-E Centrifuge) for (RE)ANCs formed under 12 mM and 2 mM NaCl conditions, 

respectively. Following centrifugation, nanoparticles were washed and redispersed with 

PBS.  The last redispersion step concentrated the nanoparticles to x10 with PBS. 

Redispersion was performed in an ultrasonication bath (Fisher Scientific, FS60) for 15 

min. 

 Hydrodynamic size distributions, polydispersity indices, and zeta potential 

calculations were determined for (RE)ANCs using a Malvern Zetasizer Nano (Zen 3690, 

Malvern, Worcestershire, UK). Samples were diluted 1:50 in deionized water for z-

average size, or intensity mean, and polydispersity measurements and diluted 1:50 in PBS 

(pH 7.4) for zeta potential calculations. Z-average sizes and polydispersity indices of 

three sequential sample scans (3 runs scan
-1

, 60 s scan
-1

) were measured at a 90° 

scattering angle at 37°C. Z-average potential calculations were also performed over three 

sequential sample scans (20 runs scan
-1

, 10 s scan
-1

) using the Smoluchowski model. At 

least four separate batches of particles were measured and averaged in this manner for all 

tested parameters.   

 For determination of particle protein content, samples were diluted 1:5 in PBS 

and assayed by bicinchoninic acid (BCA; Pierce Chemical Co., Rockford, IL) using 

known quantities of bovine serum albumin as a standard. 

 (RE)ANCs were visualized using an SEM instrument (Carl Zeiss igma) operated 

at an accelerating voltage of 5.0 kV with working distance of 10 mm. After synthesis, 

(RE)ANCs were lyophilized and the resulting powder was deposited on an aluminum 

sample holder coated with double-sided carbon tape. A layer of Au was sputtered on top 

of the dried film with a Balzers SCD 004 Sputter Coating Unit (Balzers, Liechtenstein). 



125 

 

 

Images were captured using the secondary electron detector. For lyophilized size 

measurements, approximately 100 individual (RE)ANCs were measured and sizes 

averaged from SEM images.  

 

4.2.4. Animal Models 

 Biodistribution and tumor accumulation studies were performed using transgenic 

mice that are predisposed to develop multiple melanomas (TG-3). The TG-3 mice were 

developed by Dr. Suzie Chen as described previously.
256

  Pigmented tumors on distant 

organs are observed by 3-4 months after birth and tumor progression closely mimics the 

growth and metastasis patterns of clinical human melanoma.
256

  Hairless versions of the 

TG-3 animal, TGS, were developed for ease of tumor visualization and were used in this 

study. Animals were inspected for tumor development twice weekly. Animals that had 

adequate tumor development were used for imaging and biodistribution studies.  

 All animal studies were approved by the Institutional Review Board for the 

Animal Care and Facilities Committee of Rutgers University and performed in 

accordance with institutional guidelines on animal handling. 

 

4.2.5. Imaging Prototype and Post-Processing    

 A prototype of a small animal SWIR-imaging system was utilized to investigate 

the photonic behaviors of the nanocomposites using noninvasive fluorescence imaging. 

The in-house SWIR-imaging prototype consists of fiber-coupled NIR laser photodiode 

which operates at 980 nm and 1.4-1.5 W, and an InGaAs camera (Goodrich, Princeton, 

NJ) positioned approximately 12 in above the imaging surface. A collimator with a NA = 
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0.25 and f = 37 mm (Thor Labs, Newton, NJ) was attached to the excitation fiber to 

enable a uniform and constant excitation beam radius which is independent of the 

distance between source and animal subject.  Based on the power output and collimation, 

the animal was irradiated with approximately 0.13-0.14 W cm
-2 

of 980 nm light. During 

the imaging, the excitation fiber was held at an arbitrary distance above the animal and 

slowly scanned across the animal’s body. The distance of the fiber above the animal was 

held within 12 in of the animal, within the limits where the incident beam remains 

collimated. Any SWIR emissions were then simultaneously captured in real time by the 

SWIR camera that was positioned in a fixed height above the animal.  Videos were 

captured at 19-22 frames per second (i.e. detection exposure time 45-53 msec).  Optical 

filters were fitted, as described earlier, onto the SWIR camera to eliminate detection of 

the NIR excitation source to confidently determine that only the SWIR emissions were 

captured.  An incandescent Xe flashlight (Mini Maglite AA-Cell Flashlight, Maglite, 

Ontario, CA) was also to provide backlight to partially resolve the location of the mouse.  

Finally, black Neoprene rubber or a latex-paint-coated cardboard was used as the 

background surface on which the mouse was placed to reduce the amount of ambient 

reflected light and produce a favorable signal-to-noise ratio.  Acquired SWIR video files 

were processed using a series of MATLAB codes to generate a background-corrected 

heatmap of fluorescence distribution in the animal. 

 In order to quantify fluorescence, ImagePro was used to select areas of 

fluorescence and report the average intensity of all selected pixels. For each image, the 

average intensities of fluorescent regions of interest (ROI) was measured, and the average 

intensity of the non-fluorescent background was subtracted from each value.  
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4.2.6. Qualitative Imaging of Biodistribution  

 TGS mice were fully anesthetized with an intraperitoneal injection Avertin 240 

mg/kg prior to imaging.  Mice were scanned with the collimated 980 nm laser prior to 

nanocomposite injection in order to establish a baseline for autofluorescence (background 

image).  Mice were then injected with 10 mg RE(Er) nanoparticles kg
-1

 of either 1) 

uncoated, 2) 2mM (RE)ANCs or 3) 12mM (RE)ANCs via intraperitoneal injection (IP). 

Approximately 15 minutes, 12, 24, 48 and 72 h post-injection, mice were irradiated with 

the collimated 980 nm laser in supine, prone and both left and right lateral positions 

under anesthesia.   

 

4.2.7. Quantitative Biodistribution Analysis 

 Mice exhibiting vascularized melanoma tumors were injected with 100 μL of the 

0.5 mg RE(Er) nanoparticles ml
-1

 in PBS. At 12, 24, 48 and 72 hours the mice were 

euthanized and their organs were collected. The organs were rinsed with PBS and 

weighed, then stored at -80°C until digestion. Tissue samples were digested in 16 M 

nitric acid (Fisher Scientific, Waltham, MA) and evaporated, then reconstituted in 10% 

nitric acid to account for differences in sample volume. In detail, excised organs were 

placed in Teflon vials and 5 mL of 16 M HNO3 was added. The organs were heated to 

200°F and allowed to digest. The vials were allowed to reflux with the lids on for 30 

minutes. The acid was then evaporated down and brought back to a final volume of 5 ml 

in 10% HNO3 diluted with ultrapure water. The yttrium content of the digested organs 
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was quantified using a Thermo X Series II ICP-MS (Thermo scientific) to determine the 

total amount of yttrium in the organ, and therefore the concentration of particles. 
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4.3. Results 

4.3.1. Synthesis and Characterization of (RE)ANCs 

 RE(Er)s were surface modified with HSA, forming rare-earth albumin 

nanocomposites ((RE)ANCs) by solvent-induced controlled coacervation of albumin 

(Fig. 4.1a).   By varying the amount of sodium chloride in the HSA solution prior to 

coacervation, the size of the final nanoparticles could be controlled.  Two sets of 

(RE)ANC particle sizes were synthesized: 100 nm (small)  and 280 nm (large) 

hydrodynamic diameters.  (RE)ANCs of all sizes retained the unique SWIR (Fig. 4.1b) 

and upconversion emission (Supplementary Fig. S4.1) spectra of the coated REs after 

albumin encapsulation.  SEM imaging revealed spherical, monodisperse nanoparticles 

with lyophilized diameters of ~50 nm for small (RE)ANCs (Fig. 4.1c) and ~100 nm for 

large (RE)ANCs (Fig. 4.1d).  Both sets of particles had low polydispersity in aqueous 

solution and comparable amounts of RE(Er) and HSA content (Fig. 4.1e).  In addition, 

both particles exhibit negative zeta potentials in PBS (Fig. 4.1e).   
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Figure 4.1 – Physical and Optical Properties of (RE)ANCs.  RE(ANC)s consist of 

REs encapsulated by a coating of HSA, which can be tuned in size. (a). Both small and 

large (RE)ANCs retain the SWIR emission of the encapsulated REs, exhibiting peak 

emission between 1550-1600 nm following 980 nm excitation (b). SEM images of both 

small (c) and large (d) (RE)ANCs show uniform sub-100 nm spherical particles.  From 

the SEM images, small and large lyophilized (RE)ANCs exhibit an average size of 46 nm 

and 100 nm which appears to swell when hydrated to 100 and 280 nm, respectively.  DLS 

measurements confirm a low polydispersity and heterogeneity of size.  Furthermore, both 

formulations show negative zeta potentials in PBS (pH 7.4), with the HSA content 

increasing for larger (RE)ANCs (d). Mean values ± s.d.; n=5.  
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4.3.2. In vivo Pharmacokinetics and Biodistribution of Nanoparticles 

 RE(Er)s, small (RE)ANCs and large (RE)ANCs ranging across three separate 

populations of sizes (Fig. 4.2) were injected intraperitoneally (i.p.) into TGS mice.   

Pharmacokinetic data indicate that (RE)ANCs enter into circulation after IP injection 

more rapidly than uncoated RE(Er)s (Fig. 4.3a).  Small (RE)ANCs enter into circulation 

immediately after injection, followed by a secondary peak approximately 1 h after 

injection.  Notably, a third peak in yttrium concentration is seen after 2 h and sustained 

for over 6 h following injection.  Large (RE)ANCs exhibit more traditional biphasic 

circulation, peaking in concentration approximately 1 h after injection.  In contrast, 

RE(Er)s have significantly delayed biphasic behavior, entering circulation at low 

concentrations approximately 2 h after injection and quickly removed from the blood.  

Metabolic studies conducted at 24 h reveal clearance of all 3 formulations predominately 

in the feces for TGS mice after i.p. injection (Fig. 4.3b). 

 Accumulation was observed predominantly in the two main organs of the 

reticuloendothelial system (RES), the spleen and liver, as well as in the peritoneum for all 

nanoparticles tested.  Significantly less accumulation was seen in the kidneys, lymph 

nodes and lungs. Blood, brain and heart displayed negligible yttrium presence (<0.1% ID 

per gram tissue) at the tested timepoints (Supplementary Fig. S4.2).  
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Figure 4.2 – Narrow Size Distribution of Tested Nanoparticle Formulations. 

Histogram of lyophilized size distributions for RE(Er), small (RE)ANCs and large 

(RE)ANCs show narrow and distinct populations. 

    

 

4.3.3. Tumor Accumulation of Nanoparticles in Transgenic Melanoma Mice 

 Following IP injection of the RE(Er)s, SWIR fluorescence was localized to the 

abdominal cavity and site of injection of TGS mice even after 76 h (Fig. 4.4a).  In 

contrast, the SWIR emission of small and large (RE)ANCs in the peritoneal cavity 

progressively diminished over time.    Long-term studies have indicated that RE(Er)s stay 

localized in the abdominal cavity over 6 days (Supplementary Fig. S4.2). In contrast, 

SWIR imaging of both large and small (RE)ANCs show widespread fluorescence after 

injection.  

 The small (RE)ANCs distributed towards tumor sites located near the ears of the 

TGS mice beginning at 12 h, with peak accumulation at 24 h and clearance by 72 h (Fig. 
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4.4b).  The accumulation and clearance of SWIR fluorescence was described by a 

polynomial fit for the small and large (RE)ANC formulations (R
2
 =0.99 and 0.96, 

respectively) (Fig. 4.4c). ICP-MS was performed to confirm the presence of yttrium and 

quantify the amount of nanoparticles in the tumors (Fig. 4.4d).  At 12 h, both small and 

large (RE)ANCs accumulated approximately 5-fold more than RE(Er), while at 24 h 

small (RE)ANCs accumulated at tumor sites over 10-fold more than RE(Er) or large 

(RE)ANCs. 

 

 

Figure 4.3 – Pharmacokinetics of Formulations.  RE(Er)s, large and small (RE)ANCs 

were injected IP into TGS mice and blood analyzed at 5, 15, 30, 60, 120, 240, 360 

minutes post injection. Both albumin formations resulted in spikes of yttrium observed in 

sampled blood over the first 5 m (for small (RE)ANCs) and ~60 m (for large (RE)ANCs), 

while RE(Er)s did not readily enter into circulation over the entire timecourse.  These 

results suggest the size and surface characteristics of the small (RE)ANCs facilitate rapid, 

systemic distribution, while the RE(Er)s remain inert in the peritoneum cavity after 

injection.  Metabolic studies conducted at 24 h reveal predominant clearance of all 3 
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formulations in the feces for TGS mice after IP injection. Mean values ± s.e.m.; n = 3, 

animals pooled for metabolic studies. 
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4.4. Discussion 

 The emergence of optical contrast agents that can sensitively highlight and 

selectively target diseased tissue will expand the utilization of optical imaging for clinical 

applications.  SWIR-based imaging affords the benefits of low tissue autofluorescence 

combined with reduced scattering.  It has been reported that imaging in the SWIR can 

improve signal-to-noise ratios by over 100-fold compared to imaging in the near infrared 

(NIR).
257

 However, the development of non-toxic SWIR-emitting materials whose size 

can be controlled to modulate pharmacokinetics is currently lacking.
257

 To address this 

unmet need, we have developed a novel class of nanocomposite probes ((RE)ANCs) 

consisting of SWIR-emitting RE(Er)s encapsulated within tumor-targeting albumin 

nanoparticles. 
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Figure 4.4 – SWIR Images of TG3 Mice IP Injected with RE(Er)s, Small and Large 

(RE)ANCs.  Representative (n=3) images show that following IP injection of the RE(Er), 

SWIR fluorescence is localized to the abdominal cavity and site of injection of TGS mice 

even after 76 h (a, white arrows).  In contrast, SWIR imaging of both large and small 

(RE)ANCs show widespread fluorescence after injection indicative of reduced 

aggregation.  The small (RE)ANCs spread towards tumor sites located near the ears of 
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the TGS mice beginning at 12 h (b), with peak accumulation at 24 h and clearing by 72 h.  

The accumulation and clearance of SWIR fluorescence was described by a third-order 

polynomial fit for the small and large (RE)ANC formulations (R
2
 =0.99 and 0.96, 

respectively) (c). Finally, ICP-MS was done to confirm the presence of yttrium and 

quantify the amount of nanoparticles in the tumors.  At 12 h, both small and large 

(RE)ANCs accumulated approximately 5-fold higher than RE(Er) while at 24 h, small 

(RE)ANCs accumulated at tumor sites over 10-fold more than RE(Er) or large 

(RE)ANCs. Mean values ± s.e.m.; n=10 for 12 h and 24 h, n=5 for 48 h and 72 h (*P < 

0.10; **P < 0.05;  ***P < 0.02) determined by one-way ANOVA, Tukey post-hoc.  

 

 

 Based on our previous work, the surface modification of RE(Er)s with albumin 

affords the rare-earth phosphors unique biological properties, such as minimized aqueous 

aggregation, significantly reduced in vitro cytotoxicity, and molecular targeting 

potential.
128

 In addition to being inherently biocompatible, albumin has been shown to 

exhibit preferential localization to tumors via multiple mechanisms including strong 

affinity toward secreted SPARC, a protein known to be upregulated in many different 

tumors such as breast, prostate, liver, brain and melanoma among others.
266

 SPARC has 

been suggested to contribute towards the effectiveness observed with FDA-approved 

albumin-based nanoparticle drug delivery platforms.
264

 In addition, albumin has been 

known to preferentially accumulate in various tumors, acting as a nutrient source for 

protein synthesis.
267

 Furthermore, albumin is thought to assist in the endothelial 

transcytosis of albumin-bound plasma components into the extravascular space via 
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binding with the gp60 receptor (albondin).
265

 As a consequence, albumin nanoparticles 

are able to take advantage of several native characteristics of tumor biology leading to 

enhanced tumor accumulation and prolonged nanoparticle retention in the tumor 

interstitial space.            

 Here, RE(Er)s were encapsulated in albumin to form nanocomposites 

((RE)ANCs) of various diameters. Both sets of (RE)ANCs exhibited similar surface 

charges as well as albumin and RE(Er) loading. The hydrodynamic diameter was tunable 

with small (RE)ANCs approximately 100 nm in diameter and large (RE)ANCs 280 nm in 

diameter.  The size of (RE)ANCs was regulated by adjusting the sodium chloride 

concentration in aqueous HSA, with lower sizes producing smaller particles by the 

reduction in electrostatic shielding leading to reduced protein aggeration.
175

 The observed 

size of the nanoparticles in solution was much larger than when lyophilized and imaged 

under SEM, due to the reduction of bound water swelling the nanoparticles.   

 We first determined the pharmacokinetic and biodistribution profiles of the 

uncoated RE(Er)s and both sizes of (RE)ANCs in TGS mice in order to understand how 

both physical and surface properties affect nanoparticle behavior in vivo.  Each set of 

(RE)ANCs was detected in the blood within 1 h of i.p. injection.  In contrast to large 

(RE)ANCs, small (RE)ANCs showed sustained circulation beyond 2 h over the course of 

the study (8 h).  These results indicate that both the size (100 nm) and surface properties 

(albumin) of small (RE)ANCs encourage the systemic distribution of the encapsulated 

RE(Er)s through the peritoneal barrier after i.p. administration.  

 All nanoparticle formulations cleared primarily through RES organs, such as the 

liver and spleen, which is expected of larger nanoparticles.
268,269

 In addition, our 
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metabolic studies indicate a significantly greater degree of clearance through the feces 

than urine for all formulations.  Combined with the biodistribution data, these 

measurements suggest that the nanoparticles are cleared primarily through hepatobiliary 

excretion.  Extended studies are warranted to determine the total length of time required 

for complete clearance after administration. 

 Finally, to determine the feasibility of using SWIR to diagnose preclinical 

disease, we evaluated the ability of various RE formulations to identify tumor locations in 

TGS mice.  As expected from the pharmacokinetic data, small (RE)ANCs accumulated to 

a greater degree in tumors located predominately around the ears of the mice.  Notably, 

the SWIR emission signal was clearly observed even through dense, pigmented tumor 

tissue.  For large (RE)ANCs, there was a significantly lower amount of tumor-associated 

SWIR signal delayed relative to small (RE)ANCs, indicating slower uptake kinetics for 

the large (RE)ANCs from the site of injection.  The small hydrodynamic diameter and 

slightly negative zeta potential of the small (RE)ANCs may contribute to their enhanced 

tumor localization.  It has been suggested that nanoparticles with slightly charged 

surfaces between 10-150 nm in diameter are more effective at penetrating and being 

retained in vascularized tumors.
270

 The accumulation of the small (RE)ANCs at tumor 

sites may be due both to albumin-mediated transport into the tumor interstitium
265

 and to 

the enhanced permeation and retention (EPR) effect mediated by endothelial cells lining 

blood vessels near tumors (Fig. 4.5).  The EPR effect enables nanoparticles as large as 

300 nm
271

 to leak from blood plasma and accumulate in tumor tissue, explaining the 

reduced accumulation of large (RE)ANCs at lesion sites. Small (RE)ANCs may therefore 
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exploit a combination of physical and molecular properties which lead to their 

preferential uptake in tumors, amplifying SWIR emissions in the melanoma lesions. 

 

 

 

Figure 4.5 – Proposed Mechanism for (RE)ANC Tumor Accumulation in TGS Mice. 

Imaging of SWIR-emitting nanoparticles was performed before and after injection with 

our small animal SWIR imaging prototype (main panel). Driven by the demand for 

oxygen and nutrients, most growing solid tumors induce angiogenesis, including 

melanomas developed by TGS mice. During circulation, (RE)ANCs (right panel) avoid 

aggregation and are able to freely move through tumor vasculature (middle panel). Many 

tumor vessels tend to exhibit irregular branching patterns and abnormal architecture 

resulting in the enhanced permeability and retention (EPR) effect.  Due to their sub-150 

nm size and slightly negative surface charge
84

, small (RE)ANCs are able to pass into the 

tumor interstitial space between these poorly-aligned endothelial cells lining the 

vasculature (left panel). In addition, the albumin coating may utilize commonly known 

albumin binding and transport pathways to facilitate the passage of the nanoparticles 
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across the tumor endothelium and retention within the tumor 

microenvironment
166,167,264,266,272

. 
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4.5. Conclusion 

 Nanocomposites made of albumin and RE(Er)s exhibit strong SWIR optical 

emissions and can be synthesized at distinct nanoscale sizes.  By encapsulating and 

tailoring the size of the albumin coating, the pharmacokinetic profile of the nanoparticles 

can be modulated and improved in a controllable fashion.  In addition, albumin 

encapsulation results in a bioactive formulation which has been demonstrated to 

significantly increase RE(Er) accumulation and, consequently, enhanced SWIR signal 

intensity at tumor sites.  These results offer a possible route for the clinical application of 

SWIR imaging as well as suggest a potential approach for altering the bioactivity of other 

inorganic particles such as QDs, magnetic and gold nanoparticles, using an FDA-

approved biologic.  Furthermore, the prolonged circulation of (RE)ANCs combined with 

albumin’s strong drug binding properties could be exploited for SWIR-based imaging of 

drug delivery in deep or strongly light scattering tissues.  We envision application of this 

platform imaging technology to a wide variety of biomedical applications including drug 

delivery tracking, deep tissue imaging and cancer lesion detection.   
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4.6. Supplementary Figures 

 

Supplementary Figure S4.1 – Visible Emission of (RE)ANCs.  Both sizes of 

(RE)ANCs retain the upconversion fluorescence properties of RE(Er).  Emission peaks 

occur around 550 and 650 nm, resulting in green-yellow emission.  
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Supplementary Figure S4.2 – Organ Biodistribution of Formulations.  RE(Er)s, large 

and small (RE)ANCs were injected IP into TGS mice and organs analyzed at 12, 24, 48, 

and 72 hours post-injection (a-f).  Blood, brain and heart displayed negligible yttrium 

presence (<0.1% ID g
-1

 tissue) at the tested timepoints.  Mean values ± s.e.m.; n = 5. 
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Supplementary Figure S4.3 – Long-Term Accumulation of Formulations after IP 

Injection. Mice exhibiting melanoma lesions injected with 100 μl of REs and (RE)ANS 

(2.0 mg RE ml
-1

) via the peritoneum.  Digital camera images of the mice prior to 

injection show the black, pigmented lesions are located throughout the mice bodies 

particularly on their ears, anus and back (A, E).  After 48 h following IP injection, both 

mice injected with REs (B) and small (RE)ANCs (F) exhibit SWIR emission around the 

site of injection when the 980 nm excitation laser diode irradiates the region.  Over time, 

however, the emission of the (RE)ANCs diminishes (G-H), indicated the nanoparticles 

are clearing the injection site, in contrast to the REs (C-D), which appear to remain at the 

site of injection. 

 



147 

 

 

CHAPTER 5 

 

MULTIFUNCTIONAL ALBUMIN NANOPARTICLES FOR ENHANCED 

TUMOR PENETRATION AND DRUG DELIVERY 

 

 

 

 

 

 

 

 

Note: This chapter consists of work that has been done in collaboration with two other 

collaborator students (Mingjie Cui and Margot Zevon).  The author of this dissertation 

has contributed to the project conceptualization and feasibility analysis, research design, 

nanoparticle characterization and data analysis.  

 

Sections of this chapter are currently being prepared for publication elsewhere as part of 

an article entitled: 

 

“Collagenase modified albumin nanoparticles for enhanced tumor penetration and multi-

drug delivery”  

D.J. Naczynski, M. Zevon, M. Cui, C.M. Roth, P.V. Moghe 
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Abstract 

 Nanoparticles can be engineered to improve current cancer therapies by 

solubilizing poorly soluble drugs, facilitating uptake into cells and tumor masses, and 

enhancing site drug bioavailability. In this study, albumin nanoparticles (ANPs) were 

fabricated and modified as tumor penetrating dual drug delivery vehicles. ANPs were 

conjugated to two therapeutic agents and an ECM protease and their cytotoxicity was 

evaluated over 96 hours. Curcumin and riluzole were absorbed onto the surface of the 

ANPs without loss of drug efficacy against cultured human melanoma cells. There was 

no associated cytotoxic effect on healthy cultured human melanocytes indicating drug 

specificity.  The drug loaded ANPs were conjugated to collagenase to allow for deeper 

tumor penetration and evaluated using a three-dimensional multicellular tumor spheroid 

model. The collagenase associated particles exhibited greater tumor penetration into the 

spheroid mass after 96 hours. The collagenase coated, drug loaded nanoparticles induced 

more cell death than the particles loaded with the two drugs alone. As controls, the 

collagenase coated ANPs with no drugs bound to the surface had no cytotoxic effect. 

This study illustrates the feasibility of designing multifunctional nanoparticles that can 

penetrate solid tumors, increasing the effect of one or more associated therapeutic agents. 
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5.1. Introduction 

 Despite remarkable advances in drug discovery, many chemotherapeutic 

compounds are poorly soluble,
273,274

 have limited penetration through solid tumors
275,276

 

and are susceptible to drug resistance.
277-280

  Currently, drug delivery in oncology relies 

on the use of solvent-based approaches,
281

 which pose significant risk of toxicity,
282

 result 

in uncontrollable systemic distribution
283,284

 and limit the overall effectiveness of potent 

therapeutic compounds.
285

  Advanced nanomaterial-based approaches have the potential 

to overcome the numerous challenges facing drug delivery into solid tumors.  In 

particular, nanoparticles can be designed with uniquely advantageous properties through 

the control of size, surface characteristics and chemical composition.
84

  Furthermore, 

nanoparticles offer a platform on which to engineer multiple functionalities which can act 

together toward improving drug delivery and therapeutic response.
286

   

 In addition to improving the solubility of hydrophobic drugs,
274

 nanoparticles can 

sequester and deliver multiple agents simultaneously, bypassing cellular drug resistance 

mechanisms
287,288

 and promoting synergistic therapeutic response.
289

  Nanoparticles can 

be used to predictably control drug pharmacokinetics and tissue distribution,
163

 limiting 

non-targeted side effects on healthy tissue.
290

  Regulation of nanoparticle size is known to 

influence the passive targeting of tumor tissue through leaky vasculature,
291

 while 

modifying nanoparticle surface properties with cancer targeting ligands can further lead 

to more active tumor targeting.
292

 The encapsulation of contrast agents
253

 for tracking 

drug distribution and incorporation of tumor penetrating peptides to facilitate more 

homogenous drug release in tumors
293,294

 are other strategies that can be exploited to 

improve the effectiveness of nanoparticles as therapeutic delivery agents.   
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 Nanoparticles carrying paclitaxel and composed of human serum albumin (nab-

paclitaxel, Abraxane ®, Abraxis BioScience Inc.) have already been approved by the 

FDA for use in the treatment of metastatic breast cancer.
295,296

  Nab-paclitaxel has been 

shown to sequester large amounts of therapeutic cargo,
164,297

 improve the 

pharmacokinetics and circulation half life of antitumor agents,
163

 reduce in vivo toxicity 

associated with solvent delivery systems
281

 and possibly enhance tumor uptake of 

therapeutics through albumin binding interactions.
166,264,265

  However, as a first-in-class 

nanoparticle system, nab-paclitaxel has great potential to be re-engineered for enhancing 

therapeutic delivery and improving tumor response following treatment.  

 Here, we report on the design of an albumin-based nanoparticle platform that has 

integrated several distinct functionalities including: (1) multi-drug delivery, (2) active 

tumor penetration and (3) optical detection.  Albumin nanoparticles (ANPs) were 

synthesized for the simultaneous delivery of curcumin and riluzole, using the inherent 

multi-drug binding properties of albumin.  To improve nanoparticle penetration into 

extracellular matrix (ECM)-dense solid tumors, ANPs were formulated using an ECM 

degrading protease and tested in a 3-D tumor spheroid model.  ANPs as formulated are 

intrinsically fluorescent without conjugation of exogenous dye, which enabled the 

visualization of nanoparticle penetration through the tumor spheroids using conventional 

fluorescence techniques.  Multifunctional ANPs can serve as a powerful nanomaterial 

platform that offers more effective therapeutic delivery into solid tumors.  

 



151 

 

 

5.2. Methods 

5.2.1. Reagents 

 Molecular biology grade ethanol (99.5%), HPLC grade methanol (99.8%), HPLC 

grade water with 0.1% trifluoroacetic acid (TFA) and HPLC grade acetonitrile with 0.1% 

TFA (ACN) were purchased from Sigma-Aldrich and used without further purification.  

Collaganease from Clostridium histolyticum was also purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Curcumin was purchased from Cayman Chemical Company (Ann 

Arbor, MI, USA). Riluzole hydrochloride was purchased from Tocris Bioscience 

(Ellisville, MO).  

 

5.2.2. Cell Culture 

 Human melanoma cell lines C8161(+), C8161(-) and WM239 and human 

melanocyte cell line AR7119 were generously provided by Dr. Suzie Chen. RPMI-1640 

media was purchased from American Type Culture Collection (ATCC, Manassas, VA). 

Fetal bovine serum (FBS), trypsin–EDTA, streptomycin, and penicillin were purchased 

from Invitrogen. Cells were routinely maintained in RPMI-1640 media, supplemented 

with 10% FBS, 100 μg/ml penicillin and 100 μg/ml streptomycin at 37 °C, in humidified 

atmosphere of 5% CO2. 

 

5.2.3. Albumin Nanoparticle Synthesis 

 Albumin from human serum (fraction V, purity 96–99%, 65 kDa) and 

glutaraldehyde (8% solution) were purchased from Sigma–Aldrich and used without 

further purification.  2% (w/v) solution of HSA was dissolved in 10 mM NaCl to prepare 
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200 nm ANPs, and 2 mM NaCl to prepare 100 nm ANPs. The pH of HAS solution was 

adjusted to 8.50 ± 0.05 with 0.1 M NaOH. Under continuous stirring at 700 rpm at room 

temperature, 2 mL ethanol was added at 1.5 mL min
−1

 to the HSA solution (500 µL) with 

a syringe pump (Harvard Apparatus PHD 2000, Holliston, MA). 2.34 µL glutaraldehyde 

was added to ANPs suspension as a cross-linker following ethanol addition. The particles 

were left for crosslinking overnight under stirring at 700 rpm at room temperature. 

 

5.2.4. Albumin Nanoparticle Purification 

 ANPs were purified by three rounds of centrifugation for 8 min at 4 °C (Beckman 

Coulter, Avanti J-E Centrifuge). 16 100× g was set for 200 nm ANPs, while 48 400x g 

was set for 100 nm ANPs. Redispersion of the pellets to original volume with PBS was 

done following each round of centrifugation. Redispersion was performed in an 

ultrasonication bath (Fisher Scientific, FS60). 

 

5.2.5. Albumin Nanoparticle Drug Loading 

 Curcumin was dissolved in ethanol to give a final concentration of 1 mg/mL and 

dissolved at room temperature for 30 min. Curcumin solution was added drop-wise into 

ANPs suspension to give final concentrations of 10 µM, 20 µM, 30 µM, 40 µM, 50 µM, 

80 µM, 100 µM and 140 µM. 

 Riluzole was dissolved in ethanol to give a final concentration of 10 mM. 

Riluzole solution was then added into ANPs suspension to give final concentrations of 50 

µM (0.135% w/v), 60 µM (0.162% w/v), 70 µM (0.189% w/v), 80 µM (0.216% w/v), 90 

µM (0.243% w/v), and 100 µM (0.270% w/v). 
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 For dual drug loading, the curcumin solution was added drop-wise into ANPs 

suspension to give final concentrations of 0.1% w/v, while the riluzole solution was 

added to give final concentrations of 50 µM (0.135% w/v), 60 µM (0.162% w/v), 70 µM 

(0.189% w/v), 80 µM (0.216% w/v), 90 µM (0.243% w/v), and 100 µM (0.270% w/v). In 

all instances, the drug mixtures were adsorbed onto the nanoparticles by agitation for 3 

hours at room temperature.  

 Drug loaded ANPs were purified by one round of centrifugation for 8 minutes at 

4 °C (16 100× g for 200 nm ANPs, while 48 400x g for 100 nm ANPs). To characterize 

the drug loaded ANPs, the pellets were redispersed to original volume with PBS 

following centrifugation. To test the drug loaded ANPs in physiological conditions, 

pellets were redispersed to 1/10 of original volume. Redispersion was performed as 

described before. 

 

5.2.6. Physical Characterization of Albumin Nanoparticles 

 ANPs were studied using DLS and SEM. Particle size distributions and 

polydispersity indices were determined using zetasizer (Zen 3690, Malvern, 

Worcestershire, UK). Samples were diluted 40 times with deionized water for z-average 

size and polydispersity measurements. Z-average sizes and polydispersity indices of three 

sequential sample scans (3 runs scan
−1

, 60 s scan
−1

) were measured at a 90° scattering 

angle at 37°C. Three separate batches of particles were measured and averaged.  ANP 

autofluorescence was measured using a spectrofluorometer (SpexFluoroMax-3, Horiba 

Jobin Yvon, Edison, NJ, USA). 
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5.2.7. Quantification of Drug Loading 

 The concentrations of drugs loaded on ANPs were determined by high-

performance liquid chromatography (HPLC, Beckman Coulter Model 166) equipped with 

a Luna C18 column (3 µm, 100 x 4.6 mm i.d., Phenomenex, Torrance, CA). The drug 

loaded ANPs were frozen at -80°C overnight and lyophilized for 48 hours. The powders 

were resuspended in ethanol to original volume, followed by HPLC measurement. To 

determine curcumin and riluzole concentrations, a multistep chromatographic procedure 

was used. The flow rate was 0.9 ml/min over the entire separation.  The mobile phase 

consisted of an isocratic elution of 30% ACN and 65% water containing 0.1% TFA for 

the first 7 min, followed by an isocratic elution of 75% ACN and 25% water containing 

0.1% TFA for the next 9 min.  Curcumin was detected at 420 nm, while riluzole was 

detected at 255 nm (Detector Module 168, Beckman Instruments, San Ramon, CA). 

Serial dilutions of curcumin and riluzole standards were used to construct a calibration 

curve, with the linear portion utilized for measurements.  

 

5.2.8. Cell Viability Assay 

 The metabolic activity of viable cells was assessed by CellTiter 96 AQueous Non-

Radioactive Cell Proliferation Assay (Promega, Madison, WI). Melanoma cell lines were 

cultured on 96-well polystyrene tissue culture plates at 5000 cells per well. After 

overnight incubation at 37
o
C, wells were treated with different drugs (single drugs or 

single drug loaded nanoparticles or dual free drug or dual drug loaded nanoparticles) of 

varying concentrations starting from 1 μM to 50 µM. At 0 h, 24 h and 96 h time points, 

MTS reagent (20 µL) was added to each well of the assay plate containing 10% v/v test 
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samples in culture medium (100 µL). The plates were incubated for 2 h at 37 °C in a 5% 

CO2 atmosphere, after which the absorbance was measured at 490 nm using a plate 

reader. Background absorbance was corrected by preparing a set of control wells without 

cells containing the same volumes of culture medium, test sample, and MTS reagent. The 

measurements were carried out in triplicate. Cell viability was quantified by the relative 

number of live cells compared to a PBS negative control. 

 

5.2.9. Drug Release  

 The release study was carried out using dialysis. The dialysis tubes (100 kDa, 

Spectrum Labs) were immersed in 15% ethanol for 30 min prior to use and then rinsed 

with phosphate buffered saline (PBS) solution. 1 mL of base ANPs, drug loaded ANPs 

and the native drug solution were dialyzed against 200 mL of PBS (pH 7.4) with 25% 

ethanol. At each time point, 0.25 mL of ANPs suspension was withdrawn from the inside 

of tubes, and the PBS was replaced with fresh solution. The samples withdrawn at each 

time points were lyophilized and re-suspended with ethanol. The levels of curcumin and 

riluzole in each sample were measured using HPLC as described above.  

 

5.2.10. In vitro Cellular Uptake of Drug Loaded ANPs  

 C8161(+) cells were seeded into 24-well plates at a density of 10
5
 cells/well, and 

incubated at 37°C for 24 h. To quantify the relative degree of drug loaded ANPs uptake, 

C8161(+) cells were treated with base ANPs and drug ANPs for 4 h. The cells were 

fixed, washed, and stained with Hoechst prior to imaging. Auto-fluorescence from 
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albumin, curcumin, and fluorescence of Hoechst were captured. Images were processed 

and quantified with ImageJ software.  

 

5.2.11. Multicellular Spheroid Formation 

 Melanoma cells (C8161+) and human foreskin-derived fibroblast cells (HFFs) 

were grown in monolayer cultures prior to spheroid formation. To produce spheroids, 

both types of cells were trypsinized, centrifuged and mixed in 200 ml complete media 

(RPMI media with 10% FBS and antibiotics). 20 µL of cell suspensions were aspirated 

and applied on a plate cover to form small droplets. Cell droplets were kept in an 

incubator at 37°C for 4 days. Spheroids that expanded to a diameter of 400-500 µm, were 

transferred to a 24-well agar plate and allowed to incubate for 2 additional days before 

processing. 

 

5.2.12. Preparation of Collagenase-Coated Nanoparticles 

 2% (w/v) solution of HSA and 0.1% w/v collagenase were dissolved in 10 mM 

NaCl to prepare 200 nm ANPs, and 2 mM NaCl to prepare 100 nm ANPs. Similar with 

the methods for preparing ANPs, the pH of HSA collagenase solution was adjusted to 

8.50 ± 0.05 with 0.1 M NaOH. Under continuous stirring at 700 rpm at room temperature, 

2mL ethanol were added at 1.5 mL min
−1

 to 500 µL HSA solution with a syringe. 2.34 µL 

glutaraldehyde was added and the particles were left to cross link overnight under stirring 

at 700 rpm and room temperature. Using the same methods with ANPs, collagenase–

coated nanoparticles were purified and characterized. Following centrifugation, ANPs 
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pellets were redispersed to 1/10 of original volume with PBS for introduction to the 

tumor spheroid model.  

 

5.2.13. Nanoparticle Penetration in Spheroids 

 Spheroids were handpicked with a pipette and transferred to a new 24-well agar 

plate. The medium was removed by aspiration, and spheroids were washed with PBS (pH 

7.4) before further processing. The spheroids were treated with base ANPs, dual drug 

loaded ANPs, base collagenase-coated nanoparticles and dual drug loaded collagenase-

coated nanoparticles with varying concentrations of 0% v/v, 5% v/v, 10% v/v and 25% 

v/v in culture medium for 72 h and 96h.  

 For the analysis of spheroids penetration by nanoparticles, spheroids were fixed, 

Hoechst stained and then processed in two ways: 1) cross sectioning, 2) confocal imaging 

directly. Spheroids were transferred to a cryomold, covered in optimal cutting 

temperature compound (O.C.T, Tissue-Tek, Torrance, CA), flash frozen, and processed 

by cutting 25 μm sections using a cryostat (Shandon Cryotome E, Thermo Scientific, 

Waltham, MA). Fluorescent images of spheroid sections were obtained with a confocal 

laser microscope (Leica Microsystems Inc., Bannockburn, IL).  

 Confocal microscopy images of the treated spheroids were analyzed by a series of 

Matlab algorithms. Two fluorescence modes were imaged, the green autofluorescence of 

the albumin shells and the blue nuclear Hoechst stain. The two channels were converted 

into binary masks, and any holes in the images were filled. The number of pixels per 

mask was then calculated and used to create a ratio of albumin fluorescence to cellular 

fluorescence. This was used as a measure of ANP penetration, as the greater the area of 
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the albumin fluorescence is associated with a greater percentage of nanoparticles within 

the spheroid (Supplementary Fig. S5.1). 
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5.4. Results 

5.4.1.  In vitro Cytotoxicity of Curcumin, Riluzole and Combination Treatments   

 The therapeutic effects of curcumin and riluzole were evaluated using C8161+ 

human melanoma cells and AR7119 immortalized human melanocytes. Both cell lines 

were exposed to curcumin (Fig. 5.1A,B), riluzole (Fig. 5.1C,D) or cocktails of both 

compounds for 96 h (Fig. 5.1E,F). C8161+ cells were more sensitive towards curcumin 

at concentrations above 10 µM than AR7119 cells.  At very high concentrations (80 µM), 

however, curcumin induced significant cytotoxicity in both cell lines. Riluzole treatment 

showed greater dose-dependent cytotoxicity in the C8161+ cells than AR7119 cells.  Cell 

viability assays revealed that while 40 μM riluzole inhibited the proliferation of 

melanoma cells, cytotoxicity was also induced in healthy melanocytes (~30% reduction 

of proliferation).  To test the effect of combining the two therapeutics, the concentration 

of riluzole was fixed at 10 μM and curcumin concentration was varied.  From these 

studies the optimal combination of both drugs in solution was determined to be 10 μM 

riluzole and 40 μM curcumin. This combination of riluzole and curcumin in solution 

yielded the greatest combined cytotoxic effect against the C8161+ melanoma cells with 

minimal adverse effect on the viability of the AR7119 melanocytes. 

 

5.4.2. Characterization of Nanoparticles 

 Once we established the therapeutic benefits of free riluzole and curcumin, we 

formulated albumin nanoparticles (ANPs) to sequester both compounds for delivery. 

ANPs were formed through the solvent-induced controlled coacervation of albumin.  By 

varying the amount of sodium chloride in the HSA solution prior to coacervation, the size 
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of the final nanoparticles could be controlled.  Two sets of ANPs were generated with 

hydrodynamic diameter ~100 nm (small) and ~200 nm (large), as confirmed using 

dynamic light scattering (DLS).  Both sets of ANPs exhibited low polydispersity and 

negative zeta potentials in phosphate-buffered saline (PBS, pH 7.4) (Supplementary 

Table S5.1).  Approximately 65% and 50% of the starting human serum albumin (HSA) 

were incorporated into the small and large ANPs, respectively. Scanning electron 

microscopy (SEM) of the ANPs revealed spherical, monodispersed populations of 

discrete nanoparticles (Fig. 5.2A,B), corroborating the results seen with DLS. 

  

5.4.3. ANP Drug Loading and Release Kinetics 

 Curcumin and riluzole were first adsorbed separately at various concentrations 

onto the surface of fully formed ANPs of both sizes. The particles were then 

characterized with DLS to determine the effect of drug loading on particle size and 

polydispersity (Supplementary Fig. S5.2).  Above 80 μM, curcumin led to a marked 

increase in both the size and polydispersity of the small ANPs and larger polydispersity 

in the large ANPs.    Adsorbing both agents increased the hydrodynamic diameter of the 

particles by 10 nm in the large particle case and approximately 15 nm for the smaller 

formulation compared to unloaded ANPs.   
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Figure 5.1 – In vitro Cytotoxicity of Curcumin, Riluzole and Dual Drugs. 

Therapeutic effect of curcumin (A-B), riluzole (C-D), and 10 µM riluzole + curcumin (E-

F) on C8161+ melanoma cells (A,C,E) and healthy AR7119 melanocytes (B,D,F). Error 

bars represent standard deviation for n=3. 

 

 

 Both drugs were then loaded together onto the ANP formulation. Dual drug 

loading had a negligible effect on the size and polydispersity of the large ANPs, but 

increased both the size and polydispersity of the small ANPs (Fig. 5.2C,D).  The drug 
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loading efficiency was determined by HPLC.  For both small and large ANPs, the 

concentration of curcumin added to the formulations was fixed at 80 μM and the amount 

of riluzole varied.  Across the concentrations tested, there was no change in the binding 

efficiency of riluzole or curcumin (Supplementary Fig. S5.3).  Riluzole and curcumin 

bound with efficiencies of ~75% and ~60%, respectively, for both the large and small 

ANPs.  The dual drug binding efficiencies compared to those observed with single drug 

loadings (Supplementary Table S5.3).  

 To analyze the release profiles of curcumin and riluzole from the ANPs, larger 

ANPs loaded with 10 μM riluzole and 40 μM curcumin were dialyzed against a 25% 

ethanol and PBS solution under agitation.  Both riluzole and curcumin displayed slower 

release kinetics from the dialysis cassette than the free drugs (Fig. 5.3), with 50% of 

riluzole and curcumin release by 1 h and 3 h, respectively.  In contrast, 50% of ANP-

bound riluzole and curcumin were released by 3 h and 12 h, respectively.  
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Figure 5.2 – SEM Imaging of Variously Sized and Formulated ANPs.  Scanning 

electron microscopy (SEM) images of small (A) and large (B) ANPs reveal 

monodisperse, spherical nanoparticles.  Both curcumin and riluzole were loaded on the 

small (C) and large (D) nanoparticles.  Collagenase modification altered the morphology 

of the small (E) and large (F) ANPs.  This change in morphology was more evident after 

both drugs were loaded on the small (G) and large (H) collagenase ANPs.  
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5.4.4. Efficacy of Dual Drug Loaded ANPs In vitro  

 To determine the effect of nanoparticle association on the efficacy of the 

therapeutic agents, both riluzole and curcumin were incorporated into ANPs. The 

efficacy of the loaded nanoparticles was compared against the free drugs in solution 

against a 2-D monolayer of cells. For equivalent levels of dual drug loading 

concentrations (10 μM riluzole and 40 μM curcumin), both large and small nanoparticles 

exhibited similar effectiveness by 96 hours against  C8161+ melanoma cells (Fig. 5.4A).  

Comparative trends were similar for AR7119 melanocytes between free and ANP-bound 

formulations, though the melanocytes were overall less significantly affected by the drug 

treatment (Fig. 5.4B). 

 

 

Figure 5.3 – In vitro Release of Various Drug Formulations.  Time dependent release 

of curcumin and riluzole from large ANPs and PBS solutions (10 μM riluzole or 40 μM 

curcumin).  Solutions were dialyzed against 25% ethanol/PBS releasing medium at 37°C.  

Free drugs in PBS were released twice as fast as those sequestered by ANPs. 
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5.4.5. Collagenase Modification of ANPs and Dual Drug Loading 

 Tumor penetrating ANPs were formulated by decorating the surface of the 

particles with collagenase.  The collagenase-albumin nanoparticles (cANPs) were 

physically characterized through DLS and SEM imaging as before.  Small cANPs were 

approximately 10 nm larger in size than unmodified small ANPs and exhibited slightly 

larger polydispersity (Supplementary Table S5.2).  Large cANPs were similar in both 

size and polydispersity to unmodified large ANPs.  SEM images revealed somewhat 

rougher and uneven surfaces on both sets of cANP (Fig. 5.1E,F). 

 Small and large cANPs were subsequently loaded with both curcumin and 

riluzole as before. Loading of the drugs led to increase in size and polydispersity for both 

small and large cANPs (Supplementary Table S5.2).  The surfaces of both sets of drug-

loaded cANPs were significantly more uneven when compared to drug-loaded ANPs 

(Fig. 5.1G,H). 

 

5.4.6. Efficacy of Dual Drug Loaded cANPs in a 2-D Cell Culture Model 

 Drug-loaded cANPs were first evaluated in a 2-D cell culture model to determine 

whether the incorporation of collagenase altered the therapeutic efficacy of the riluzole 

and curcumin combination.  Unloaded cANPs had little effect on cell proliferation for 

either the C8161+ (Fig. 5.4A) or AR7119 cells (Fig. 5.4B).  Drug-loaded cANPs induced 

a similar degree of cytotoxicity when compared to both free drug and drug-loaded ANPs 

in C8161+ cells.  This was also seen in AR7119 cells though cytotoxicity was 

significantly less than with the C8161+ cells. 
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Figure 5.4 – In vitro Cytotoxicity of Free and Nanoparticle-Bound Drugs in 2-D Cell 

Culture.  In vitro cytotoxicity of 10 μM riluzole and 40 μM curcumin formulations on 

2D monolayer cultures of C8161+ human melanoma cells (A) and AR7119 healthy 

human melanocytes (B).  All tested drug conditions showed significantly more 

cytotoxicity against the cancerous cell line.  Curcumin and riluzole showed no loss of 

activity after binding to the ANPs or collagenase ANPs (cANPs).  The cANPs showed no 

inherent cytotoxicity in either cell line.    Error bars represent standard deviation for n=3. 
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5.4.7. Penetration of Dual Drug Loaded cANPs in a 3-D Multicellular Spheroid 

Model 

 Drug-loaded cANPs were further evaluated in a 3-D cell multicellular spheroid 

model consisting of C8161+ melanoma cells co-cultured with human foreskin-derived 

fibroblasts in order to assess the activity of collagenase for tumor penetration.  The 

penetration of cANPs into the spheroids could be visualized using their inherent 

autofluorescence (Supplementary Fig. S5.4).   

 Spheroids were exposed to small and large ANPs with and without collagenase 

for 96 hours.  The imaging studies revealed that even without the collagenase coat, the 

size of the nanoparticles influenced their penetration significantly. After 96 hours, the 

small undecorated particles showed much more effective penetration than the large 

undecorated ANPs with fluorescence seen in the center of the spheroid (Fig. 5.5A,C).  

For the large undecorated ANPs, the majority of the particles remaining on the periphery 

of the tumor (Fig. 5.5C).   

 Collagenase decoration improved tumor penetration for both the small and large 

particles (Fig. 5.5B,D). The small cANPs showed greater accumulation around the 

periphery of the spheroid (Fig. 5.5B), while green fluorescence was observed in the 

center of the spheroid indicated improved penetration for the large cANPs (Fig. 5.5D).   

 Images of cANP penetration were quantified and compared to ANPs (Fig. 5.5E).  

Based on total area of the spheroid imaged, small cANPs penetrated approximately 6% of 

the spheroid compared to 0.6% for small ANPs 96 h.  Large cANPs penetrated 27% of 

the spheroid compared to 0.1% for large ANPs in 96 h.  
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5.4.8. Efficacy of Dual Drug Loaded cANPs in a 3-D Multicellular Spheroid Model 

 Finally, we evaluated the therapeutic efficacy of cANPs loaded with both 

curcumin and riluzole in the spheroid model.  Spheroids were exposed to drug loaded 

ANPs with and without collagenase modification.  After 24 h, drug-loaded small cANPs 

induced a significantly greater degree of cytotoxicity in the spheroids than unmodified 

drug-loaded ANPs (Fig. 5.5F).  By 96 hours, both the large and small drug-loaded 

cANPs had induced greater cytotoxicity in the spheroids as compared to ANPs 

unmodified with collagenase. 
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5.5. Discussion 

 Cancer drug resistance is a major cause in the failure of chemotherapy and a 

significant challenge in cancer treatment.
298,299

  Drug resistance often arises from the 

inefficient delivery of therapeutic agents into a tumor.
108,299

  Poor therapeutic delivery 

can lead to concentration gradients of drugs with a tumor, which may facilitate the 

development of drug resistance in cancer cells that are exposed to low or negligible 

concentrations of therapeutics.
275,300

  Effective delivery vehicles must be able to penetrate 

tumor tissue effectively and treat every cancer cell with drugs at concentrations sufficient 

to elicit a therapeutic response.
108

  Although numerous physical characteristics influence 

drug penetration through tumors,
108

 the tumor ECM (composed of collagens, 

proteoglycans, and various glycoproteins)
301

  is a significant barrier limiting drug 

transport and penetration.  Furthermore, it is well known that drug resistance occurs 

almost universally when tumors are treated with single therapeutic agents.
302

   This has 

led to the development of combination therapies in order to combat the onset of 

resistance.  
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Figure 5.5 – 3-D Culture Treatment with Collagenase ANPs.  Confocal microscopy 

images of multicellular spheroids stained with Hoechst (blue) treated with various dual 

loaded ANP formulations (green) up to 96 hours (A-D): smaller dual drug loaded ANPs 

(A), smaller dual drug loaded cANPs (B), larger dual drug loaded ANPs (C), and larger 
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dual drug loaded cANPs (D).  Images were quantified to show that there is significantly 

better penetration of both cANPs compared to ANPs, and that the large cANPs penetrate 

better into the spheroids than the small cANPs by 96 h.  The small cANPs show a time 

dependent therapeutic effect beginning at 24 h on 3D multicellular spheroids, while 

cytotoxicity is observed with the large cANPs by 96 h (F).  Error bars represent standard 

deviation (SD) for n=5 (for image quantification) and n=3 (for cytotoxicity), * p<0.05; ** 

p<0.02; *** p<0.005 (t test). 

 

 

   The goal of this work was to investigate a new approach for engineering albumin 

nanoparticles (ANPs) to more effectively deliver therapeutic compounds and treat tumors 

progression.  As drug delivery vehicles, ANPs have been shown to exhibit low 

immunogenicity in vivo, enhanced accumulation in tumors and strong but reversible 

drug-binding properties.
164

  In addition, albumin can bind multiple, structurally dissimilar 

compounds simultaneously in binding pockets distributed across its surface.
165,297

  We 

have exploited this feature of albumin for the purpose of co-delivering curcumin and 

riluzole to cancer cells using ANPs. We further modified the drug-loaded ANPs with 

collagenase, an ECM-protease shown to improve drug penetration into tumors and 

movement through the ECM.
294,303

 Our final nanoformulation, which includes albumin 

nanoparticles, curcumin, riluzole, and collagenase, is entirely composed of FDA-

approved compounds. 

 Curcumin is an herbal derivative of the spice turmeric and is known to have anti-

cancer and anti-inflammatory properties.
304-306

  Furthermore, curcumin can act as a potent 
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chemosensitizer, improving tumor cell sensitizer towards chemotherapy through 

downregulation of NF-κB and NF-κB-regulated gene products.
304,307

  However, its 

numerous therapeutic benefits are offset by poor water solubility and bioavailability.
308

  

Riluzole is a noncompetitive glutamate release inhibitor that is currently in use for 

patients with amyotrophic lateral sclerosis (ALS or commonly Lou Gehrig's disease). 

Recently, ectopic expression of the neuron metabotropic glutamate receptor 1 (GRM1) in 

melanocytes has been shown to be highly oncogenic both in vitro and in vivo.
309

 

Disruption of GRM1 signaling in melanomas using glutamate antagonists like riluzole 

has been shown to suppress melanoma cell growth and trigger apoptosis in vitro and lead 

to apoptosis and decreased tumorigenesis in vivo.
310

   

 While albumin nanoparticles are well-established as drug carriers, there are a 

number of variables to be addressed in re-engineering them for novel applications such as 

dual drug delivery. Drug loading, release rates and pharmacodynamics are all issues to be 

addressed in a dual drug nanoformulation. As we have developed the ability to vary the 

size of ANPs controllably, we first adsorbed both curcumin and riluzole onto two sizes of 

ANPs in order to determine whether nanoparticle size can influence the degree of drug 

binding.   

For both small and large ANPs, dual drug loading did not significantly alter size 

or surface morphology which indicates that binding does not change the stability of the 

nanoparticles. Riluzole appeared to bind in a non-saturable manner to the ANPs over the 

concentrations tested (Supplementary Fig. S5.2).   Furthermore, the binding of riluzole 

did not change the binding efficiency of curcumin, suggesting a non-interacting or non-

overlapping nature of binding sites of the two compounds to ANPs.   Drug release from 
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the ANPs was slower than the free drug in solution from the dialysis cassette.  The slower 

release of curcumin compared to riluzole from the ANPs may be due to its greater 

hydrophobicity.
308,311

  Despite the variations in release rate, both riluzole and curcumin 

maintained therapeutic efficacy against melanoma cells when formulated with ANPs. 

This indicates that the drugs associate with the nanoparticles in a manner that does not 

adversely affect their therapeutic action. 

 Previous research has shown that drug delivery to solid tumor masses is 

frequently challenging for nanoparticle based systems, greatly limiting successful 

treatment.
276

  Several techniques have been described to overcome this barrier to 

treatment.  Collagenase treated nanoparticles have shown increased penetration into the 

spheroid core with little corresponding size increase and improved tumor accumulation in 

spheroid masses vs. unfunctionalized particles.
294

  Here, we tested the collagenase coated 

ANPs (cANPs) in a multicellular spheroid model of co-cultured human melanoma and 

fibroblast cells.  The multicellular spheroids used in this study were grown via the 

hanging drop method, which yields consistent and reproducible spheroids and a high 

degree of control over the size of the cellular mass.
312

 Multicellular spheroids exhibit 

many characteristics of tumors, such as extracellular matrix generation and oxygen and 

nutrient gradients.
313

 

 We first evaluated the morphology of cANPs using SEM and found that 

collagenase decoration results in a textured nanoparticle surface.  This may be due to the 

different forms of collagenase with wide-ranging molecular masses and structures that 

are present in commercially prepared Clostridium histolyticum collagenase.
314,315

 After 

loading cANPs of various sizes with both therapeutic compounds, drug delivery was 
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compared to ANPs on monolayers of healthy and melanoma cells. The cANPs retained 

the cytotoxic effects of curcumin and riluzole on the cancerous cells; their effect on the 

C8161+ melanoma cells was nearly identical to that of the ANPs loaded with drugs 

alone.  This shows that the addition of collagenase to the nanoparticles did not likely alter 

the binding or release of the therapeutic payload, and did not inhibit the action of either 

drug. The drug loaded cANPs had minimal effect on the metabolic activity of the healthy 

melanocytes vs. the drug loaded ANPs alone. From this we can infer that the collagenase 

coating alone has little or no cytotoxic effect and does not induce cell death after 96 hours 

when bound to the albumin nanoparticles. 

 As expected, confocal imaging of ANP penetration into multicellular spheroids 

revealed strong size dependence with smaller ANPs penetrating more effectively.
294

  

While collagenase incorporation improved the penetration of both small and large ANPs, 

indicating that crosslinking into the albumin nanoparticles did not deactivate collagenase, 

large cANPs penetrated approximately 5-fold more than small cANPs (27% to 6% of 

total spheroid area imaged).  Currently, we can only speculate on the causes behind this 

difference.  The amount of collagenase may be greater on the large than small cANPs.  

Alternatively, the presentation of collagenase on the surface of the large cANPs may be 

more favorable for its enzymatic activity.  Studies have shown that the enzymatic activity 

of protease adsorbed on the surface of nanoparticles can be significantly alter by 

nanoparticle size.
316

 These results, however, show that protease adsorption onto larger 

nanoparticles results in greater loss of secondary structure.  In our system, the protease is 

incorporated within the nanoparticle which may restrict the perturbations in secondary 

structure caused by adsorption.   
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 Furthermore, the cytotoxicity data on the spheroids reveals that after 24 h, drug 

loaded small cANPs induce significantly greater cellular toxicity than the small ANPs 

and large cANPs. However, after 96, both the small and large cANPs elicit approximately 

the same degree of cytotoxicity in the spheroids.  This may be due to better diffusion of 

the small than large cANPs into the spheroid at earlier timepoints.  After this initial 

penetration, however small cANPs appear to penetrate less into the spheroid than large 

cANPs.  It is possible that the small cANPs, within the size limits of endocytosis,
317

 are 

internalized by tumor cells after initially penetrating into the tumor.  Large cANPs, 

meanwhile, are able to slowly erode the spheroid collagen and penetrate further into the 

tumor over time. 
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5.6. Conclusion 

    In summary, we have engineered a tumor penetrating albumin nanoparticle 

capable of adsorbing two therapeutic agents and evaluated its effects on a 3D melanoma 

tumor spheroid model. Curcumin and riluzole were effectively adsorbed onto the surface 

of the particles and were as efficacious against human melanoma cells as the drugs in 

solution. Collagenase, an ECM protease, was conjugated to the drug-loaded particles 

without compromising the pharmacodynamics of the therapeutics. The presence of 

collagenase decorating the nanoparticles improved both the ANPs penetration into a 

multicellular spheroid model and therapeutic benefit. The synthesized nanoparticles could 

be a useful tool for further investigation of mechanisms of dual drug delivery into the 

core of a dense tumor mass, improving the efficacy of the associated therapeutic payload. 
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5.7. Supplementary Figures and Tables 

 

 

Supplementary Figure S5.1 – Quantification of Nanoparticle Penetration into 

Spheroids.  Flow chart of the processing methodology used to quantify the degree of 

nanoparticle penetration into spheroids.  First, binary masks are created of the spheroid 

area using Hoechst nuclear stain images (Step 1 to Step 2) and the number of pixels in the 

mask is determined. Next, background tissue autofluorescence and noise are removed 

from ANP fluorescence images (Step 3) and the background-corrected ANP images are 

binarized (Step 4). The number of pixels per area is calculated and the ratio of the two 

masks is used to quantify nanoparticle association within the spheroid. 
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Supplementary Table S5.1 – Characterization of ANP Formulations.  ANPs were 

synthesized and characterized at two different sizes by modifying the concentration of 

NaCl used during synthesis.  Both sizes exhibit narrow size distributions and negative 

zeta potentials in PBS. ± values: standard deviation (n=3)  



179 

 

 

 

Supplementary Figure S5.2 – Physical Characterization of Single Drug-Loaded 

ANPs.  Size and polydispersity of ANP formulations based on amounts of drug loaded: 

riluzole loaded small ANPs (A), riluzole loaded large ANPs (B), curcumin loaded small 

ANPs (C), and curcumin loaded large ANPs (D). Nanoparticle size distribution remains 

uniform until loading with 120 µM of curcumin.  Error bars represent standard deviation 

for n=3. 
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Supplementary Figure S5.3 – Physical Characterization and Binding Efficiency of 

Dual Drug-Loaded ANPs.  Size and polydispersity of dual drug loaded ANPs (80 µM 

curcumin) as a function of riluzole concentration for small ANPs (A) and large ANPs 

(B).  Binding efficiency for riluzole and curcumin for small and large ANP formulations 

(C).  Error bars represent standard deviation for n=3.  
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Supplementary Table S5.2 – Characterization of ANP Formulations.  Hydrodynamic 

diameter, polydispersity and loading efficiency of ANP formulations with and without 

collagenase incorporation.       ± values: standard deviation (n=3)  
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Supplementary Figure S5.4 – ANP Autofluorescence Spectrum. Autofluorescence of 

ANPs due to glutaraldehyde crosslinks as a function of fluorescence intensity. Maximum 

excitation at λ=480, broad emission ranging up to λ=550. 
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CHAPTER 6 

 

RESEARCH SUMMARY AND FUTURE DIRECTIONS 
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6.1. Dissertation Summary and Conclusions 

 This dissertation has been focused on the conception and development of 

innovative nanomaterials for imaging and therapeutic applications.  The purpose of this 

work was to create a multifunctional nanomaterial platform which could have 

applications toward resolving the progression of disease and improving the effectiveness 

of therapeutic regimens.  Using an engineered design approach, we have formulated a 

new class of nanoprobes consisting of rare-earth doped nanoparticles (REs) encapsulated 

in human serum albumin nanocarriers ((RE)ANCs).  REs are excited with NIR light and 

generate both visible and SWIR emissions through upconversion and downconversion 

fluorescence, respectively.  Poor aqueous solubility, lack of functional groups and 

moderate cytotoxicity challenge the use of REs as synthesized for biological applications.   

This dissertation has shown that the encapsulation of REs in albumin nanocarriers yields 

a significant reduction of RE toxicity, an aqueous-dispersible encapsulate and surface 

groups capable of chemical conjugation for the purpose of disease targeting. 

Recently, it has been reported that the limited translation of SWIR-based optical 

imaging approaches is primarily due to a lack of biocompatible fluorescent probes as well 

as evidence of SWIR’s benefits over conventional NIR probes.
257

 We have reported on 

the first evidence of multi-spectral, real-time short wavelength infrared (SWIR) in vivo 

imaging using REs and demonstrated their applicability toward disease-targeted imaging.   

Our work addresses these challenges and demonstrates the first clinically 

translatable application of SWIR imaging for identifying tumor growth in vivo using a 

novel library of REs which have tunable and discrete emissions spanning the entire 

SWIR window. The novelty of this work is reflected by the previous lack of multispectral 
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and biomedically-translatable SWIR probes, which can be resolved quickly and safely.   

For example, our REs can be tailored to emit at specific SWIR wavelengths permitting 

multispectral imaging of multiple in vivo targets, in contrast to other reported SWIR-

emitting biological probes that have very broad and non-specific emissions in the 

SWIR.
239

 Composed of elements with very low toxicity,
250

 REs can be visualized using 

excitation power densities comparable to other SWIR emitting materials but resolved at 

several fold lower exposure times.
243,244

  Furthermore, we have confirmed that RE 

emissions produce less scattering and better penetration through tissue phantoms than 

NIR emissions, providing a clear benefit over conventional methods for using SWIR in 

vivo.  These advantages underscore the excellent potential of these nanomaterials for 

biomedical imaging over other SWIR-emitting compounds. 

 Crucially, we also present the first demonstration within a pre-clinical model of 

the potential of SWIR-emitting REs to identify cancerous tissues, while investigating the 

importance of size and surface properties for effective nanoparticle delivery.  The use of  

SWIR for imaging has been hindered by a lack of commercially available in vivo 

imaging systems.  To address this barrier, we have developed a first-in-class, low-cost, 

portable SWIR imaging platform concurrently with the fabrication of REs. We have 

shown that through the simple surface modification of REs with albumin, we can alter the 

biodistribution, improve the pharmacokinetics and magnify the tumor tissue 

accumulation of the REs in a transgenic mouse model. Based on these results, we have 

concluded that our protein modification can alter the bioactivity of the REs, improving 

their detection sensitivity and SWIR signal amplification at disease sites. In addition, by 

modulating the thickness of the protein coating, we have explored the importance of 
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nanoscale diameter and surface chemistry on particle biodistribution.  Thus our work 

offers a possible route for the clinical application of SWIR imaging as well as suggests a 

potential approach for altering the bioactivity of other inorganic particles, such as 

quantum dots, magnetic and gold nanoparticles, using FDA-approved albumin. 

 Finally, we have explored the benefits of modifying albumin nanocarriers with 

collagenase for improving nanoparticle penetration through ECM-dense tumor tissue.  By 

incorporating an ECM protease into the structure of the protein carriers, we have 

developed a nanoparticle drug delivery vector which has the reversible-drug binding 

properties of albumin coupled to the tumor penetrating abilities of collagenase.  By using 

the numerous drug-binding sites available on albumin,
297,318

 we were able to sequester 

and co-deliver multiple therapeutic compounds.  Together, the enhancement in protease-

mediated tumor penetration and simultaneous delivery of multiple therapeutic 

compounds results in more effective tumor treatment using albumin nanocarriers.  Our 

results offer a new strategy for engineering advanced drug delivery systems.    

We have begun using the nanoprobes as tools to monitor the likelihood of 

metastatic progression in a transgenic murine melanoma model closely mimicking human 

melanoma metastasis.  By utilizing a spectrum of unique SWIR emissions, we can 

investigate the critical molecular cues that trigger the occurrence of metastasis and further 

disease progression. The use of highly sensitive imaging tools that can target and quantify 

tumor biomarker changes in situ will have broad implications for both patients 

undergoing new treatment strategies as well as for therapeutic manufacturers during the 

drug discovery process.  The confluence of the biophotonic potential of SWIR-emitting 

rare earth probes coupled with advances in bionanotechnology can help realize the 
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promise of such materials as biomedical imaging, diagnostic and theranostic agents. 
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6.2. Future Directions 

 

6.2.1. Short-Term - Molecular Imaging of Prognostic Cancer Markers Using SWIR 

 In the short term, the (RE)ANC system developed in Chapter 2 should be 

extended toward molecular targeting in vivo.  Combined with the proof-of-concept 

multispectral SWIR-imaging presented in Chapter 3, a family of novel nanoprobes with 

tunable SWIR emission can be developed to investigate the roles that specific cellular 

markers play in cancer progression and staging. Specifically, we are currently 

investigating the molecular changes that occur in melanoma using (RE)ANCs with SWIR 

emissions.  This is briefly summarized as follows:  

 Separate pools of (RE)ANCs will be conjugated with antibodies against each of 

these four key markers:  Grm1 (for metastatic potential), insulin-like growth factor-1 

receptor (IGF-1R) (for downstream activation of PI3K-AKT and MAPK pathways and 

tumor cell survival and proliferation),
319

 vascular growth factor receptor (VEGF-R), and 

chemokine receptor CXCR4.  Grm1 has been shown to be aberrantly overexpressed in 

many of human melanoma cell lines and biopsies.
309

    Studies by our collaborator Chen 

have shown consistently high levels of IGF-R and VEGF-R at sites of metastatic 

melanoma (Teh and Chen, in preparation).  High expression of CXCR4 correlates with 

high metastasis and poor prognosis of melanoma in terms of survival.
320,321

   

 To investigate whether the nanoprobes can detect changes in the molecular 

phenotype of the tumors, the TGS murine model will be imaged following drug treatment 

and stabilization of tumors. Chen and colleagues have shown that treatment of 

metabotropic glutamate receptor 1 (Grm1) positive human melanoma xenografts in vitro 
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and in vivo with an FDA approved glutamate release inhibitor
322

 known as Riluzole led 

to a 50% decrease in tumor growth compared to controls as well as increased apoptosis in 

tumor biopsies.
323

  Previous studies suggest that the disruption of GRM1 signaling in 

human melanomas may be utilized as a novel therapeutic strategy for the treatment of 

metastatic melanoma.
323,324

  The use of nanoprobes may elucidate the in situ progression 

of tumor GRM1 expression correlated with other growth and invasiveness markers.  

 Future studies could endeavor to demonstrate the feasibility of biologically 

targetable, optical nanoprobes that can be imaged in vivo with (a) deeper penetration than 

that possible using conventional organic or quantum dot probes and with (b) SWIR 

emission in a range with lower tissue absorption.  Success with the multiplexing of such 

nanoprobes will further advance the possibility of using such nanoprobes for real-time 

tracking of disease states and their responsiveness to therapeutic interventions.  For 

example, previous studies suggest that the disruption of GRM1 signaling in human 

melanomas may be utilized as a novel therapeutic strategy for the treatment of metastatic 

melanoma.
323,324

  The use of nanoprobes may elucidate the in situ progression of tumor 

GRM1 expression correlated with other growth and invasiveness markers.  Similar 

approaches can be used as a powerful complementary strategy to enable researchers to 

make decisions on whether to change or refine a treatment, as well as understand the 

cellular and molecular response to a treatment strategy in real-time. 

 A few suggested experiments that could yield valuable insights into targeting the 

nanoprobes involve growing two or more tumor xenografts on a single animal derived 

from two or more cancer cell lines expressing unique surface receptors.  For example, 

C8161+ human melanoma cells, which express Grm1, can be grown on one flank of the 
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animal and targeted with Er-doped (RE)ANCs functionalized with anti-Grm1 antibodies.  

On the other flank, C81-61 Grm1 negative human melanoma cells can be grown.  Ho-

doped (RE)ANCs functionalized with cRGD could be injected simultaneously to image 

the avb3
 
integrin which should be expressed on the vasculature of both xenografts.  Co-

localization of the SWIR signals should be present on the C8161+ xenograft, while the 

other tumor should only exhibit the Ho-generated SWIR signal.  

 Another potential approach could be to correlate the spatial position or 

distribution of the particles with TEM imaging of tumor sections.  (RE)ANCs have been 

shown to provide adequate TEM contrast due to the electron-dense REs.  Using this, we 

have the capability to resolve (RE)ANC location very accurately within a tumor.  

Although not directly specified in the proposal, the work done in this dissertation with the 

collagenase-modified albumin nanoparticles could be validated within a tumor model 

using TEM techniques.  Collagenase and unmodified (RE)ANCs could be introduced into 

a tumor-bearing mouse, imaged and then identified ex vivo through histological 

examination using TEM.  This could be used to determine whether the collagenase 

improved the penetration of the nanoparticles from the surrounding vasculature and into 

the dense tumor mass.  

    

6.2.2. Medium-Term - Improving the SWIR Emission Intensity of REs 

 A critical need that should be addressed for both the above proposal and extension 

of this dissertation is the limitations posed by the SWIR signal intensity of the RE probes.  

Ultimately, a combination of parameters, including camera sensitivity and degree of 

probe accumulation, will determine how easily SWIR signal can be resolved from 
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multiple SWIR-emitting probes in vivo. Nonetheless, RE formulations in our current 

library have drastically different optical efficiencies, which can vary by several orders of 

magnitude from one another (from most to least efficient: Er-, Ho-, Tm-, Pr-dopant 

schemes).  REs doped with Er, for example, can have up to 10-fold better optical 

efficiencies than Ho-doped particles of a similar size.   

 Increasing the size of REs has been shown to improve their optical efficiency in a 

non-linear fashion (personal communications with Dr. Mei Chee Tan). Optimizing the 

size of newer REs above the 10 nm versions used in this dissertation should be 

considered for future work.   However, as size is a critical parameter in nanoparticle 

interactions within a biological environment, the impact that changing RE size has on 

both (RE)ANC formulation and in vivo behavior should be carefully considered. 

 Alternative strategies could involve changing the host material, changing dopant 

concentrations, or deposition of other metals to improve optical efficiency.
142,325

  Ideally, 

from an imaging system design standpoint, having probes with comparable emissions 

would make the simultaneous detection of multiple SWIR wavelengths significantly less 

challenging.   

 

6.2.3. Medium-Term - Improving SWIR Imaging System and Post-Processing 

Software 

 Currently, both the imaging system used to capture SWIR video and the software 

used to process the raw video are difficult to use when handling a large animal sample 

size.  This limits the amount of data that can be collected in a period of time and 

significantly delays data analysis.  
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 For the imaging system, upgrading the InGaAs camera to a liquid nitrogen cooled 

system would potentially improve sensitivity and may help detect lower quantities of 

nanoprobes in vivo.  The InGaAs camera considered should be designed for easy and 

quick filter installation to detect various SWIR emissions.  In addition, we now use a 980 

nm collimated laser diode for excitation which can only irradiate a spot ~3 cm in 

diameter at a time.  A laser array source, which can irradiate a whole animal 

instantaneously and shorten imaging time should be considered instead.  Further 

modifications should consider extending this system for total body scanning and 3-D 

image reconstruction.  A system for inducing anesthesia through inhalation while keeping 

the animal at a constant temperature should also be considered for long term or repeated 

imaging studies.   Finally, raw video is currently processed using several MATLAB 

scripts that must each be run and analyzed sequentially.  Integrating the scripts into a 

single software bundle should be implemented to shorten post-processing time. 

 

6.2.4. Medium-term - Comprehensive Investigations of SWIR-Tissue Interactions 

 Comprehensive studies are needed to determine the actual imaging improvements 

that can be gained using the SWIR wavelengths generated by the REs.  In particular, 

rigorous experiments should be undertaken to determine the exact penetration depth as 

well as the reduced scattering and absorbance of SWIR compared to NIR through tissue 

samples.  It may be possible that SWIR has significant benefits in certain tissues 

compared to NIR.  Phantom tissue studies as well as integrating sphere measurements 

using live samples have already been presented in Chapter 4, but these studies should be 

expanded upon and pursued further.  Understanding the benefits of SWIR and how to 
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fully exploit these advantages for infrared imaging will aid in the design of future 

experiments.  Furthermore, these types of studies will highlight the importance of SWIR-

based imaging approaches and validate our current work.  

 The optical properties of tissues can be described by the scattering coefficient 

(μs), absorption coefficient (μa) and the scattering anisotropy factor (g).  Calculation of 

these three parameters can be made by taking reflectance and transmission measurements 

using an integrating sphere.  These calculations can be performed using methods such as 

the inverse-doubling method,
326

 which appears to be the most straightforward, or Monte 

Carlo simulations.
327

  The inverse adding-double method can be used with 1 or more 

integrating spheres and is very well described by Prahl et al.
328

 

 

6.2.5. Medium-Term - Comparison of REs to NIR- and Other SWIR-Emitting 

Probes  

 As previous stated,
257

 SWIR probes must be compared to traditional NIR probes 

to aid in their widespread translation.  The benefits of SWIR emissions from REs must be 

directly compared to the NIR emissions of commonly used probes, such as NIR-emitting 

quantum dots and ICG.  In addition, the SWIR emissions from REs should be compared 

to other SWIR-emitting compounds such as quantum dots and single-walled carbon 

nanotubes.  Directly comparing the optical efficiencies will help determine whether REs 

are indeed more efficient than other materials at generating SWIR.  For both tasks, 

integrating sphere measurements could potentially be carried out to generate quantifiable 

and comparable data.    
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6.2.6. Long-Term - Extension of (RE)ANCs for Multimodal Imaging 

 The benefits of multimodal imaging have been discussed within Chapter 1.  

Whole body optical imaging may prove to be very difficult for the immediate future.  

However, integrating an anatomical imaging component within the (RE)ANCs, such as 

an MRI contrast agent, could create a nanoparticle that can be resolved at both 

anatomical and molecular scales.  Work has been done triple doping REs with Yb, Er and 

gadolinium (Gd) III ions to achieve both optical emissions and magnetic resonance 

properties.
329,330

 In addition, monomeric albumin conjugated diethylenetriamine 

pentaacetic acid (DTPA) to chelate Gd (III) has been extensively studied and may present 

another avenue of generating MRI contrast.
331

  DTPA is a bifunctional chelating agent 

which contains two amine-reactive anhydride groups that can react with N-terminal and 

ε-amine groups on albumin.
120

 The creation of any Gd(III)-doped nanoparticles would 

require the necessary testing to confirm that both the MRI contrast as well as SWIR 

emissions are still generated after modification. 

 In addition, a potentially exciting opportunity could be to take advantage of the 

980 nm NIR absorbance of the (RE)ANCs to generate 3-D images in vivo.  Photoacoustic 

imaging is a hybrid modality that uses an optical pulse to generate an acoustic signal 

which can be registered by ultrasound devices.  This technique combines both the 

sensitivity of optical imaging with the high spatial resolution provided by acoustic 

techniques such as ultrasound.  Furthermore, 3-D mapping and localization of the 

particles within a tumor could be accomplished with photoacoustic imaging as well.  

Photoacoustic imaging relies on the excitation of a contrast agent with a pulse of laser 

light.  Once excited, the contrast agents produce very low amounts of heat which in turn 
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generate a thermoelastic expansion resulting in a measureable ultrasound wave.
332

  The 

benefit in this approach is that no further modifications are needed to image the current 

nanoparticle formulation with photoacoustic techniques.  This technique could be used to 

create maps of vasculature or determine the spatial position of the (RE)ANCs within a 

tumor. 

 

6.2.7. Long-Term - Intraoperative Use of Multimodal (RE)ANCs for Deep Tissue 

Tumor Resection 

 A potential application of (RE)ANCs with MRI contrast could be for 

intraoperative use.  Studies have been published using other targeted multimodal 

nanoparticles for determining the anatomical position of tumors using MRI approaches, 

followed by optical imaging to guide surgical intervention.
35

  With molecular targeting, 

SWIR imaging could then be used to delineate tumor margins in order to ensure 

successful surgical resection of the tumor.
33

 

 The current in vivo melanoma model used in this dissertation focused on 

superficial disease states.  Future models should be considered looking at deeper cancers 

such as prostate, colon or breast.  Alternatively, a separate project could be undertaken 

for imaging atherosclerotic lesions given the resources available in the Moghe lab. 

 

6.2.8. Long-Term - Stimuli-Sensitive Therapeutic Drug Delivery  

 Exploiting the emissions of the REs for more than imaging is another potential 

approach for developing the (RE)ANCs into advanced drug delivery agents.  

Photosensitive linkers, such as 5-(3-iodopropoxy)-2-nitrobenzyl alcohol (IDNA),
333

could 
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be used to conjugate therapeutics, such as curcumin, to the nanoparticles.  The 

upconverted visible emissions of the REs could then be used to release the drug from the 

bound particle at a site of interest, such as a tumor.  IDNA, for example, cleaves when 

exposed to 570 nm light which is near the visible emissions of the Er-, Ho- and Pr-doped 

REs.  

 In addition, photodynamic therapy (PDT) could also be attempted in a similar 

manner.  PDT relies on the excitation of small molecules, known as photosensitizers, to 

generate reactive oxygen species (ROS).  ROS can cause significant cellular damage 

when in proximity to tissue. Photosensitizers, such as methylene blue, could be attached 

to REs then delivered via (RE)ANCs to tumor sites.  Once there, excitation of the REs 

with NIR will generate visible light, which could be used to trigger the generation of 

ROS from the photosensitizer resulting in a therapeutic effect.      
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