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1. Introduction

Peptides show promise as tumor affinity targeting agents due to their specificity
as well as small size enabling tissue penetration and the possibility for large scale
production [Liu et al., 2017]. Peptide phage display, where multiple copies of
a peptide are displayed on a bacteriophage surface, is used to screen for tumor
homing peptides [Pasqualini and Ruoslahti, 1996]. This method uncovers peptides
that home to tumor blood vessels. Knowing what receptors are available through
systemic circulation is clinically relevant since all chemotherapeutics are currently
administered intravenously. In finding new peptides, it is important to know
which peptides can bind cells and get into cells for therapeutic effect on the in
vitro level as well as which peptides can home to tumors and penetrate deeper into
tumors for anti-cancer activity. Nanoparticles (NPs) provide many advantages for
understanding these mechanisms.

Nanoparticle cancer therapeutics such as DoxilTM [Doxil website, 2017] and Abrax-
aneTM [Abraxane website, 2017] are already in clinical use. These drugs use estab-
lished chemotherapeutics and formulate them as a liposomal or albumin nanoparti-
cle, respectively. The NPs have longer blood half-lives than free drug and accumu-
late at tumor sites owing to aberrant tumor vasculature [Matsumura and Maeda,
1986], even without targeting ligands, thus reducing systemic toxicity [Green et al.,
2006, O’Brien et al., 2004]. The natural next step towards nanoparticle therapy
is to improve this system further by active targeting. Indeed many targeted nan-
otherapeutics are in clinical trials for breast, prostate, and gastric cancer as well
as solid tumors [Shi et al., 2017]. Phage display discovery of peptides is partic-
ularly well suited for the discovery of NP targeting ligands since the phages are
themselves biological nanoparticles. When the peptides are coated onto synthetic
nanoparticles they take advantage of the NPs’ characteristics as well. NPs can
carry multiple copies of targeting ligands, enabling multivalent, higher avidity, ac-
tivity. They can comprise not only targeting ligands and drugs, but also tracking
features like fluorescent dyes or isotopic markers.

The work presented in this thesis describes the development of a silver nanoparticle
(AgNP) platform as a research tool in studying cancer. Phage display homing
peptides can be tested for in vitro binding and in vivo targeting by coupling to the
readily trackable AgNPs. AgNPs can enhance fluorescent dyes that are attached
to them, and be visualized by silver enhancement and microscopy in histological
sections. Exposed AgNPs can be dissolved in a biocompatible way to enable
distinction between extracellular and internalized particles. They can be used
in dye-free assays due to their high extinction coefficients and isotopic labeling.

3



Introduction4

Isotopic multiplexing allows for the quantification of more than one AgNP type
at a time by mass spectrometry from cell or tissue lysate and spatial analysis of
tissue sections. As opposed to optical techniques, this provides a critical tool for
evaluating peptide efficacy in an internally controlled and quantitative manner.



2. Literature Review

2.1 Nanoparticles in cancer treatment

The first nanoparticle formulation for cancer treatment, DoxilTM, was approved
by the FDA in 1995 [Shi et al., 2017]. The nanoformulation took the chemothera-
peutic doxorubicin and encapsulated it inside a polyethylene glycol-coated (PEG-
ylated) liposome. This change in formulation reduced cardiotoxicity without im-
pacting efficacy and increased circulation time and accumulation of drug at the
cancer site [Gabizon et al., 1994, O’Brien et al., 2004]. The next big development
in cancer nanomedicine was the approval of AbraxaneTM ten years later. This
albumin bound nanoformulation of paclitaxel, made it possible to avoid the toxic
cremophor oil that is normally used to solubilize the drug, resulting in improved
patient tolerance and better therapeutic index for the drug [Gradishar et al., 2005

,

Green et al., 2006]. Despite the high hopes for NP cancer therapeutics, they have
yet to fully deliver. A recent meta-analysis of clinical studies revealed that liposo-
mal chemotherapeutic formulations have not been able to increase overall survival
in patients versus standard treatment [Petersen et al., 2016]. The number of ap-
proved NP cancer drugs remains low, although over 30 are undergoing clinical
trials. The primary focus is on liposome-based formulations, although polymer
and metal nanoparticles, especially for heat activated treatment, are also being
tested. There is a growing interest in treatments based on gene therapy or RNA
interference as well as immunomodulatory treatments [Shi et al., 2017].

2.1.1 Passive targeting

Current clinically approved nanotherapeutics are all intravenously administered
and untargeted. If NPs have no targeting ligands, e.g. antibodies or peptides,
then the main mode by which they reach the tumor is the so called enhanced
permeability and retention effect (EPR) [Matsumura and Maeda, 1986]. EPR
describes the passive targeting that allows nanoparticles to accumulate at tumor
sites due to tumors’ faulty vasculature: leaky, tortuous, and with poor lymphatics
[Ruoslahti, 2002]. The concept of EPR has gained greater attention as a focus
of research. EPR is not universal, and with great heterogeneity existing in tu-
mors, different individuals will experience varying levels of this effect leading to
uneven success of treatment. First assessing how well EPR works in a particular
patient, e.g. with imaging NPs such as iron oxide particles, can help predict how
well untargeted NP-chemotherapeutics will perform [Ramanathan et al., 2014].

5



Chapter 2 Literature Review6

Another option is to pre-screen patients for blood markers known to affect EPR
[Yokoi et al., 2014]. Theranostic nanoparticles, that encompass both treatment
and diagnostic characteristics, are another possible tool to assess treatment effec-
tiveness in real time [Choi et al., 2012]. However, theranostic particles involve
added complexity in manufacturing and regulatory approval.

2.1.2 NP characteristics

Aside from targeting ligands, nanoparticle characteristics such as size, shape,
charge, surface coating, and rigidity determine NP uptake by tumors and by the
rest of the organism [Albanese et al., 2012]. Very small NPs, �5 nm, will be cleared
quickly by the kidneys, whereas large NPs will not be able to penetrate tissues
effectively [Longmire et al., 2008]. NP shape has a large impact on how particles
behave, for example rod- or worm-shaped particles adhere better to endothelial
cells and home better to tumors than equivalent spherical particles [Chauhan et al.,
2011, Park et al., 2008].

2.1.3 Protein corona

When a nanoparticle enters a biological environment it develops a coating of pro-
teins called a corona [Lynch and Dawson, 2008]. Therefore the NP that interacts
with the organism in vivo is not the same exact particle as that which was first
injected. This protein binding can take the form of opsonization, which marks the
NPs for removal by the mononuclear phagocyte system (MPS) [Mahmoudi et al.,
2011]. Not all corona building is necessarily negative. Peptides with a free cysteine
can piggy-back on albumin molecules, thus increasing their circulation time and
improving tumor homing [Pang et al., 2014a]; the same principle may apply to
NPs.

2.1.4 Stealth NPs

Often nanoparticles are preferred to be as “stealth" as possible, that is not recog-
nized by the immune system. The standard way this is done is by covering the
nanoparticle in PEG molecules [van Vlerken et al., 2007]. PEGs are hydrophilic,
chemically inert, do not participate in electrostatic interactions, and also steri-
cally hinder the binding of opsonin proteins. PEGylation reduces clearance by the
MPS and increases circulation time [van Vlerken et al., 2007]. PEGylation can be
optimized for many parameters including the molecular weight of PEG, terminal
groups, and packing density. Whether the polymer is sparsely packed on a surface
and assumes a coiled, mushroom configuration or is tightly packed, and stretched
out in a brush configuration, will impact particle behavior [Jokerst et al., 2011].
While PEG is clinically approved and generally regarded as non-immunogenic, it
is possible to develop anti-PEG antibodies [Garay et al., 2012]. Other strategies
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for stealth particles include: labeling NPs with “self� markers and coating NPs in
cell membranes of erythrocytes or leukocytes [Hu et al., 2011, Parodi et al., 2013].

2.1.5 Active targeting

Therapeutic nanoparticles that incorporate targeting ligands on their surface have
yet to be clinically approved. The four NPs that are currently in clinical tri-
als are lipid or polymer-based NPs with encapsulated chemotherapeutic that are
coated with affinity ligands recognizing human epidermal growth factor receptor
2 (HER2), prostate-specific membrane antigen (PSMA), epidermal growth factor
receptor (EGFR), or transferrin receptor (TfR) [Shi et al., 2017]. In mouse tumor
models there are many successful examples of peptide-targeted NPs including iron
oxide nanoworms (IONW) [Agemy et al., 2011, 2013, Hunt et al., 2017, Sugahara
et al., 2009], spherical iron oxide particles [Simberg et al., 2007], and polymersomes
[Simón Gracia et al., 2016b].

2.2 Tumor homing peptide discovery

2.2.1 Vascular ZIP codes

One way to discover targeting ligands, homing peptides, is through in vivo phage
display. This technique relies on the variations in blood vessels depending on their
state. Endothelial cells that line the vessels have different molecular structures and
systemically accessible molecular landscape based on their location. Such molec-
ular variability in vasculature also exists as part of disease presence or absence.
These molecular markers, or ZIP codes, can be taken advantage of to target spe-
cific tissues or pathologies. Tumor vasculature will display different ZIP codes from
healthy vasculature [Ruoslahti, 2004, Teesalu et al., 2012]. Using in vivo phage
display to target these ZIP codes, homing peptides have been found for normal
brain [Fan et al., 2007], heart [Teesalu et al., 2009, Zhang et al., 2005], lung [Brown
and Ruoslahti, 2004, Teesalu et al., 2009], prostate [Arap et al., 2002], angiogenic
vessels [Arap et al., 1998, Simberg et al., 2007], blood clots [Pilch et al., 2006], and
for various tumors [Hoffman et al., 2003, Laakkonen et al., 2002, Sugahara et al.,
2009, Zhang et al., 2006] to name some examples.

2.2.2 Phage display

Phage display involves using a bacteriophage, e.g. T7 coliphage, that displays
engineered peptides on its coat protein. Bacteriophages are viruses that infect
bacteria. They use the bacteria’s cellular machinery to replicate themselves and
in so doing also replicate the recombinant DNA they carry. For phage display the
phages’ DNA has been modified to add a random peptide genetically tuned to its



Figure 1: Schematic of in vivo phage display biopanning. A phage library
is injected into circulation. As a result of specific interactions of some dis-
played peptides with the signature molecules expressed on the blood vessels,
some phages will home to the target, e.g. tumor. The target organ or tumor is
isolated and homogenized and the bound phage pool is amplified and injected
again for another round of selection. After several rounds of biopanning, the
peptide-encoding region of the phage genome is sequenced and enriched pep-

tides are identified and analyzed.

coat protein. The diversity of such peptide-phage libraries can be enormous, in
the billions. The phages that are recovered from a target tissue, are rescued by
replication in fresh bacterial culture. Thus homing phages are amplified and non-
homing phages are removed. During peptide phage biopanning there is a balance
to be found between stringency and yield. Stringency sets higher standards for
which peptides are good enough homers or target binders. However, if conditions
are too stringent then good peptide-phages might be left out as overall yield of
phages is too low [Smith and Petrenko, 1997].

In vivo phage display [Pasqualini and Ruoslahti, 1996] uses the vast number of
peptides that can be tested on phage particles to find homing peptides to biological
targets like tumors. The phages are injected into systemic circulation and, after
some time, target organs, control organs, and tumors are collected (Figure 1). The
tissues are homogenized and the bound phages are either sequenced immediately
or amplified and applied to another round of selection. Phage display has been
used to find many homing peptides, see Table 1 for examples.

Chapter 2 Literature Review8
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Table 1: Homing peptides and their targets. Some listed peptides have a
cryptic CendR motif (see Section 2.2.4.3): they initially bind to one receptor
and after proteolytic cleavage develop an a�nity for NRP-1. This dual binding

is designated with (receptor/NRP-1). Adapted from [Teesalu et al., 2012].

0TRAMP = transgenic adenocarcinoma of the mouse prostate

Sequence In vivo target site
(Abbrev.) (Receptor, if known) Reference

1 AKRGARSTA Peritoneal carcinomatosis [Hunt et al., 2017]
(linTT1) (p32/NRP-1)

2 CKRGARSTC Breast tumors [Paasonen et al., 2016]
(TT1) (p32/NRP-1)

3 RPARSGRSAGGSVA Breast tumors [Braun et al., 2016]
(uCendR) (NRP-1)

4 CNGRC Angiogenic vessels [Arap et al., 1998]
(NGR) (CD13)

5 CRNGRGPDC Breast tumors [Alberici et al., 2013]
(iNGR) (CD13/NRP-1)

6 CAQK Brain injury [Mann et al., 2016]
(proteoglycan complex)

7 RPARPAR Prototypic CendR peptide [Teesalu et al., 2009]
Heart, lung (NRP-1)

8 CRGDKGPDC Different tumors [Sugahara et al., 2009]
(iRGD) prototypic tissue-

penetrating peptide
(αvβ3/5 integrins/NRP-1)

9 CAGALCY Brain microvessels [Fan et al., 2007]
10 CGKRK Squamos cell carcinoma [Hoffman et al., 2003]

(p32, calreticulin)
11 gSMSIARL Normal prostate [Arap et al., 2002]
12 gVSFLEYR Normal prostate [Arap et al., 2002]
13 CREAGRKAC TRAMP0 lymphatics [Zhang et al., 2006]
14 CAGRRSAYC TRAMP premalignant [Zhang et al., 2006]

lymphatics
15 CRAKSKVAC Pan-endothelial homer [Zhang et al., 2006]
16 CRRETAWAC (α5β1 integrins) [Koivunen et al., 1994]
17 CRPPR Heart (NRP-1) [Zhang et al., 2005]
18 CGLIIQKNEC Blood clot [Pilch et al., 2006]

(CLT1)
19 CNAGESSKNC Blood clot [Pilch et al., 2006]

(CLT2)
20 CARSKNKDC Wound (heparan sulfate [Järvinen and Ruoslahti, 2007]

(CAR) proteoglycans)
21 CRKDKC Wound [Järvinen and Ruoslahti, 2007]

(CRK)



2.2.3 Target proteins

2.2.3.1 Neuropilin-1

One target for homing peptides is neuropilin-1 (NRP-1). NRP-1 is a trans-
membrane receptor, which interacts with many growth factors, such as vascu-
lar endothelial growth factor, integrins [Yaqoob et al., 2012], and semaphorins
[Prud’homme and Glinka, 2012]. NRP-1 has roles in the immune system; it is
expressed by T-cells and dendritic cells [Prud’homme and Glinka, 2012]. Whereas
NRP-1 is expressed in endothelial cells and some other normal cells, it is overex-
pressed in many cancers, such as prostate [Latil et al., 2000] (including cultured
PPC-1 prostate cancer cells [Teesalu et al., 2009]), and breast cancer [Stephenson
et al., 2002], carcinoma, melanoma [Straume and Akslen, 2003], leukemia [Kar-
jalainen et al., 2011], glioblastoma [Nasarre et al., 2010], and others. Upregulation
of NRP-1 has been correlated with cancer progression and poor prognosis [Chaud-
hary et al., 2014, Hong et al., 2007, Prud’homme and Glinka, 2012]. In tumors
NRP-1 has many roles from tumor initiation [Yaqoob et al., 2012] to angiogen-
esis and modulating invasiveness [Hong et al., 2007]. NRP-1 affects the tumor
microenvironment by facilitating communication between myofibroblasts and fi-
bronectin, thus triggering the integrin-dependent assembly of fibronectin fibril and
extracellular matrix and tumor growth [Yaqoob et al., 2012]. In lung cancer mod-
els, NRP-1-targeting CendR peptides were found to inhibit cell invasion in vitro
and to reduce angiogenesis and tumor development in vivo [Hong et al., 2007].

Chapter 2 Literature Review

22 GLNGLSSADPSSD Lung homing domain [Brown and Ruoslahti, 2004]
WNAPAEEWGNW of metadherin
VDEDRASLLKSQE
PISNDQKVSDDDK
EKGEGALPTGKSK

23 CGNKRTRGC Tumor lymphatics, tumor [Laakkonen et al., 2002]
(LyP-1) macrophages, and tumor

cells in hypoxic areas
(p32/NRP-1)

24 CREKA Angiogenic vessels [Simberg et al., 2007]
(fibrin clots)

25 CTTHWGFTLC Angiogenic vessels [Koivunen et al., 1999]
(gelatinases A and B)

26 CSRPRRSEC Dysplastic skin [Hoffman et al., 2003]
27 CLSDGKRKC Lymphatics in C8161 [Zhang et al., 2006]

melanoma
28 CNRRTKAGC K14HPV16 dysplastic [Zhang et al., 2006]

(LyP-2) skin lesions

Sequence In vivo target site
(Abbrev.) (Receptor, if known) Reference

10
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2.2.3.2 p32 protein

Another protein of interest for cancer targeting is p32. p32, also known as gC1q-R
and p33, is a highly acidic, trimeric protein that is primarily associated with the
mitochondria [Ghebrehiwet and Peerschke, 2004]. p32 is one of the receptors for
C1q as part of the C1 complement pathway. These receptors are involved in release
of adhesion molecules, autoimmune diseases, infections, and inflammation as in the
case of vascular lesions or artherosclerosis [Ghebrehiwet and Peerschke, 2004]. p32
is involved in regulating kinase activity [Storz et al., 2000], transcription factors,
and has a role in regulating metabolism between oxidative phosphorylation and
glycolysis [Fogal et al., 2010]. Whereas p32 is normally moderately expressed by
many types of cells, when under stress, the level of expression and ligand affin-
ity has been found to increase [Guo et al., 1999]. Surface-expression of p32 has
been found for breast cancer (MCF7, 4T1, MDA-MB-231, MCF10-CA1a) [Fogal
et al., 2008], melanoma (MDA-MB-435) [Fogal et al., 2008], prostate cancer (PC3)
[Amamoto et al., 2011], glioblastoma (005) [Agemy et al., 2013], and lymphoma
cells (Raji Burkitt) [Fogal et al., 2008, Ghebrehiwet et al., 1994]. High expres-
sion of p32 has been correlated with a poor prognosis in prostate cancer patients
[Amamoto et al., 2011].

2.2.4 Homing peptides

2.2.4.1 p32 targeting peptides

In vivo phage display on squamous cell carcinoma (K14-HPV16) in mice identi-
fied the peptide CGKRK [Hoffman et al., 2003]. The fluorescein labeled peptide
was found to home to subcutaneous squamous cell carcinoma (PDSC5)[Hoffman
et al., 2003], melanoma (MMDA-MB-435, C8161) tumors [Agemy et al., 2013,
Hoffman et al., 2003], glioblastoma (H-RasV12-shp53 lentivirus-induced GBM)
[Agemy et al., 2011], and also to breast cancer xenografts (MCF10CA1a, Tg (c3-
1-TAg) Jeg transgenic model) [Agemy et al., 2013]. CGKRK is internalized and
localizes to the cell nucleus [Hoffman et al., 2003] and to the mitochondria [Agemy
et al., 2011]. For use with nanoparticles, the peptide has been coupled using the
thiol side chain of the N-terminal cysteine [Agemy et al., 2011]. CGKRK iron
oxide nanoworms, combined with a proapoptotic peptide, homed successfully to
GBM and breast cancer and improved survival or inhibited tumor growth [Agemy
et al., 2011, 2013]. The primary receptor for CGKRK was identified as p32 through
affinity chromatography and mass spectrometry and verified through immunoblot-
ting assay [Agemy et al., 2013]. Because CGKRK is a positively charged peptide
(+3), its homing and binding may be not only through p32, but also through
other negatively charged targets in the tumor milieu, such as phosphatydilserines
or heparan sulfate proteoglycans [Hoffman et al., 2003]. In recent work, calretic-
ulin, which is often co-expressed with p32 [Ghebrehiwet and Peerschke, 2004], has
been identified as another receptor for CGKRK peptide [King et al., 2016].



2.2.4.2 NRP-1 targeting: CendR peptides

A class of NRP-1-binding peptides, dubbed CendR peptides, have an arginine or
lysine followed by any two amino acids and another arginine or lysine at their C-
terminus (R/KXXR/K), e.g. RPARPAR [Teesalu et al., 2009]. CendR peptides
are not active when the C-terminal arginine or lysine is blocked by another amino
acid, or the terminus is amidated [Teesalu et al., 2009]. The peptides not only
bind to but are internalized by the NRP-1-expressing cells using a newly described
endocytotic pathway, possibly involved in nutrient transport [Pang et al., 2014b].
Binding of CendR peptides causes vessel leakiness and the endocytosis of other
material, e.g. cancer drugs, that are coadministered with the peptide [Roth et al.,
2016, Sugahara et al., 2010, Teesalu et al., 2009]. NRP-1-mediated cell penetration
has also been found for viruses [Lambert et al., 2009].

Figure 2: Multistep binding and penetration mechanism of iRGD peptide. The
iRGD peptide accumulates at the surface of αv integrin-expressing endothelial
and other cells in tumors. The RGD motif mediates the integrin binding. The
peptide is cleaved by a cell surface-associated protease(s) to expose the cryptic
CendR element, RXXK/R, at the C-terminus (red dotted line). The CendR
element then mediates binding to neuropilin-1, with resulting penetration of
cells and tissues. The peptide can penetrate into tumor cells and tissues with
a cargo, such as a simple chemical or a nanoparticle, provided that the cargo
is attached to the N-terminus of the iRGD peptide because the disulfide bond
apparently breaks before the peptide is internalized (black line). Reprinted with

permission from T. Teesalu [Sugahara et al., 2009].
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2.2.4.3 Dual targeting: cryptic CendR peptides

The CendR motif can also be in the middle of a peptide sequence, and be ac-
tivated after proteolytic cleavage exposes the sequence. An example of these
cryptic CendR peptides is iRGD, sequence [CRGDKGPDC]. iRGD makes use
of two motifs: RGD integrin binding motif [Pierschbacher and Ruoslahti, 1984]
and RGDK cryptic CendR motif, that after proteolytic cleavage, acquires the
ability to bind NRP-1 and to penetrate into tumors (Figure 2) [Sugahara et al.,
2009]. Administering iRGD can enhance uptake of a small molecule, antibody,
nanoparticle, or cancer drug and increase their therapeutic efficacy [Sugahara
et al., 2010]. Another cryptic CendR peptide is LyP-1 [Laakkonen et al., 2002],
sequence [CGNKRTRGC], which targets p32 and then internalizes via NRP-1 af-
ter cleavage [Roth et al., 2012]. LyP-1 has been found to home to and penetrate
artherosclerotic plaques [Hamzah et al., 2011, Uchida et al., 2011], home to tumor
macrophages, tumor cells, and tumor lymphatics [Fogal et al., 2008, Laakkonen
et al., 2002], as well as to penetrate into tumors [Karmali et al., 2009, Laakkonen
et al., 2002, von Maltzahn et al., 2008]. Like iRGD, LyP-1 peptide triggers the
coadministration effect of improved uptake of nanoparticles administered together
with the peptide [Roth et al., 2012]. Recently a new peptide, similar to LyP-1,
but with higher p32 affinity was identified [Paasonen et al., 2016]. De novo design
of a proteolytically activated CendR peptide has also been demonstrated [Braun
et al., 2016].

2.2.4.4 Brain targeting peptide

Fan et al. used T7 in vivo phage display to identify a brain homing peptide with
the sequence CAGALCY [Fan et al., 2007]. The sequence was optimized using
structural analysis whereby amino acid substitutions were tested. The peptide has
affinity for brain microvasculature with no homing to other organs. CAGALCY
was found to inhibit platelet adhesion in mice with induced sepsis [Fan et al.,
2007]. This observation supported the hypothesis that the peptide may target
integrin binding sites on circulating cells, thus interfering with cellular adhesion.
The free C-terminal tyrosine and hydrophobic pockets of CAGALCY are features
of known integrin antagonists [Dubree et al., 2002, Gurrath et al., 1992]. However,
the receptor for CAGALCY peptide has not yet been determined.

2.3 Silver nanoparticles

T7 phages display multiple copies of a peptide on their spherical, biological nanopar-
ticle surface. While phage display libraries are powerful for new peptide discovery,
once a homing peptide is identified it is often synthesized and conjugated to a
synthetic nanoparticle which mimics the bacteriophage. These NPs transition the
peptide towards clinical use as they can be made of biocompatible, stealth, or clin-
ically approved materials. They also have properties which aid in the continuing



research and evaluation of the peptide such as the inclusion of fluorescent dyes
for detection. Metal NPs are already used clinically for MRI contrast (iron oxide
NPs) and for surgical instrument coatings (silver NPs), while other metal NPs are
being evaluated as nanotherapeutic carriers in animal models [Shi et al., 2017].

2.3.1 Commercial use and toxicology

Silver nanoparticles (AgNPs) are widely used for their antibacterial properties.
They are used in consumer goods such as textiles, appliances, and toys. They are
present in dressings for burns and wounds, and have been found to aid wound
healing [Tian et al., 2007]. Medical instruments and implants have also been
coated with AgNPs for sterility purposes. The wide use of AgNPs has caused
concern about their environmental impact because toxicity has been demonstrated
in in vitro and in vivo studies (reviewed in [Ahamed et al., 2010, Ong et al.,
2013]). The antibacterial function of AgNPs, which is the goal of commercial
applications, stems primarily from particle dissolution and the release of Ag+
ions [Beer et al., 2012, Caballero-Díaz et al., 2013]. The AgNPs tested in most
toxicology experiments do not have surface coatings [Ahamed et al., 2010]. Coated,
passivated surfaces help prevent oxidation and ion release, which would impact
toxicity. The PEGylation of AgNPs has been found to reduce cytotoxic effects in
some cases [Bastos et al., 2016, Caballero-Díaz et al., 2013], possibly by reducing
uptake, while found to make no difference in other studies [Bastos et al., 2017].
Nanoparticle toxicity is not easily attributable and is determined by particle size,
shape, and surface chemistry. Regulatory guidance suggests that each type of
nanoparticle be assessed on its own for its cytotoxic impact rather than making
generalizations [Commissioner of Food and Drugs, 2007].

2.3.2 AgNP optical properties

AgNPs have size- and shape-dependent optical properties; their absorbance max-
imum in solution is based on their diameter. In response to an external electrical
field the electrons of metal nanoparticles oscillate collectively, referred to as plas-
mon resonance [Zhang et al., 2015]. The coupling of plasmon resonances of the
particle and attached dye molecules leads to a distance-dependent enhancement
of the signal of the attached fluorophore [Lakowicz, 2005, Zhang et al., 2010]. Ag-
NPs in the 40–100 nm size range provide the best enhancement [Lakowicz, 2005].
AgNP coupling can also reduce photobleaching of dyes, an important feature for
live cell imaging [Lakowicz, 2005]. The same feature enables the use of AgNPs
for surface-enhanced Raman spectroscopy (SERS) [Braun et al., 2009, Lee and
Meisel, 1982, Sun and Xia, 2003, Zhang et al., 2010].
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2.3.3 AgNP synthesis

AgNPs can be synthesized in many different shapes: cubes, spheres, plates, disks,
and rods [Sun and Xia, 2003, Wiley et al., 2005]. Polyol synthesis, with ethylene
glycol, using polyvinylpyrrolidone (PVP) is a versatile techinque able to generate
several shapes and sizes based on varying ratios between PVP and silver salt,
AgNO3 [Skrabalak et al., 2007, Wiley et al., 2005]. The ethylene glycol serves to
reduce the Ag+ ions to Ag0, thus triggering nanoparticle nucleation, while PVP
serves as a capping agent and stabilizer. Lee and Meisel published a citrate-based
AgNP synthesis carried out in water [Lee and Meisel, 1982], which was modified
by Dadosh to make a monodisperse, spherical product, with the addition of tannic
acid [Dadosh, 2009].

2.3.4 AgNP functionalization

The functionalization of AgNP surfaces with molecules is primarily done through
thiol-metal bonds, which are almost as strong as covalent bonds [Sperling and
Parak, 2010]. For example, PEG molecules with terminal thiols will displace the
weakly bound citrate molecules that are adsorbed on the AgNPs’ surface from a
citrate-based synthesis. The binding of ligands to the surface is a dynamic on/off
process, and ligands can be displaced by those with stronger binding, or removed
by excessive washing because the principle of critical micelle concentration applies.
The surface ligands stabilize the particles electrostatically and sterically. Gener-
ally, strongly bound, tightly packed, charged ligands provide the most stability.
Additionally, they enable the further conjugation of desired molecules such as flu-
orophores and peptides. Often PEG molecules with heterobifunctional terminal
groups are used, e.g. maleimides to react with cysteines, and amines to react with
N-hydroxysuccinimide esters. Other possible conjugating groups are listed in Ta-
ble 2. For biological use, the AgNPs are covered with PEG molecules for stealth,
biocompatible properties and conjugated further with fluorophores and targeting
peptides.

Table 2: Functionalization chemistries.

Reactant 1 Reactant 2
Imidoester amine

N-hydroxysuccinimide ester amine
Carboxylic acid amine (via carbodiimide)

Maleimide thiol
Haloacetyl thiol

Pyridyl disulfide thiol
Neutravidin biotin
Hydrazide aldehyde

Alkoxyamine aldehyde



3. Aims of the Study

This doctoral work was focused on the development of a silver nanoparticle (AgNP)
platform to be used as a tool in cancer research. While cancer treatments con-
tinue to improve, the development of nanotherapeutics has not been as successful
as hoped. As a way to improve nanotherapeutics, conjugated targeting molecules
such as peptides are being explored. Homing peptides have been discovered
through the phage display targeting of tumor vasculature. AgNPs were tested for
their applicability to function as synthetic carriers of these peptides. The AgNPs
were tested as cellular probes as well as functioning as trackable and quantitative
tools for assessing homing peptide performance in vivo.

The specific aims were:

1. To synthesize and functionalize silver nanoparticles (AgNPs) (I, II, III, IV)

2. To develop isotopically distinguishable AgNPs (II)

3. To use etchable AgNPs conjugated with fluorescent dyes and targeting pep-
tides as cellular probes for determining internalized versus extracellular NPs
(I, II)

4. To use AgNPs conjugated with fluorescent dyes and homing peptides to
target organs and tumors in vivo (I, III, IV)

5. To use multiplexed, isotopic AgNPs conjugated with targeting peptides to
phenotype cancer cells (II)

6. To use isotopic AgNPs conjugated with targeting peptides in internally con-
trolled, in vivo peptide validation studies (III)

16



4. Materials and Methods

Detailed methods can be found in the listed publications. Below is a summary of
the methods used.

4.1 Materials (I, II, III, IV)

AgNO3 wt (Sigma-Aldrich #209139); AgNO3 107Ag and 109Ag >99% pure iso-
topes (Isoflex); sodium citrate tribasic dihydrate (Sigma-Aldrich #S4641); tan-
nic acid (Sigma-Aldrich #403040); PVP (polyvinylpyrrolidone, Sigma #856568-
500G MW �55000); ethylene glycol (BDH #BDH1125-1LP >99.99%); D-biotin
(Sigma-Aldrich #B4501); Pd(NO3)2 (Aldrich #76070 ); NeutrAvidin (Thermo
Scientific #31055); Lipoic acid-PEG(1k)-NHS (Nanocs #PG2-AMLA-1k); CF555-
NHS dye (Biotium #92130); tripotassium hexacyanoferrate Fe(III)(CN)3−6 (Sigma,
CAS# 13746-66-2); sodium thiosulphate Na2S2O3:5H2O (Sigma, CAS# 10102-17-
7); HNO3 (Fluka #84385); HCl (Fluka #84415); NH4OH (Fluka #09857); Pep-
tides were synthesized in-house at SBPMDI or ordered from TAG Copenhagen.

4.2 AgNP synthesis

In the work conducted for this thesis, particles were synthesized in the 20–70 nm
size range, based on Ag core size; functionalization with polymers and proteins
leading to a larger hydrodynamic diameter for the finished product. AgNPs were
synthesized by two primary methods: citrate and polyvinylpyrrolidone (PVP)
method.

4.2.1 AgPVP synthesis (I)

The PVP-based synthesis of AgNPs involves dissolving PVP in ethylene glycol,
followed by addition of AgNO3 and heating. The synthesized particles are purified
by acetone precipitation and water washes with repeated centrifugation and soni-
cation for particle suspension. The PVP method has the advantage of producing
monodisperse spherical nanonparticles. With some modifications, such as polymer
MW, this method can be used to produce 20 nm or 70 nm, or even larger AgNPs
for maximum plasmonic enhancement.
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4.2.2 Ag-citrate and tannic acid synthesis (II, III, IV)

The citrate method, developed by Lee and Meisel [Lee and Meisel, 1982], is done
in a piranha-cleaned Erlenmeyer flask. Caution! Piranha (H2SO4 and H2O2) is a
highly oxidizing acid solution. AgNO3 is dissolved in ultra pure water and brought
to a boil, then citrate is added. The advantage of citrate synthesis is that it is
done in an aqueous environment and particle precipitation and phase transfer is
not needed. The downside is that the synthesis produces a polydisperse, 20–60 nm,
product that in addition to spheres contains some other shapes such as rods. The
diversity of the product makes it harder to attribute nanoparticle effects to size and
shape, but at the same time the variety of particles provides opportunity for finding
some particles that work especially well in a given situation. A modification of this
synthesis, developed by Dadosh [Dadosh, 2009], includes tannic acid in addition
to the citrate and produces a monodisperse 20–25 nm product. This synthesis was
chosen for the isotopic particles, while the larger citrate particles were best for
visualization.

4.2.3 Ag-Pd and isotopic synthesis (II, III)

The AgNP platform was developed further for multiplexing by using isotopic bar-
coding. Since silver naturally only has two isotopes, 107 and 109, AgNPs on their
own can only be used in duplex not multiplexed format. That is why palladium,
Pd, doping was employed to create a third variety of particle. Choosing how much
Pd and by which synthesis to incorporate it took a lot of testing. At first PVP
synthesis was tried for Pd percentages ranging from 0.3 to 11%. Large amounts of
Pd were found to change the AgNPs’ shape and dispersity, so the smallest possible
detectable amount (1%) was needed. One option that was tested was a PVP-style
synthesis whereby Pd seeds were grown first and then coated with additional Ag.
Finally, the simpler tannic acid/citrate method with 1% Pd was chosen. The par-
ticles produced in this way are slightly irregular – compared to the monodisperse
spheres produced by pure Ag – but still mostly round and monodisperse.

4.2.4 AgNP size characterization (I, II, III, IV)

The main ways to characterize AgNPs were analyzing the ultraviolet-visible (UV-
vis) absorption spectrum and by transmission electron microscopy (TEM). The
UV-vis spectrum is based on the plasmon resonance peak of the particles. It is
determined by the size of the particles; smaller particles are more towards the
blue end of the spectrum and larger particles, or aggregates, are more towards
the red end. The number of peaks is based on the number of axes for plasmon
resonance, in the case of spheres there is one axis. Spherical particles with a size
of � 20 nm have an absorbance maximum at about 400 nm. The measured optical
density can also be used to quantify the molarity of particles by Beer’s Law, using
extinction coefficients (see Table 3). TEM visualization was conducted for every



Chapter 4 Materials and Methods 19

batch of AgNPs. Images were analyzed by ImageJ to get a size distribution for
the particles. Dynamic Light Scattering (DLS) was used sometimes, to determine
the hydrodynamic radius of the particles after functionalization.

Table 3: Extinction coe�cients for spherical AgNPs based on diameter.

AgNP diameter (nm) Extinction coe�cient (ε, M−1cm−1)

7 1.74�108

20 4.12�109

30 8.83�109

40 3.45�1010

50 5.40�1010

60 6.65�1010

70 1.09�1011

80 1.28�1011

4.3 AgNA functionalization (I, II, III, IV)

For most of the thesis work AgNPs with neutravidin (NA) and polyethylene glycol
(PEG) molecules were used, dubbed AgNA (Figure 3). This chemistry was chosen
because NA molecules are a convenient way to attach biotinylated peptides by one
of the highest affinity bonds in nature, Kd � 10−15 M [Pierce Biotechnology, 2013].
Neutravidin is a deglycosylated version of avidin, making it relatively neutral in
charge with low non-specific binding. The NA adsorbs to the silver surface, but is
also attached by two PEG linkers per NA. These 5 kDa PEG legs were capped with
orthopyridil disulfide leaving groups which come off to allow for sulfur–Ag binding,
a strong if not covalent bond. In addition to the NA molecules, any remaining
free space on the AgNA particles was filled with 1 kDa PEG molecules. PEG
is a clinically established, bio-compatible material that helps reduce non-specific
binding [van Vlerken et al., 2007]. The PEGs were also attached by sulfur–Ag
bonds, via lipoic acid, a molecule with two exposed sulfur groups. The free end
of the PEGs had an amine, NH2, group that was used for dye coupling via N-
hydroxysuccinimide ester (NHS) chemistry. The advantage of AgNA particles is
that they can be stored in a finished state. The dye and peptide can be conjugated
quickly prior to use with incubation and centrifugation to wash. Biotinylated
peptides can be stored in solution and any NHS-dye can be used. Additionally,
other biotinylated compounds, such as small molecules and peptide analogues
[Paasonen et al., 2016], can be conjugated in the same way as the peptides.



Figure 3: AgNP with Neutravidin and PEG functionalization (AgNA). (A)
Some of the molecules for AgNA functionalization: polyethylene glycol, bi-
otin (biotinylated peptides), lipoic acid-PEG-amine for PEGylation, and ortho-
pyridil disulfide-PEG-NHS for anchoring NAs (B) Schematic of AgNA particle.
NAs are conjugated with biotinylated peptides. PEGs are linked with lipoic
acid molecules and their terminal amines are further conjugated with NHS-

fluorophores.

4.3.1 Number of biotinylated peptides per AgNA (I, II, III,
IV)

To determine the number of peptides per AgNA, biotinylated CF488A dye was
used. Since AgNPs enhance the fluorescence of attached dyes, an accurate mea-
surement cannot be achieved without dissolving the nanoparticles. Therefore after
conjugation and washes, the AgNPs were dissolved by etching and CF488A concen-
tration was calculated based on a standard curve. When the AgNPs are dissolved,
the dyes remain attached to NA molecules due to the very strong bond. This
binding reduces the fluorescence intensity of the dyes, therefore a correction factor
of 1.89 is applied [Mutch and University of Washington, 2009]. The amount of
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biotinylated peptides per particle was found to be � 100 for the most commonly
used citrate AgNA particles.

4.3.2 Number of dyes per AgNA (I, II, III, IV)

Dyes were conjugated to AgNPs through NHS-amine chemistry. Reactive amine
groups include the terminal amines on PEG groups, as well as amines that are
available on NA molecules (ε-amino groups of lysine residues). Sometimes it is
useful to know the number of NHS-dyes that attach to nanoparticles. This was
determined similarly to the method for peptide quantification, by etching particles
and measuring fluorescence against a standard curve. The amount of dyes per
AgNP was found to be 10–20 for the most commonly used citrate particles. The
same method is relevant for quantifying AgNP drug loading when using an NHS-
drug coupling strategy.

4.3.3 PEG functionalization (I)

Although mostly AgNA particles were used, due to the convenience of NA/biotin
chemistry, particles were also made without NA. NA is more immunogenic and
likely to trigger more AgNP clearance than a pure PEG coating would. The
particles were coated with longer PEG molecules, 3.4 kDa, with terminal amines,
conjugated with NHS-PEG molecules with a maleimide group on the free end, and
the maleimide was then used to react to cys-peptides (Figure 4). These particles
would carry a fluorescent label on the peptide, rather than conjugating an NHS-
dye, limiting the choice to the dye which is attached to the synthesized peptide
(most commonly fluorescein). The other downside of these particles is that since
NHS and maleimide groups are unstable, the particles can be stored only with
PEG-amine attached and the second PEG and peptide must be added before each
use. The peptide is also unstable in solution since cys-peptides in solution form
dithiol dimers, and must be weighed out before each use. For these reasons the
AgNA platform was the preferred option, especially for in vitro work.

4.4 Peptides (I, II, III, IV)

The aim of this thesis was to establish a model nanoparticle platform and to per-
form proof-of-concept experiments. Therefore established peptide/ target protein
combinations were used most of the time. Biotinylated RPARPAR-OH was the
peptide used most often for experiments and was always used for quality con-
trol purposes. The RPARPAR/NRP-1 binding combination is robust to minor
deviations in experimental conditions. GKRK-NH2/p32 is another established
combination that was used for multiplexing experiments. As a control peptide,
CendR function was blocked on RPARPAR by adding a C-terminal alanine or by



Figure 4: PEG-AgNP functionalization scheme. (A) AgNPs are first func-
tionalized with lipoic acid-PEG-NH2 (1); followed by NHS-PEG-maleimide (2);
and lastly with a FAM-cys-peptide (3). (B) A primary amine reacting with an
N-hydroxysuccinimide group as in step 2. (C) A thiol group reacting with a
maleimide as in step 3, (reactions B and C adapted from [CovaChem, 2017]).

amidating the C-terminus, sometimes simply free biotin was used as a control.
CAGALCY peptide was used for brain homing experiments. Peptides, � 95%
purity, were either ordered or synthesized by other lab members using Fmoc/t-Bu
chemistry on a microwave assisted automated peptide synthesizer; followed by
HPLC purification and validation by Q-TOF mass spectral analysis.

4.5 Protein binding assay (II)

To show specific binding of peptide-AgNPs, recombinant his-tagged proteins were
used: p32, NRP-1, and NRP-1 with mutated CendR binding pocket as control.
p32 is mainly an intracellular protein found in the mitochondria, however it is
found on the surface of some cancer cells, making it of therapeutic interest [Fogal
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et al., 2008]. Peptides, e.g. GKRK, have been successfully used to target p32-
expressing tumors [Agemy et al., 2011, 2013]. NRP-1 is overexpressed in tumors
and is involved in vessel leakiness. NRP-1 binding triggers internalization; it is
the target of CendR peptides, e.g. RPARPAR peptide [Teesalu et al., 2009]. The
CendR binding pocket is essential for endocytosis to occur and mutation at this
site stops the binding and internalization of CendR peptides [Teesalu et al., 2009].

To study receptor interactions of peptide AgNPs, at first an ELISA-style assay was
considered. 96-well plates were coated with protein, exposed to peptide-AgNPs,
washed, and quantified. However, the plate method had a high background; pos-
sibly due to AgNPs settling onto the plate. Ni-NTA magnetic agarose beads were
tested next for protein immobilization. This method worked well, and had a low
background, with the magnetic beads and AgNPs kept in suspension by constant
motion. The beads were loaded with protein, incubated with peptide-AgNPs,
washed; the AgNPs were eluted with 400 mM imidazole. In addition to fluo-
rescence measurement, eluted AgNPs can be detected and quantified by UV-vis
spectroscopy. Using AgNP absorbance as a read-out was found to be more reliable
than fluorescence measurement.

4.6 In vitro experiments (I, II)

Experiments with cultured cells used primarily two cell lines: PPC-1 prostate
carcinoma and M21 melanoma cells. The cell lines were chosen since both are
well studied cancer cell lines with published work to compare to [Sugahara et al.,
2009, 2010, Teesalu et al., 2009]. Both are fast growing, adherent cells grown in
Dulbecco modified Eagle’s minimal essential medium (DMEM) with serum and
antibiotics. PPC-1 are strongly NRP-1 expressing, whereas M21 lack cell surface
NRP-1 expression [Teesalu et al., 2009]. This makes the combination of the two
ideal for quality control testing with RPARPAR peptide conjugated AgNPs. The
PPC-1 bind and internalize the AgNPs strongly whereas the M21 cells do not bind
or take up any, aside from background non-specific pinocytosis. We found that
both cell lines express some p32 on the cell surface and take up AgNPs conjugated
with GKRK peptide.

4.7 Microscopy (I, II, III, IV)

Both epifluorescent and confocal microscopes were used to assess cellular uptake of
AgNPs. An epifluorescent microscope with dark field condenser is able to distin-
guish AgNPs in cells by their effective scattering of light. This technique was also
used with tissue sections. Both types of microscopes were used to assess binding
of fluorescently-tagged AgNPs as well as for immunofluorescence imaging. The
large, over 40 nm, AgNPs plasmonically enhance attached dyes, easing detection;
smaller �20 nm AgNPs are detectable as well. For imaging of tissue sections,



excised tumors and organs were snap-frozen in liquid nitrogen, cryosectioned at
10 µm, fixed with 4% paraformaldehyde, immunostained, and imaged.

4.8 Flow cytometry (I, II)

Cellular uptake of AgNPs was assessed by flow cytometry. When AgNPs are fluo-
rescently labeled, they can enhance the dye’s intensity and make the AgNPs sensi-
tive probes for cellular uptake. In fact when uptake is very high, the fluorescence
can be so intense that it is out of the range of the flow cytometer’s capabilities.
An interesting discovery was that AgNPs change cells’ side scatter (SSC) so much
that this can be used as a dye-free read out of uptake.

4.9 Etching (I, II, III)

Dissolving or etching of AgNPs is a novel technique first published in [Braun
et al., 2014] (I). It is based on silver destaining solutions commonly used on poly-
acrylamide gels. Etchable AgNPs provide an important tool for distinguishing
surface-bound nanoparticles from internalized ones. This is a translationally rel-
evant feature since therapeutic cargo must be internalized into the cell to have
an effect. Even high-resolution microscopy cannot absolutely determine whether
a nanoparticle is inside a cell or outside. Most cellular probes cannot be turned
off, and those that can be, often do so using harsh chemicals making them not
biocompatible. The silver etch solutions’ mildness and ease of use are key features.
A side effect of dissolving extracellular AgNPs is that background is reduced. In
vivo etching can identify peptide-AgNPs that penetrate into tumors and tumor
cells.

The etch solution contains two components: hexacyanoferrate (HCF), Fe(III)(CN)3−6 ,
and thiosulphate (TS), S2O3

2� . The HCF oxidizes the solid silver Ag0 to Ag+ ions
and the TS ligates the ions and carries them away. Figure 5 shows the optimiza-
tion of etch component concentrations. The etch components do not pass through
cell membranes due to their charged nature. Because only extracellular AgNPs are
dissolved and internalized AgNPs are protected, it is possible to tell them apart
with before and after etch imaging or quantification, e.g. by ICP-MS. The two
components are used at a 1:1 ratio and are stored separately, with HCF protected
from light; the components are mixed before use. The etch works diluted with
PBS, cell culture medium, or injected as part of a perfusion solution in animal
experiments. Its function can be stopped by the addition of the reducing agent
sodium ascorbate. Caution! HCF should not be dissolved in strong acids as toxic
cyanide gas can be released!

Chapter 4 Materials and Methods24



Chapter 4 Materials and Methods 25

Figure 5: Plate optimization of etch components. Concentration of the two
reagents was optimized in a plate format. Complete etching of a high concen-
tration of AgNPs was judged by visual inspection of the color and reduced scat-
tering, and darkfield microscopy. AgNP-PVP (80 nm diam, 200 optical density
at 450 nm) were diluted 10-fold in PBST (PBS with 0.005% Tween-20 (Sigma)).
100 µL was added per well, comprising a variable amount of sodium thiosulfate
solution (100 mM in water) and potassium HCF (30mM, or (*) 100 mM for
rows G and H, in water). Tan color in “0,0 Control" is the unetched Ag color,
and brown to black is from aggregates, induced primarily by thiosulfate. Clear
colorless wells are in the farthest right column. Concentrations are provided on
the axes and formulae below. A bluish hue in the well indicates conversion of
the Fe(III) metal center to Fe(II), e.g. 16 µL HCF 30 mM, 10 µL thiosulfate
100 mM. Boxed wells show the clarified solution at minimum of 8 mM HCF and
8 mM thiosulfate. The lack of particles was verified by depositing solution onto
a glass slide for darkfield analysis. Working concentration of 10 mM was chosen
for each component. A stoichiometry of 1:1 HCF:thiosulfate was chosen so that
the solution would have a constant clear yellow appearance during use, as the
limiting reagent is predicted to be thiosulfate until 1:2 is reached. A deviation
from a yellow color when combined with an otherwise colorless solution could
indicate that undissolved particles remain, presence of dyes, or that there are
competing reduction reactions. Since the reaction with silver is stoichiometric
in Fe:Ag, it is possible to reduce the working concentration when etching fewer

particles than used in this example plate (I).

4.10 ICP-MS experiments (II, III)

Inductively coupled plasma mass spectrometry (ICP-MS) is a very sensitive tech-
nique for quantifying elements, including telling apart isotopes of the same material
[Agilent, 2015]. The samples, completely dissolved in acidic solution, are turned



into an ionized gas or plasma by inductive heating, then fired at a detector that can
distinguish the mass to charge ratio of the incoming atoms. For our experiments,
the detection limit for Ag and Pd was 1 pg/g or 1 part per trillion on average,
but sometimes as sensitive as 0.1 pg/g. The detection limit was determined for
each set of samples that are analyzed and is based on the background level of the
analyte. The purity of reagents and cleanliness of the ICP-MS instrument itself
have an effect on the detection limit.

In order to analyze AgNP samples – either AgNPs alone, cell culture, or tissue
lysates – dissolution protocols were developed. Unfortunately, using etch solution
to dissolve AgNPs caused interference during analysis, so another method was
needed. Dissolving AgNPs in HNO3 alone, was sufficient for purely Ag samples,
but not for Pd-doped samples which required HCl as well. The introduction of
HCl caused a new problem of AgCl precipitate formation, which was mitigated
by the addition of NH4OH. The above mentioned chemicals were of a very high
purity to avoid contaminating elements. Aside from the dissolution chemicals
other components were kept to a minimum to avoid interference.

For laser ablation ICP-MS (LA-ICP-MS), a laser passes over a tissue sample to
ionize the silver atoms. For this technique 30 µm thick tissue sections were used.
While ICP-MS of whole tissue lysates gives and average amount of homing for the
entire tissue, LA-ICP-MS is able to give an idea of the heterogeneous binding and
accumulation of targeted AgNP probes.

4.10.1 ICP-MS calculations (II)

The quantity of wtAg-Pd particles taken up by cells was calculated based on
measurement of the 105 isotope of Pd, and using that quantity to determine
biotin-AgNPs’ contribution to the 107Ag and 109Ag signals (brackets indicate
concentration of analyte in ng/g):

[107]biotin = 51.3 � [Pd] (4.1)

[109]biotin = 47.7 � [Pd] (4.2)

Total biotin = [Pd] + [107]biotin + [109]biotin = 100 � [Pd] (4.3)

Total RPARPAR = [107]total � [107]biotin (4.4)

Total SGKRK = [109]total � [109]biotin (4.5)

The use of palladium (Pd) doping in order to make multiplexing with AgNPs
possible, brings with it a deconvolution challenge. Since two particles are either
pure 107Ag or 109Ag they are easily distinguished by ICP-MS. However, the third
particle is made of natural silver, 107Ag and 109Ag, and Pd. This means that the
contribution of the Pd particles to the total signal for the other two types of AgNPs
must be accounted for. While it is possible to calculate and deconvolute this signal
overlap, (Equations 4.1–4.5) it is not ideal. Ideally the three, or more, particles
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would not have any overlap. This problem was avoided in in vivo experiments
(III) by using only two particle types: targeted and control with the two Ag
isotopes. One potential future expansion of this platform would be to use different
isotopes of Pd – there are six – doped into natural silver.

4.11 T7 phage display (IV)

A T7 peptide phage library was used for biopanning to identify IP3 peptide. The
peptide library was cyclic with seven random amino acids, CX7C, and a diversity
of 108. Both in vivo screens, with MKN-45 tumor mice, and ex vivo screens with
excised tumors were conducted. Emphasis was placed on finding peptides that had
a high tumor to kidney ratio since intraperitoneal screens have problems with high
background. High-throughput sequencing, with Ion Torrent, and bioinformatics
data mining were utilized to identify homing phage peptide sequences.

4.12 In vivo experiments (I, III, IV)

All animal work was approved by the Estonian Ministry of Agriculture, Committee
of Animal Experimentation (permit #42) or by the Institutional Animal Care
Committee of the Sanford Burnham Prebys Medical Discovery Institute.

Healthy balb/c mice were used for lung and brain homing experiments with
RPARPAR and CAGALCY isotopic AgNPs.

The MMTV-PyMT transgenic mouse model [Guy et al., 1992] was used for in
vivo etching experiments. This model is considered useful for its similarity to
human breast cancer and how the disease progresses. 4T1 tumors [Pulaski and
Ostrand-Rosenberg, 2001] were also studied for the effectiveness of etch at remov-
ing background from tissue sections.

MKN-45P [Miyagi et al., 2007] and CT-26 [Brattain et al., 1980] cells were grown
on cell culture flasks in DMEM with antibiotics and 10% heat-inactivated serum.
The MKN-45P human gastric cancer model was induced in athymic nude mice
while CT-26 tumors were induced in balb/c mice, both by injecting 2 � 106 cells
intraperitoneally. MKN-45P tumors were grown for two weeks and CT-26 for one
week.



5. Results and Discussion

5.1 Properties of AgNPs (I, II, III, IV)

Figure 6 summarizes the various types of silver nanoparticles that were used to
carry out the doctoral research. AgNPs were synthesized with 20–70 nm metallic
cores and were covered with a polyethylene glycol (PEG) coating, and usually
also with neutravidin (NA) molecules (Figure 7). Large metal cores, over 40 nm,
have the property of plasmonic enhancement of any dye coupled within a certain
distance. The particles are able to provide an approximate 10 fold enhancement
of the cyanine based dyes used in the work (Figure 8). The particles are bright
and distinct enough to be able to distinguish single particles by microscopy; fur-
thermore the metal cores scatter light so well as to make detection possible by
darkfield microscopy. The neutravidin molecules allowed for easy, plug-and-play,
conjugation of biotinylated homing peptides.

Figure 6: Summary of AgNPs and their applications. The AgNPs produced
can be divided into two primary categories: either isotopic which are detectable
by ICP-MS or those detectable by attached fluorescent dyes and the natural

silver core.
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Figure 7: Dye-labeled, peptide functionalized silver nanoparticles (AgNPs) and
their etching for cell internalization and tracking. (A) Scheme of AgNPs coated
with NeutrAvidin-PEG-thiol (NA) and lipoic-PEG-amine, each having attached
fluorescent dyes (stars) with brightness enhanced by the local plasmonic field.
Attachment of biotinylated internalizing peptide RPARPAR forms the com-
plete Ag nanoprobe (R-Ag-NA488). These bind to and are taken up by cells,
which are treated with exposure to etchant solution to remove extracellular par-
ticles. Plasmonic enhancement is lost for etched particles. (B) Etching reagents
hexacyanoferrate (HCF) and thiosulfate (TS) oxidize and stabilize silver ions,
respectively, releasing components into solution and dissolving the core. (C)
Fluorescence confocal microscopy of cells incubated with R-Ag-NA488 (green)
and membrane stain (red) shows how R-Ag-NA488 is retained selectively in cells
when etched (right). Endosomal membranes strongly overlap with nanoparticles,

appearing as yellow in the overlay (I).

5.1.1 Etching (I, II, III)

The exciting advancement brought out by these AgNPs versus other nanoprobes, is
their ability to be “etched" or dissolved by a mild biocompatible solution (Figure 7).
The etchant is made up of a hexacyanoferrate and thiosulfate redox solution that,
due to its highly charged components, does not pass through cell membranes.
This enables the elimination of particles that are not protected by a cell mem-
brane. Conjugated dye is then released to be washed away, removing signal. Even
if the dye is still adsorbed, its plasmonic enhancement is turned off by particle
dissolution, leading to a reduction of background signal. Etching allows for the
quantification of total bound nanoparticles or only those that have internalized.
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Figure 8: Nanoparticle characterization and toxicity screening. (A) Enhancement factor (EF)
for several commonly used dyes shows a strong dependence for size of the Ag core. EF was calcu-
lated from the ratio of fluorescence for unetched/etched Ag-NA-dye conjugates. The approximate
peak absorption value of the dye is on the x-axis. Error bars = S.D. from replicate wells. OR488,
Oregon Green 488; CF dyes from Biotium. (B) Etching kinetics for Ag-NA depends linearly on
the concentration and the molar ratio of the etchant components TS:HCF. The decrease in scat-
tering intensity from the Ag plasmon band upon etching was used to calculate a rate, and the time
to reach 10% of the initial value is plotted. 1:1 TS:HCF except where indicated, Ag-NA (70 nm
core) concentration fixed in all conditions. (C) PPC-1 cells with RPARPAR Ag-NA (R-Ag) and
etching showed no effect on 48 h viability (resazurin assay) for short-term exposures to etchant
(n = 6). Values normalized to the condition of no Ag, no etchant. Ag-NA without peptide,
x-Ag, does not internalize into cells. Etchant concentration and duration of contact with cells is
indicated. (D) In vivo blood chemistry was evaluated 24 h after x-Ag-NA or etchant injection.
Marker levels were not significantly different from those for a PBS control injection. Error bars
= S.D. (n = 3–6 mice). (E) The etchant was capable of etching pre-injected Ag in mice. Ag
was injected into the tail vein then 20 min later followed by either etchant or PBS injection, and
blood was analyzed for fluorescence at 60 min. Values were normalized to % of fluorescence at
5 min. Ag had been labeled with CF555 and PEG for blood etching. Error bars = S.D. (n =
2). Terms and units for D: GLOB, globulin g/L; TP, total protein g/L; GLU, glucose mM; BUN,
blood urea nitrogen mM; CRE, creatinine µM; TBIL, total bilirubin µM; AMY, amylase units/L;
ALT, alanine transaminase units/L; ALP, alkaline phosphatase units/L; ALB, albumin g/L (I).
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Figure 9: TEM images of AgNPs at 210k magnification. Samples were imaged
on copper grids coated with holey formvar carbon film (Pacific Grid Tech).
Similar AgNPs were produced despite core type with an average size of 24 � 5
nm, although Pd-containing AgNPs were slightly more irregular in shape than

non-doped AgNPs. Scale bar: 100 nm (II).

5.1.2 Toxicity (I)

Toxicity testing indicated that short exposure to mild concentrations of etch and
exposure to AgNPs had no impact on cell viability, while high concentrations
of etch for over 24 hours became toxic (Figure 8 C). Clinical blood analysis on
mice found normal liver and kidney function after exposure to AgNPs and etch
indicating general safety (Figure 8 D), although more testing should be done.

5.1.3 Isotopic AgNPs (II, III)

Isotopic AgNPs (Figure 9) have �24 nm silver cores that are functionalized with
PEG and NA molecules and are used with biotinylated peptides. Natural silver,
wtAg, consists of 51.8% 107Ag and 48.2% 109Ag. Isotopic AgNPs were made out
of only a single silver isotope or wtAg with an added 1% Pd doping. This isotopic
difference in the silver cores is detectable by inductively coupled plasma mass
spectrometry (ICP-MS), a very sensitive analytical method with a detection limit
of 1 pg/g on average for Ag and Pd. Having three isotopically disinct particles
(107Ag, 109Ag, and wtAg-Pd) allowed for the use of the AgNPs in a multiplexed
format.



Figure 10: Binding of peptide particles to receptor proteins. (A) R-AgNPs
bind to immobilized NRP-1-b1b2 domain but not to NRP-1-b1b2 protein with
mutated CendR binding pocket [Teesalu et al., 2009] or to p32 protein; K-AgNPs
bind to p32 and not to wt or mutant NRP-1-b1b2. Data represent mean values
� SD (n = 3); *** p < 0.001 by Student’s t-test. (B) Representative raw data
from UV-vis spectroscopy for R-AgNPs. AgNPs were eluted from protein-loaded
Ni-NTA magnetic beads with 0.4 M imidazole-containing buffer and the UV-vis
spectrum of the eluate was measured. The absorbance spectrum seen for NRP-1
binding is due to R-AgNPs; the peak absorbance was taken for calculations (II).

5.2 In vitro applications

5.2.1 Immobilized protein binding (II)

Peptide-AgNPs should bind their target protein with low background binding.
For proof of concept, known peptide/target combinations were chosen: CendR
peptide RPARPAR (target NRP-1), SGKRK (target p32) a tumor homing pep-
tide, and free biotin acted as control. NRP-1 with a mutated binding pocket that
stops CendR peptide binding was also included. AgNPs with the above peptides
were tested for binding to immobilized target proteins. The bound AgNPs were
quantified by UV-Vis absorbance (Figure 10), taking advantage of the particles’
high extinction coefficients and enabling dye-free detection. The AgNPs bound
specifically to their targets, with very low background.

5.2.2 Flow cytometry and microscopy (I, II)

Specific binding to recombinant proteins was established. Next, peptide-AgNPs
were tested for binding to cells which express the same proteins. The target
proteins (NRP-1 and p32) are both expressed by PPC-1 prostate cancer cells, while
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Figure 11: Expression of NRP-1 and p32 on the surface of cultured PPC-1 and
M21 cells. M21 cells do not express NRP-1 as seen by flow cytometry (A) and
confocal microscopy (B), but do express p32. PPC-1 cells express both NRP-
1 and p32. For flow cytometry, cells were not permeabilized prior to antibody
incubation thus only membrane staining was revealed; whereas microscopy shows

both membrane and internal staining (II).

M21 melanoma cells express p32 but not NRP-1 (Figure 11). For microscopy the
R-AgNPs were found to work well as fluorescent probes (Figure 7 C), with non-
internalized and non-specifically bound particles being removed from PPC-1 cells
by etching. For flow cytometry (Figure 12), R-AgNPs bound specifically to NRP-
1-expressing PPC-1 cells with �60 % of cells being positive for particle uptake,
whereas control particles showed only a background level of uptake after etching.
M21 cells took up negligible amounts of R-AgNPs but did take up K-AgNPs. The
specific binding and uptake of peptide-AgNPs was demonstrated regardless of the
core size being 70 nm or 25 nm (Figure 12 A and B respectively), and despite
different fluorescent dyes being used. Due to the brighter dye (AF647 vs. CF555)
and the dye enhancement by the larger core, there is a stronger overall fluorescence
signal for the R-Ag-NA647 particles. There is also a higher level of background
fluorescence, however this is removed when etch is applied. Additionally, AgNP
uptake was found to alter cells’ side scatter such that SSC readings could be used
as read-out in a dye free assay.

5.2.3 Live cell imaging (I)

AgNPs were tested as probes for live cell imaging where brightness and photosta-
bility are paramount (Figure 13). R-AgNPs bound GFP-PC3 cells which express
NRP-1 and membrane-bound versus internal particles were evaluated based on
red (AgNPs) or yellow signal (colocalization of AgNPs and GFP), respectively.
After etching (Figure 13 C), single particle tracking inside a cell was possible.



Figure 12: Receptor-dependent binding and uptake of nanoparticles as an-
alyzed by flow cytometry. (A) Fluorescence histograms of cells with 70 nm
Ag-NA647 carrying either of two peptides. Cell-gated plots of internalizing R-
Ag-NA647 (red, -etch), and with etch (blue), versus non-internalizing control,
RPARPARA (RA)-Ag-NA647 (yellow, -etch) and with etch (green). Cells with-
out Ag were included as a control (black). Paired +/- etch is indicated in all
panels by the clip icon. (B) Flow cytometry of M21 and PPC-1 cells incubated
for 1 h with R-, K-, or B-AgNPs (25 nm), all labeled with CF555. Note that
NRP-1-positive PPC-1 cells bind R-AgNPs (66 � 1% positive), whereas M21 do
not; both cell lines score positive for binding of K-AgNPs 7 � 1% positive for
M21 and 8 � 1% for PPC-1 cells; etching was not used, (adapted from I, II).

The particles were presumed to be in endosomes and the combining of two AgNP
signals into one was thought be an endosome fusion event. To further validate
how etching works, cells were fixed with aldehyde and then etched (Figure 14).
In nonpermeabilized, fixed cells the internalized particles were not affected. Af-
ter application of Triton X-100 detergent, which disrupts membrane integrity, the
etch was able to enter cells and dissolve particles. A limited test of multiplexing
was conducted with two dyes and two peptides and distinguishing the two AgNP
types binding to different targets was possible.
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Figure 13: Tracking AgNPs within live cells. (A) Epifluorescence microscopy
of GFP-expressing PC-3 cells after binding and endocytosing R-Ag-NA555.
These cells express the NRP-1 receptor. R-Ag-NA555 appears red when not
associated with the GFP in cells, and these were removed by etching (arrow-
heads). The yellow color represents cell-associated R-Ag-NA555, due to spatial
overlap with the cells, indicated by the full arrow. (B) Intracellular tracking
was possible by time-lapse epifluorescence imaging when a lower amount of R-
Ag-NA555 was added with shorter incubation time. This post-etch image shows
only a small number of red objects survived etching, and a pre-etch image of
a region outside the cells (dashed box) is overlaid to show the representative
intensity from R-Ag-NA555 that had adsorbed to the substrate. A region in-
side the cell body (solid box) was chosen for the time series presented in (C).
(C) R-Ag-NA555 moved within the cell and relative to each other. Each frame
advances forward by 20 s, with numbers in frames indicating the elapsed time.
The two structures undergo an apparent fusion event at +220 s. Scale bars are

25 µm in (A), 10 µm in (B), 1 µm in (C) (I).



Figure 14: Etching AgNPs outside fixed cells and within permeabilized cells.
(A) R-Ag-NA555 were incubated with PC-3-GFP cells and imaged during the
sequential procedure of fixing (fix), etching, and permeabilization (perm.). Rep-
resentative regions for R-Ag-NA555 that were internalized (green box), and a
region of bound but external particles (gray box). (B) Time trace of the mean
pixel intensity of the regions in (A) with each reagent added without washing.
Rapid drops in intensity were due to etching of Ag and the gradual downward
slope is due to fluorescence photobleaching. Two cells were averaged for this

trace. Scale bar is 25 µm (I).

5.3 In vivo applications (I, III, IV)

For many anti-cancer agents, such as nucleic acids, it is important to reach inside
the cell to be effective. Etching of AgNPs after incubation with cultured cells was
able to reveal the internalized fraction, the same was tested for tumor sections.
iRGD-AgNPs were injected into 4T1 breast cancer bearing mice. When tumor
sections were etched ex vivo, background signal was markedly reduced compared
to control organs (Figure 15 A–C), an improvement on most contrast agents that
cannot be turned off. The amount of AgNPs internalized by the tumor was � 25%
vs. �100% internalization for the liver, attributable to liver macrophages. The
use of etch was also tested as an in vivo chaser, and was successful at clearing
circulating AgNPs (Figure 8 E).
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Figure 15: In vivo etching. (A) Schematic of in vivo tumor homing, ex vivo and in vivo
etching. Stages are: (i) iRGD-Ag-NA homing and extravasation, (ii) tissue perfusion was
followed by etching ex vivo, or instead, (iii) in vivo etching followed by perfusion, and
(iv) tissue with Ag retained in cells. (B) Brightfield imaging of ex vivo 4T1 tumor and
liver tissue sections are presented, − etch (upper), +etch (lower). Ag was amplified by
autometallography and appeared as dark pixels. Diffuse dark pixels (full arrows) were
attributed to extracellular Ag, arrowheads to endosomal Ag. (C) Samples from B were
quantified for dark Ag pixels per field as a measure of iRGD-Ag-NA in the tissue. (D)
In vivo etching with MMTV-PyMT tumors. Mice were perfused at 0.5, 4, or 24 h hours
post injection of iRGD-Ag-PEG, and selected mice (+etch) were injected with etchant
10 min prior to perfusion. Shown are representative tumor tissue sections from 4 h − etch
(left), +etch (right). (E) Darkfield imaging of Ag amplified section (4 h, − etch) shows
strong signals (arrows) consistent with the pattern in brightfield, D. Note: this image
has no nuclear counterstain and was taken from a separate section than D. (F) Tumor
samples from D were quantified for dark Ag pixels per field, representing the amount of
iRGD-Ag-PEG in the tissue for the indicated circulation times. Error bars = S.D. with
n > 2 randomly chosen fields per condition in C, n > 4 in F. Scale bars are 100 µm in

B, D, E (I).



5.3.1 Biodistribution kinetics (I)

An in vivo etching strategy was developed to determine biodistribution kinetics
in the MMTV-PyMT tumor mouse model (Figure 15 A, D–F). Time points were
collected post iRGD-AgNP injection that either were or were not chased with etch.
The signal was amplified with silver enhancement, which uses AgNPs as seeds and
grows them into larger particles, for improved detection. This experiment enabled
determination of homing versus uptake of nanoparticles as well as to find out how
quickly homing leads to uptake. The easily tracked AgNPs worked well as a model
nanosystem for targeted therapeutics.

5.3.2 Homing to healthy tissues (III)

Peptide-AgNPs were tested for homing to healthy tissues. Lung and brain, both
with known homing peptides, RPARPAR [Teesalu et al., 2009] and CAGALCY
[Fan et al., 2007] respectively, were chosen as target tissues. For these experiments,
citrate particles with CF555 dye were used since their larger size makes them
enhance the attached dye and eases detection. Balb/c mice were injected via
tail vain with AgNPs and after five hours were perfused and sacrificed. Confocal
imaging of tissue sections confirmed that RPARPAR-AgNPs accumulated in lung
�9 fold more than control particles (Figure 16). Silver enhancement and imaging
by darkfield produced similar results. CAGALCY-AgNPs were also found in brain
tissue about 9-fold more than control particles (Figure 17).

5.3.3 Homing to peritoneal carcinomatosis (IV)

IP3 peptide was found using phage display and further studied as a free peptide
and as conjugated to AgNPs (Figure 18). Ex vivo and in vivo phage display
biopanning was conducted on MKN-45P peritoneal tumors in athymic nude mice.
Peptide-phage binding was analyzed by high throughput sequencing (HTS) and
custom bioinformatics software. Since biopanning conducted in the peritoneal
cavity typically has problems with high background binding, emphasis was based
on finding a peptide with high tumor and low kidney binding (high T/K ratio).
This lead to the discovery of IP3 peptide, sequence [CKRDLSRRC]. IP3 peptide
contains the motif LSRR, very similar to known LSRPR motif found in link protein
which binds hyaluronic acid (HA). HA is a known tumor marker and is also found
in the MKN-45P tumor model used. Fluorescently-labeled IP3 was found to bind
immobilized HA �6 fold more than control heptaglycine peptide.

IP3 peptide was synthesized with a fluorescein label and tested for homing to in-
traperitoneal MKN-45P tumors. After washes, tumors were examined for macro-
scopic fluorescent signal as well as sectioned and imaged by confocal microscopy.
FAM-IP3 was found in both large and small tumor nodules. Immunostaining re-
vealed accumulation away from CD-31 stained blood vessels, and colocalization
with CD11b positive areas rich in macrophages.
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Figure 16: Systemic CF555-labeled RPARPAR-OH-AgNPs home to lung tis-
sue. Balb/c mice were injected in the tail vein with CF555-labelled RPARPAR-
OH and biotin-AgNPs in 200 µL PBS. After 1-h or 5-h circulation, the animals
were perfused with 15 mL PBS to wash out blood and to remove unbound plasma
AgNPs, and the organs of interest were snap-frozen. (A) Confocal imaging of
lung cryosections from mice injected with CF555-AgNPs (red), nuclei stained
with DAPI (blue), circulation time 5 h. Arrows point at areas of accumulation
of CF555-positive RPARPAR-OH AgNPs (n = 3); scale bars = 50 µm. (B)
Quantification of the CF555 fluorescence in tissue sections. AgNP signal (red in
panel A) expressed as percent of pixels with intensity above threshold. Five ran-
domly chosen fields from each of 3 animals/group were analyzed. Data represent

mean � SD, ** p < 0.01, (adapted from III).

AgNPs were functionalized with biotinylated IP3 peptide to test its utility as
a homing peptide for guiding nanoscale pharmaceuticals or imaging agents. In
addition to the MKN-45P gastric cancer model, the CT26 colon cancer model was
also tested for IP3-AgNP homing. Microscopy showed strong peripheral binding to
both tumor types, with some deeper penetration as well. The limited penetration
of IP3-AgNPs versus free peptide can be attributed to strong, irreversible binding
to HA at the tumor surface due to the multimeric display of the peptide on the
nanoparticle.



Figure 17: Biodistribution of systemically administered CF555-CAGALCY-
AgNPs. (A) Confocal imaging of tissues from mice injected with CAGALCY-
functionalized AgNPs labeled with CF555 fluorescent dye, circulation time 5 h.
Arrows point at areas of accumulation of CAGALCY AgNPs (red). Scale bars
= 100 µm. (B) Quantification of CF555 fluorescence in tissue sections. Ag pix-
els/field were plotted for each type of nanoparticle as fold over control (n = 3);

5 fields were analyzed per tissue. Data represent mean � SD (III).

5.4 Ex vivo applications (I, IV)

AgNPs coated with iRGD, sequence [CRGDKGPDC], a known tumor homing
peptide with integrin binding motif and cryptic CendR motif, were tested for
binding to freshly excised living tumor tissue. Microscopy of the tissue showed a
high degree of binding by the iRGD-AgNPs as compared to control (Figure 19).
This is a useful model since it can be used on clinical samples and its inclusion of
both stromal and epithelial cells and other tumor connective tissue more closely
approximates in vivo tumors than cultured cells. The tissue was etched to reveal
internalized AgNPs, an important insight when it comes to drug delivery since
most drugs must get inside the cell to be effective. IP3-AgNPs were also tested
for binding to freshly excised colon tumors and some binding was observed while
control particles did not bind (Figure 19).

5.5 Phenotyping cells using isotopic AgNPs (II)

The specific binding of RPARPAR- and SGKRK-AgNPs to cultured PPC-1 and
M21 cells was established by microscopy and flow cytometry. This same cell
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Figure 18: IP3 discovery and validation scheme. IP3 peptide, sequence
[CKRDLSRRC], was discovered through phage display using the CX7C library
and doing in vivo screens on MKN-45 tumor bearing mice as well as ex vivo
screening on excised tumors. IP3 peptide synthesized with fluorescent label
(FAM) or with biotin, for use with AgNPs, homed to MKN-45P tumors, while

free peptide penetrated deeper (adapted from IV).

binding was then analyzed using inductively coupled plasma mass spectrometry
(ICP-MS). At first only R-AgNPs were used as coupled to the three different
isotopic cores (107Ag, 109Ag, wtAg-Pd), and tested for binding to PPC-1 and
M21 cells. The AgNPs bound the PPC-1 cells and not the M21 cells as expected,
indicating that the nanoparticle core did not impact binding. ICP-MS not only
identified the presence of AgNPs, but also measured the correct isotope(s) (Figure
20). When samples were etched, to dissolve non-internalized AgNPs, the quantity
of silver measured was reduced as expected. For example, in PPC-1 cells incubated
with R-107AgNPs, the etched 107Ag signal was 25.7 � 1.5 ng/g versus 61.0 � 5.6
ng/g for non-etched cells.

With ICP-MS measurement of the isotopic AgNPs established, the platform was
tested in multiplexed format to phenotype cells (Figure 21 ). The three unique
cores were each coupled with either RPARPAR, SGKRK, or free biotin. The
three types of particles were mixed together and applied to PPC-1 or M21 cells.
The samples were etched and internalized particles were measured. The results
showed that PPC-1 cells took up mostly RPARPAR-AgNPs (75% � 5%) and
some SGKRK-AgNPs (25% � 2%) (Figure 22). The M21 cells contained mostly
SGKRK-AgNPs (89% � 9%) with a small amount of RPARPAR-AgNPs. The
cell lines can be phenotyped as: PPC-1 mainly NRP-1 positive and M21 as only
p32 positive. The amount of internalized control particles was below the limit of
detection. This is expected based on previously found low-background binding,



Figure 19: AgNPs used in ex vivo applications. (A) MCF10CA1a (human
breast) tumors were developed in nude female mice. Living tumor slices of
200 µm thickness were prepared from resected tumors and cultured in media.
Confocal laser microscopy was performed after incubation and etching of (top)
iRGD-Ag-NA647 or (bottom) biotin Ag-NA647 as a non-peptide control. Strong
internalization was seen with iRGD. Z-stacks were collected through 60 µm total
thickness, step size 2 µm, 20x objective. (B) 2D slice from A, top, for iRGD-
Ag-NA647. Inset shows the perinuclear localization in red, 40x objective. (C)
IP3-AgNPs accumulate in a surgically excised peritoneal tumor explant. Arrows
point to IP3-AgNPs bound on the edge of the tumor. Red, IP3-AgNPs or
AgNPs; blue, DAPI. Scale bars are: (A) 100 µm, (B) 25 µm, (B)-inset 5 µm,
(C) 200 µm. CF647 dye was used in (A) and (B), CF555 in (C), (adapted from

I, IV).

especially when extracellular particles are etched. These results showed the po-
tential of isotopic AgNPs for detecting multiple cell surface-expressed receptors
at one time. Multiplexing in this way is also useful because it avoids dye-related
effects due to non-specific binding, variable brightness, bleaching, and overlapping
signals.
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Figure 20: Isotopic R-AgNP binding and internalization into M21 and PPC-1
cells. Three isotope-tagged RPARPAR-coupled silver cores were incubated with
PPC-1 or M21 cells for 1 h and total bound AgNPs were quantified by ICP-MS.
Each of the three silver cores functionalized with RPARPAR peptide showed
robust PPC-1 binding and low M21 binding. The Pd concentration is multiplied
by 50 to visualize more clearly; the R-wt-Ag-Pd sample’s Pd content of 0.94 �
0.04 ng/g is 100 times above the detection limit. Data represent mean values �

SD (n = 3) (II).

Figure 21: Multiplexed ratiometric AgNP test system. The triplex system
shown here is based on two targeting peptides: RPARPAR and SGKRK, and
two biological targets: NRP-1 and p32. M21 cells express cell surface p32,
whereas PPC-1 cells express both p32 and NRP-1 on the cell surface. Control
biotin-AgNPs do not bind to either cell line and serve as a negative control.
When an input of three different AgNPs is applied to the cells, their cell binding
and uptake pattern will correlate with accessible cell surface receptor expression

(II).



Figure 22: Isotopic multiplexing of AgNP binding and internalization into M21
and PPC-1 cells. Cells incubated with isotopically coded AgNPs (R-107AgNPs,
K-109AgNPs, B-wtAg-PdNPs), followed by etching to remove the extracellular
nanoparticles and quantification of the internalized nanoparticles by ICP-MS.
PPC-1 cells demonstrated preferential uptake of R-AgNPs and M21 cells took

up mainly K-AgNPs (n = 3) (II).

5.6 In vivo application of isotopic targeted silver
nanoparticles (III)

To test the application of isotopic AgNPs in vivo, two targets were chosen: healthy
lung and brain. Both targets have a known homing peptide: RPARPAR [Teesalu
et al., 2009] and CAGALCY [Fan et al., 2007] respectively. RPARPAR homes to
NRP-1 expressing areas in the vascular bed of the lungs, whereas the receptor for
CAGALCY is not yet known. The AgNPs were used in a duplex fashion with
107Ag particles being conjugated with the biotinylated peptide of interest, and
109Ag particles serving as an internal control.

5.6.1 Homing analyzed by ICP-MS of whole organs (III)

Mice were injected with an equimolar mixture of peptide-107Ag and control-109Ag
particles and, after 1 or 5 hours of circulation, tissues were analyzed by ICP-MS.
RPARPAR-AgNPs were found in �9 fold greater quantity in the lungs, at the one
hour time point, as compared to control, as calculated from the ratio of 107Ag to
109Ag (Figure 23 A). By five hours that difference had been reduced to �5 fold.
CAGALCY-AgNPs were also found in greater quantity in the brain than control
particles (Figure 23 B). The difference was statistically significant although not
as great as seen by microscopic analysis. This is likely due to heterogeneous accu-
mulation patterns, and inadvertent bias in imaging areas with larger accumulation
of CAGALCY-AgNPs, versus taking an average of a whole brain lysate.
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Figure 23: ICP-MS analysis of tissue distribution of homing peptide-
functionalized AgNPs. (A) Outline of the ICP-MS ratiometric homing experi-
ments. Balb/c mice were injected in tail vein with an equimolar mix of peptide-
AgNPs (Ag107) and biotin-AgNPs (Ag109) in 200 µL PBS. 1 h or 5 h post
i.v. administration, the animals were perfused with 15 mL PBS to remove free
plasma AgNPs, and the organs of interest were snap-frozen. Tissues were sub-
jected to a HNO3/H2O2 extraction protocol for ICP-MS, or cryosectioned for
laser ablation ICP-MS (LA-ICP-MS). (B) ICP-MS analysis of tissue distribu-
tion of RPARPAR-OH-AgNPs after 1 or 5 h of circulation. Data represent mean
values � SD (n = 3). (C) ICP-MS-based analysis of tissue distribution of CA-
GALCY AgNPs. Balb/c mice were intravenously injected with an equimolar
mixture of targeted CAGALCY AgNPs and biotin-AgNPs. After 5-h circu-
lation the animals were perfused with PBS, and the extracts of organs were
subjected to ICP-MS to for relative quantification of silver isotopes. Data rep-
resent mean � SD (n = 3), *** p < 0.001, ** p < 0.01, * p < 0.05, (adapted

from III).

5.6.2 Spatial homing analyzed by LA-ICP-MS (III)

Laser ablation (LA) ICP-MS was tested next to study heterogeneous accumulation
patterns in target tissues. Experimental conditions were the same as previously,
except instead of producing a whole tissue lysate, 30 µm sections were cut. The
results showed heterogenous accumulation of RPARPAR-AgNPs: more in vascu-
larized areas than non-vascular (Figure 24). When liver sections were analyzed,
no heterogeneity was found. Quantifying an avarage of ablation paths showed a
�6-fold greater RPARPAR-AgNP accumulation in the lung, similar to the 9-fold
number found for whole tissue lysate. The liver had a ratio of �1 for both types of
analysis as expected from non-targeted accumulation. The combination of the two



Figure 24: Ratiometric LA-ICP-MS profiling on sections of lung. (A) Balb/c
mice were injected i.v. with 200 µL of a mixture of RPARPAR-OH-107AgNPs
and control biotin-109AgNPs. At 5-h time point, tissues were snap-frozen, sec-
tioned at 30 µm, and subjected to 40 µm line scans using a Cetac LSX-213 G2+
laser ablation system. Hematoxylin-eosin staining of a lung cryosection used
for LA-ICP-MS. The laser ablation path is indicated by arrow. Note the mi-
croanatomical heterogenity of the lung section. The region of the graph indicated
by the dashed box and pink shading correspond to the inset showing the laser
ablation path in panel B. (B) Areas along the ablation path with 107Ag/109Ag
> 9 are indicated in red. Elevated 107Ag/109Ag ratios are associated with
vascular and bronchial structures: b = bronchiole; sm = smooth muscle; pv =
pulmonary vein. Data are representative of 16 laser ablation paths. Scale bars:

A, 200 µm; B, 100 µm (III).

types of ICP-MS allows for versatility in studying AgNP targeting for an entire
tissue or discrete regions in the tissue.

5.7 Therapeutic nanoparticles (V)

The end goal of peptide-targeted nanoparticles is to treat cancer in patients. To
that end, AgNPs have been developed further (in unpublished work) to carry the
drug monomethyl auristatin E (MMAE), a very potent substance used clinically
only in antibody-drug-conjugate form. So far, in vitro results show a selective
killing of targeted PPC-1 cells by MMAE-RPARPAR-AgNPs versus untargeted
M21 cells. While these results are preliminary they are promising enough to war-
rant further studies and in vivo development.

An example of therapeutic nanoparticles already working in cancer treatment is
found in paper V [Simón Gracia et al., 2016a]. Polymer NPs, polymersomes, were
loaded with paclitaxel to treat MKN-45P peritoneal cancer in mice and found to be
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more effective than paclitaxel alone or paclitaxel in clinically approved nanoparticle
formulation (AbraxaneTM). The polymersome platform has since been developed
further to include peptide targeting as well, to improved effect [Simón Gracia et al.,
2016b].



6. Summary and conclusions

This thesis describes the development of a silver nanoparticle (AgNP) platform for
use in cancer research. The nanoparticles were intended to function as synthetic
alternatives to the bacteriophages used in the phage display discovery of targeting
peptides. The AgNPs would also model cancer nanotherapeutics and have poten-
tial applications as cancer imaging agents and drug delivery vehicles. The goals
were to synthesize silver cores of various size and composition and to coat them
in a biocompatible way. The polymer and protein coating was intended to enable
the conjugation of dyes and of the targeting peptides. The AgNPs would work
as nanoprobes: trackable by microscopy and flow cytometry. The AgNPs should
work in vitro as well as in vivo. Used in vivo they should be able to home to target
organs or tumors and be visualized in tissue sections. Ideally the AgNPs could be
dissolved to enable distinction between particles inside or outside a cell, something
that is lacking in most nanoprobes. A further goal of the research was to develop
the AgNPs beyond optical detection techniques, which are only semi-quantitative,
into probes that can be quantified by mass spectrometry.

AgNPs were synthesized and conjugated with targeting peptides and fluorescent
dyes. Their silver cores enhance fluorescent dyes and effectively scatter light for
darkfield microscopy as well as having a high extinction coefficient for UV-vis de-
tection. A biocompatible etch solution was developed, to dissolve the AgNPs, to
facilitate distinction between internalized versus extracellular particles. A set of
isotopically distinguishable AgNPs was developed for use with quantitative induc-
tively coupled plasma mass spectrometry (ICP-MS). These AgNPs were used in
multiplexed format to evaluate surface expression of targeting receptors in order to
phenotype cancer cells. They were also used in duplex to evaluate peptide-AgNP
homing in vivo in an internally controlled manner. In addition to platform devel-
opment, a new tumor homing peptide was evaluated using the silver nanoparticles.

The accomplished goals were as follows:

1. AgNPs of different sizes (20–70 nm) were synthesized and functionalized
with a biocompatible coating for dye and peptide conjugation.

2. AgNPs with isotopically unique cores were developed. The nanoparticles
could be distinguished and quantified by ICP-MS.

3. AgNPs were coupled with dyes and targeting peptides to bind and internal-
ize into targeted cells. The nanoprobes were detectable with fluorescence
microscopy and flow cytometry. The extracellular fraction of particles was
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dissolved by a novel etching solution that does not pass through the cell
membrane.

4. AgNPs were used with fluorescent dyes and homing peptides to target organs
and tumors in vivo. AgNP detection was eased by their enhancement of
fluorescent dyes and their visualization by silver staining of sections. AgNPs
remaining in circulation were successfully etched.

5. Isotopic AgNPs were used with two targeting peptides (RPARPAR target
NRP-1, GKRK target p32) and an untargeted control to bind to and in-
ternalize into cancer cells. ICP-MS analysis was successfully able to detect
the expected AgNPs based on cell surface receptor expression, proving the
applicability of the AgNPs for cell phenotyping.

6. A duplex system of isotopic AgNPs was used to demonstrate internally con-
trolled peptide-targeted AgNP homing in vivo. Lung and brain were targeted
with RPARPAR and CAGALCY peptide-AgNPs respectively. ICP-MS was
able to quantify homing in target organ lysate and spatial homing by LA-
ICP-MS.
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Summary in Estonian

Hõbeda nanoosakesed vähiuuringutes

Sissejuhatus

Vähktõve efektiivse ravi tagamine on kaasaegsele meditsiinile jätkuvalt suureks
väljakutseks. Kuigi nanoravimitega on viimase 20 aasta jooksul saavutatud mõ-
ningast edu vähiravi kõrvaltoimete vähendamisel, ei ole see ravimiklass osutunud
loodetud imerohuks ega suurendanud patsientide elumust. Praegu kliinilises ka-
sutuses olevad nanoravimid akumuleeruvad kasvajalistes kudedes passiivselt. Vä-
hirakke selektiivselt ära tundvaid nanoosakesi testitakse arvukates prekliinilistes
ja kliinilistes uuringutes. Vähirakke ära tundvate moodulite lisamine terapeuti-
listele nanoosakestele võimaldab parandada akumulatsiooni vähikoes ning seelä-
bi võimaldada efektiivsemat ravi ning vähendada kõrvaltoimeid. Üks võimalus
nanoosakeste suunamiseks on kasutada in vivo faagidisplei meetodi abil avasta-
tud kullerpeptiidide. Selliste peptiidide avastamiseks süstitakse vähi-hiiri bakterio-
faagi kattevalgul kuvatud peptiidi-raamatukogudega. Kasvajakoes üle-esindatud
peptiidi-faagide sekveneerimine aitab seejärel tuvastada koeselektiivsed kullerpep-
tiidid. Kullerpeptiidide ja teiste nanoosakeste pinnamodifikatsioonide mõju hin-
damiseks oleks palju abi mudel-nanoosakeste platvormist, mida on lihtne kasu-
tada, mikroskoopiliselt uurida ja kvantifitseerida. Kuna enamik ravimeid peavad
ravitoime avaldumiseks sisenema rakku, võiks üks nanoosakeste platvormi kasu-
lik omadus olla võimalus eristada intra- ja ekstratsellulaarseid osakesi. Hõbeda
nanoosakestel (AgNP) on olemas kõik eelpool soovitud omadused. AgNP võimen-
davad neile kinnitatud värvainete fluorestsentsi, neil on optilisel tuvastamisel kõrge
ekstinktsioonikoefitsient ning nendega on võimalik siduda lühikesi peptiide. Veel-
gi enam, AgNP lahustuvad kiiresti ja täielikult mittetoksilises metalse hõbeda
söövituslahustis; see võimaldab rakuväliste osakeste lahustamist, mõjutamata ra-
kusiseseid osakesi. AgNP on võimalik valmistada hõbeda puhastest isotoopidest,
võimaldamaks osakeste isotoopset tuvastamist ja kvantifitseerimist massispektro-
meetria abil.
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Töö eesmärgid

Käesoleva doktoritöö eesmärgiks oli AgNP mudel-platvormi optimiseerimine vähi-
uuringuteks. Uuriti AgNP rakendatavust kvantifitseeritava meetodina kullerpep-
tiidide koeselektiivsuse ja rakku sisenemise hindamiseks.

Töö eesmärgid olid:

1. Optimiseerida protokollid AgNP sünteesimiseks, funktsionaliseerimiseks ja
analüüsiks.

2. Töötada välja meetodid AgNP sünteesimiseks puhastest hõbeda isotoopidest
ning isotoopselt-kodeeritud osakeste kvantitatiivseks analüüsiks.

3. Välja töötada protokollid peptiididega suunatud fluorestseeruvate AgNP
rakku sisenemise katseteks.

4. Kasutada peptiididega suunatud fluorestseeruvaid AgNP organite ja kasva-
jatega seondumiseks in vivo.

5. Kasutada kullerpeptiididega suunatud isotoopseid AgNP vähirakkude feno-
tüpiseerimiseks.

6. Rakendada kullerpeptiididega suunatud isotoopseid AgNP kullerpeptiidide
in vivo valideerimiseks.

Meetodid

Töö käigus valmistati AgNP kõrge puhtusastmega komponentidest kasutades eri-
nevaid sünteesiradu saavutamaks vajaliku suuruse ja kujuga osakesi. AgNP ise-
loomustamiseks kasutati nende UV-vis neeldumisspektri analüüsi ja transmis-
sioonelektronmikroskoopiat. AgNP funktsionaliseeriti PEG-kattega ja neutravi-
diiniga. Osakeste pinnaga seotud neutravidiin võimaldab siduda biotinüleeritud
peptiide, samas kui PEG’i vabu amiinrühmasid saab rakendada värvainete sidu-
miseks. Kullerpeptiididest kasutasime peamiselt NRP1-seonduvat peptiidi amino-
happejärjestusega RPARPAR. Seda peptiidi kasutasime kvaliteedikontrolliks ja
uute osakeste välja töötamiseks. Lisaks kasutasime p32-suunatud kullerpeptiide
ja negatiivse kontrollina ilma kullerpeptiidita osakesi. Rakukatseteks kasutasime
mudelina NRP1-positiivset PPC-1 eesnäärmekartsinoomi rakuliini ning NRP1-
negatiivseid M21 melanoomirakke. Ekstratsellulaarsete AgNP-de lahustamiseks
töötasime välja biosobiva söövituslahuse. AgNP seondumise ja rakku sisenemise
hindamiseks kasutati epifluorestsents- ja konfokaal-mikroskoopiat ning voolutsüto-
meetriat. Fluorestsentsmärgist kandvate AgNP koedistributsiooni uuringuteks ka-
sutati konfokaalmikroskoopiat külmlõikudel. Isotoopselt kodeeritud AgNP rakku-
dega seondumist ja internalisatsiooni kultiveeritud rakkudel ja distributsiooni koe-
proovides hinnati kvantitatiivselt kasutades induktiivsidestatud plasma massispek-
tromeetria meetodit(ICP-MS).
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Tulemused ja järeldused

1. Töötati välja tingimused 20–70 nm diameetriga, värvainete ja peptiididega
funktsionaliseeritud biosobiva kattega AgNP sünteesiks.

2. Optimiseeriti tingimused isotoopselt kodeeritud AgNP sünteesiks ja ICP-MS
meetodil põhinevaks kvantitatiivseks analüüsiks.

3. Töötati välja protokollid AgNP funktsionaliseerimiseks värvainete ja siht-
rakke ära tundvate kullerpeptiididega, et osakesi rakendada fluorestsents-
mikroskoopial ja voolutsütomeetrial põhinevates analüüsides. Töötati välja
ja optimiseeriti protokollid rakuväliste AgNP lahustamiseks kasutades uud-
set rakumembraani mitteläbivat söövituslahust.

4. Rakendati fluorestseeruvate värvainete ja kullerpeptiididega funktsionalisee-
ritud AgNP in vivo koedistributsiooni uuringuteks.

5. Isotoopseid AgNP koos kahe sihtrakke ära tundva peptiidiga (RPARPAR
seondub NRP1, GKRK p32 valguga) ja kontrollpeptiidiga kasutati in vitro
rakukatseteks. Näitasime kasutades ICP-MS meetodit, et pinnaretseptorite
ekspressiooni vastab kullerpeptiididega suunatud osakeste seondumisprofii-
lidele, näidates nii, et AgNP platvorm on rakendatav rakkude in vitro feno-
tüpiseerimiseks.

6. Isotoopseid AgNP kasutati koos kahe sihtmärk-kudesid ära tundva peptiidiga
(RPARPAR seondub kopsukoega, GAGALCY seondub ajukoega) ja kont-
rollpeptiidiga. ICP-MS meetodil kvantifitseeriti kullerpeptiididega funktsio-
naliseeritud osakeste seondumine märklaudorgani lüsaadis ning LA-ICP-MS
meetodit kasutades hinnati osakeste ruumilist jaotuvust koelõikudel

Meie töö tulemuseks on AgNP platvormi kui mudel-nanoplatvormi igakülgne opti-
miseerimine ja valideerimine uuringuteks kultiveeritud rakkudel ja kudedes. Selle
platvormi rakendamine muudab võimalikuks afiinsus-suunatud nanoosakeste seni-
sest efektiivsema väljatöötamise.
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