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The design goal of ligand-targeted nanoparticles (NPs) is to achieve site-specific 

targeting to specific biological targets, which can maximize therapeutic efficacy and 

safety. However, site-specific delivery remains suboptimal due to biological barriers, 

particularly non-specific interactions and sequestration of NPs by the immune system 

and anatomic structures of clearance organs in vivo. This formidable challenge 

prompted the exploration of novel ligand-based NP designs. Due to their exceptional 

precision, versatility, and biocompatibility, NPs composed of DNA (DNA-NPs) and 

targeted via ligands, have emerged as a promising strategy to deliver therapeutic effects 

with unique precision. One such formulation is anti-ICAM/3DNA, a multibranched 

DNA-made nanocarrier (3DNA®) functionalized with antibodies (Abs) against 

intercellular adhesion molecule-1 (ICAM-1), a cell surface glycoprotein accessible for 

targeting from the bloodstream and overexpressed in the lungs in many diseases. In 

particular, a prototype formulation of anti-ICAM/3DNA had demonstrated high cell-

specific targeting and therapeutic potential in vitro. In this dissertation, we explored the 

kinetics, biodistribution, and lung-specific targeting in vivo of a new anti-ICAM/3DNA 

design that enabled precise surface functionalization with Abs to provide and modulate 

targeting. In Aim 1, we modified a radiotracing-based method to correct 125I-NP 

biodistribution results by separating the signal arising from the free 125I label, providing 

more accurate measurements of the NP biodistribution. In Aim 2, intravenous injection 

of anti-ICAM/3DNA in mice resulted in profuse and specific lung targeting, which had 

an unprecedently high specificity index over non-specific control. In Aim 3, we 

demonstrated that below the lung delivery saturation conditions and within the 



 

 

parametric range tested, anti-ICAM density on 3DNA played a key role in modulating 

lung specificity compared to the dose concentration and size of anti-ICAM/3DNA. 

Additionally, we estimated how this would impact targeting of drugs that can be 

intercalated into the DNA carrier core or linked to carrier outer arms. Overall, this study 

demonstrates that anti-ICAM/3DNA bio-physicochemical properties allow for 

efficient, specific, and tunable lung targeting. This new knowledge will help guide 

future DNA-NP designs for targeted therapeutic delivery and set the basis for 

investigational applications aimed at the treatment of pulmonary diseases. 
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Chapter 1: Motivation and Goals 

Targeted nanoscale particles (i.e., nanoparticles, NPs), including drug 

nanocarriers (NCs) and nanomedicines, can be used to improve biodistribution of drugs 

to specific sites within the body1,2 and can have a tremendous impact in patient 

treatment, particularly in the areas of oncology, inflammation, and autoimmune 

diseases.3–8 Localized drug delivery via targeted NPs can reduce the: 1) needed 

administration dose, 2) systemic drug exposure, 3) off-site drug delivery, and 4) 

concomitant side effects due to the potential off-site toxicity.4,9,10 Targeted injectable 

therapeutics represent > $10 billion market in the US, with the projected growth of ~5-

18% annually.11,12 

An ideal targeted NP for therapeutic use consists of a drug and other NP 

materials whose functions are to promote precise spatiotemporal delivery (i.e., in the 

specific cellular or extracellular location and during a particular time) of drugs in 

correct therapeutic amounts. To accomplish this epitome, NP materials need to redirect 

the bio-physicochemical properties of therapeutic molecules to help them conform to 

the specific and distinct requirements associated with the pathology of a disease, and 

the requirements of the chosen delivery route (e.g., intravenous, I.V. route). These bio-

physicochemical properties are associated with NP composition, structure, size, shape, 

surface character (e.g., targeting moieties and their presentation), dosage, etc., which 

profoundly influence the biodistribution of drugs.13–18 As such, several nanomaterials 
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have the potential to provide many important functions, spanning drug targeting, 

improved drug solubility, increased drug carrying capacity, controlled drug release, 

controlled degradation, bioactivity, toxicity, etc.1,7,10,19–31 

Both passive and active targeting mechanisms have been employed in the 

clinics to improve drug delivery and reduce side effects of nanomedicines (e.g., Doxil, 

Abraxane, Patisiran, various antibody-drug conjugates, etc.).32,33 The most common 

strategy to achieve active targeting is through utilization of moieties that can target 

specific cell-surface molecules preferentially expressed at the sites of interest within 

the body; for example, antibody-drug conjugates (ADCs) contain antigen binding sites 

(i.e. targeting moieties) that can bind specific biological markers.34–37 Despite the 

successful translation of these useful targeting technologies, drug delivery remains 

suboptimal for many therapeutic NPs which require additional or improved 

functionalities to overcome physiological barriers at the blood, organ, cell, and 

subcellular level.2,4,10,13,19,37–45 For example, formulations such as ADCs generally lack 

protective function to prevent premature degradation of drugs and have limited drug 

carrying capacity, limited size options, etc.42 These functions are particularly necessary 

for the delivery of biotherapeutics which are prone to premature degradation upon their 

administration,1,22,46–56 and have difficulty in overcoming physiological barriers such 

as the immune system, endothelial linings, and cell and intracellular membranes.46,57–

65 Consequently, the clinical translation for a plethora of therapeutic NPs is hindered 

due to lack of aforementioned functionalities. Additional challenges for NPs include 
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lack of uniform and precise size, shape, and number of targeting moieties, as well as 

complex and unpredictable interactions with the biological environment in vivo, which 

hinder their performance.1,10,29,31,32,45,66–72 

Under these considerations, many novel nanomaterials with robust and unique 

functionalities have been developed. NPs constructed from deoxyribonucleic acid 

(DNA-NPsb) have sparked interest in drug delivery due to their exceptional versatility, 

reproducibility, tunability and precision of their architecture down to a single atom 

definition, as well as their built-in responsiveness to various physiological cues (e.g., 

pH, temperature etc.).19,20,73,74 Consequently, DNA-based NPs can deliver therapeutic 

effects with unique level of precision and programmability, which has not currently 

been achieved for other NPs,27,39–41,75–80 and are starting to emerge as a relatively safe 

and promising technology to help overcome physiological barriers.20,41,58,61,81–88 

Another unique functionality of DNA-NPs, particularly relevant in oncology 

applications, is their capacity to intercalate anthracycline drugs such as doxorubicin.81 

Furthermore, drugs such as gene regulating molecules, protein, and small drug 

therapeutics can also be hybridized via oligonucleotide linkages or directly coupled to 

NPs. 

 

b Many unique properties of DNA-NPs are also shared with RNA made NPs. 
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While DNA-NPs offer versatile functionalities that are still being explored, 

their specific targeting has been accomplished with limited success, particularly in vivo, 

due to novelty of the field. Hence, the goal of this dissertation is to explore and design 

the targeting functionality of DNA-NPs through parametric modulation of their 

properties such as the specificity, number, and density of their surface antibodies (Abs), 

their size, and their concentration. 3DNA®c NC, a DNA-made and stably crosslinked 

tridimensional (3D) scaffold, is a good candidate to explore targeting functionalities of 

DNA-NPs because it has precise and tunable size and surface topography of outer 

areas.89 3DNA is a repetitively branched construct that can be coupled with a precise 

number and spatial arrangement of oligonucleotide-conjugated molecules (e.g., 

targeting molecules, therapeutics, etc.) on its peripheral regions, controlled through 

complementary DNA hybridization.19,89–92 Molecules can also be directly conjugated 

to the outer ends of 3DNA, while intercalating drugs can be incorporated within the 

core 3DNA scaffold.91,93 

A good target to test I.V. targeting functionalities of DNA-NPs is intercellular 

adhesion molecule-1 (ICAM-1) because it is accessible from the circulation and 

expressed on the surface of the endothelium.2,7,14,94–105 Since there is an abundance of 

 

c 3DNA® are proprietary designs by Genisphere® LLC and were manufactured and provided 

by Genisphere® LLC under an agreement with the University of Maryland for the studies described in 

this dissertation. 
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endothelium in the lungs,106,107 there is also high ICAM-1 content,96,99,107,108 making 

the lungs a primary target.7,99 ICAM-1 is a transmembrane glycoprotein located on the 

surface of various cell types, and it is overexpressed in inflammation.7,107 Hence, it is a 

particularly promising target for specific delivery to diseased sites. ICAM-1 can be 

targeted with anti-ICAM ligands of various types, including Abs, peptides, aptamers, 

etc. Many cases of anti-ICAM functionalized NPs have been shown to provide 

enhanced specific targeting to ICAM-1 compared to anti-ICAM ligands alone, due to 

their distinct bio-physicochemical parameters affecting their binding interactions and 

transport.7,95,109 The enhanced specificity and avidity of NP binding to ICAM-1 is due 

to the inflammation-induced ICAM-1 overexpression and their improved ligand 

presentation (e.g., localized ligand density and multivalent binding) at the NP-cell 

interface. Moreover, the biodistribution of ICAM-1-targeted NPs has been extensively 

characterized, providing a benchmark model to evaluate ICAM-1 targeting of DNA-

NPs.7 

Our laboratory has shown that Abs against ICAM-1 (anti-ICAM) can provide 

specific, highly efficient targeting functionality to prototype 3DNAd in endothelial and 

other cell types in vitro.58 The work in this dissertation focuses on exploring targeting 

efficiency and specificity of various new anti-ICAM/3DNA formulations in vivo110 

 

d The results for the prototype anti-ICAM/3DNA in vivo are published here110. 
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which have not been previously tested in vitro or in vivo. Based on the promising 

targetability of anti-ICAM/3DNA in the endothelial cell culture model, the high 

endothelial and ICAM-1 content in the lungs, and currently published research 

supporting high lung accumulation of multivalently targeted anti-ICAM NPs, in this 

study we hypothesized that multivalent anti-ICAM/3DNA would allow for efficient 

and ICAM-1-specific lung targeting in vivo. We also explored the effects of targeting 

valency (i.e. number of Abs per NP), valency density (number of Abs per NP surface), 

anti-ICAM/3DNA size and dose concentration, on the efficacy of anti-ICAM/3DNA 

targeting and biodistribution to the lungs and other sites within the body. In addition, 

we estimated the relevance of the aforementioned targeting and biodistribution in 

delivery through two distinct modes of drug cargo incorporation: carrying within core 

3DNA scaffold and linking to peripheral 3DNA regions. To accurately evaluate the 

radiotracing-based biodistribution of radiolabeled anti-ICAM/3DNA without 

confounding effects of the potential release of label, we first tested the modification of 

a biodistribution method with trichloroacetic acid (TCA) precipitation assay commonly 

used to separate free label. Various anti-ICAM/3DNA formulations were injected I.V. 

in healthy mouse models to assess the hypothesis in the following aims: 

Specific Aim 1: Improve a radiotracing-based method for measurements of in vivo 

biodistribution. 

Specific Aim 2: Evaluate the biodistribution and targeting specificity of anti-

ICAM/3DNA in vivo. 
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Specific Aim 3: Decipher the role of targeting valency, valency density, size, and dose 

of ICAM-1-targeted 3DNA in biodistribution and specific targeting, and ultimate 

impact on drug delivery in vivo. 

This dissertation is organized in eight chapters. Chapter 1 introduces the 

motivations and goals of this dissertation. Chapter 2 reviews the relevant background 

information regarding NP properties that are involved in targeting and biodistribution 

via the IV route. It also describes the clinical relevance of DNA NPs, particularly 

3DNA and ICAM-1 targeting. Chapter 3 contains the significance and innovation of 

the study performed for this dissertation. Chapter 4 encompasses materials and methods 

used throughout Aims 1-3. In Chapter 5, we describe the modification of a radiotracing 

method in order to improve tracing of biodegradable NPs I.V. administered in a healthy 

mouse model in vivo and improve the robustness of biodistribution measurements. In 

Chapter 6, we utilize the improved radiotracing method to test whether anti-

ICAM/3DNA targeting functionality can be successfully used in a healthy mouse 

model in vivo, by looking at biodistribution and targeting specificity compared to non-

specific control formulations. In Chapter 7, we explore how parametric dependencies 

of properties such as NP targeting valency, valency density, NP size and dose 

concentration modulate anti-ICAM/3DNA targeting in a mouse model in vivo. In 

Chapter 8, we conclude the dissertation with final remarks and future directions. 
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Chapter 2: Background 

2.1. Bio-Physicochemical Properties and Drug Delivery 

Functions of Targeted Nanoparticles 

2.1.1. Design Considerations 

In order to ameliorate their delivery, drugs benefit from augmentation of their 

properties with new functionalities provided by NPs.2,10,19,32,37,111,112 As mentioned in 

the Motivation and Goals section, nanomaterials are used for various components of 

NPs that provide functions such as that of a scaffold, drug carrier, providing drug 

protection and solubility, controlled drug release, targeting, and even altering 

intracellular fate and function, to mention a few (Figure 1).48,58,113,114 These new 

functions can not only improve the therapeutic efficacy and safety of currently 

approved drugs, but can provide the opportunity to reevaluate drugs previously deemed 

unusable in the clinical setting.2,10,19,37 
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Furthermore, NPs have unique and versatile bio-physicochemical properties 

that can be tuned in order to modulate the aforementioned drug delivery functions and 

further improve therapeutic outcomes.10,21,26,30,66,115–122 For example, in addition to 

controlling their dose and composition, NPs can have different drug loading and release 

mechanisms, as well as different size, shape (e.g., spheres, cubes, stars), and surface 

features (e.g., charge, topography of molecules and ligands with various functions, etc.) 

which can all modulate drug delivery.28,100,123,1249,125 

Surface ligands that can direct specific interactions of NPs with the biological 

environment (e.g., Abs) are particularly useful in boosting targeting and site-specific 

 

Figure 1. Bio-physicochemical properties and drug delivery functions of NPs. 
NPs have unique bio-physicochemical properties that can be tuned to modulate drug delivery 
functions and improve therapeutic outcomes. Modulating NP composition, dose, drug 
loading and release mechanisms, size, shape, charge, ligands such as targeting molecules can 
modulate drug carriage, targeting, protection, solubility, responsiveness to physiological 
stimuli, and others. 

MODULATION

Size

Charge

+ POSITIVE

0 ZWITERIONIC

- NEGATIVE

Entrapped

Incorporated into the 
molecular structure

Adsorbed

Chemically bound

Protein

DNAChitosan
Alginate

Lipid

Silk

Carbohydrate
PEG

PLGA
PEIGold

Iron oxide

Silica

Silver
Carbon

LIGANDS
&

THERAPEUTICS



 

 

10 

 

 

drug delivery, as demonstrated by our and many other laboratories.2,10,19,37,44,60,67,120,126–

129 Moreover, the presentation of these targeting ligands (e.g., their surface density and 

number), as well as the size and dose of NPs, are additional factors modulating their 

targeted drug delivery.13,14,29,43,45,75,95,115,130 For successful organ targeting, the total 

binding strength (referred to as avidity) must overcome resistive forces such as the 

thermal motion of NPs, blood flow shear stress, membrane undulations, and membrane 

elasticity.2,131,132 

Modulation of targeting and other bio-physicochemical properties related to 

drug delivery greatly depend on the chosen materials and the overall composition of 

NPs.19,28,70,133–136 NPs made of fatty-, amino-, and nucleic- acids, metals, carbon, silica, 

etc. have all been investigated to improve biodistribution and targeted drug delivery 

(Figure 2).28,30,37,121,121,137–144 So far, only phospholipid-based (e.g., Doxil and 

Patisiran) and amino acid (protein)-based formulations (e.g., Abraxane and ADCs) 

have been approved for clinical use as mentioned in the Motivation and Goals.37 

Indeed, NP material and composition is one of the fundamental design considerations, 

impacting overall therapeutic performance, including the safety and regulatory 

aspects.23,145,146 The materials used also influence the production of NPs,49,75,147 

pertaining to their cost, scalability, reproducibility, uniformity, etc.74,148,149 As 

discussed in more detail later in the Background section, DNA-based devices hold great 

promise in drug delivery as they provide unprecedented control over their design and 

bio-physicochemical properties compared to other NPs.19,57,119 
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The targeting functionalities associated with many NP properties are still not 

well understood due to the complexity associated with both the NPs and the in vivo 

environment, but also the lack of standardized measurements of various aspects of NP 

 

e Reprinted from Journal of Controlled Release, 200, Wicki A, Witzigmann D, 

Balasubramanian V, Huwyler J., Nanomedicine in cancer therapy: challenges, opportunities, and clinical 

applications, 138-57, 2015, with permission from Elsevier. 

 

Figure 2. Common NPs and NP materials used in drug delivery.  
Shown are some of the materials, their form and composition used in biomedical 
applications, some of which are inspired by natural NPs.37 Reprinted with permission.e 
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performance with respect to their stability, transport, specific targeting, etc. in cell 

culture and animal models. Nevertheless, their benefits necessitate a discussion of what 

is currently known, which is presented in this chapter. A particular focus is on the 

properties explored in this thesis, which are known to affect biodistribution and the 

targeting at the organ level, pertaining to 1) the specific ligand-based binding 

interactions, 2) the density and the number of available sites for binding, 3) the overall 

NP size, and 4) the NP dose. 

Lastly, while reformatting biotherapeutics into NPs can provide known 

beneficial functions such as targeting and protection from premature degradation, it is 

still desirable to utilize functions of the I.V route pertaining to direct access to the 

cardiovascular delivery system. Doing so can reduce the complexity of the drug 

delivery design and shorten the path to the target sites accessible from the 

bloodstream.2,10,23,24,150 As such, the I.V. route was utilized in this work. Hence, this 

section reviews primary design considerations utilized in this thesis for ligand-based 

NP targeting to the endothelium, their drug delivery functions, and from the aspect of 

the I.V. administration route whenever applicable. 

2.1.2. Ligand-Based Targeting of Nanoparticles 

Ligand-based targeting is one of the most dominant functions that can enhance 

the site-specific accumulation of NPs. It is also utilized naturally in the body and by 

some pathogens.151 This functionality is possible through highly specific interactions 
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and affinity between targeting ligands that are present on the surface of NPs and cell 

surface molecules that are predominantly present on the body sites that are intended to 

be targeted (Figure 3).10 This not only allows for the efficient and specific delivery at 

the organ level, but also the tissue, cell, and sub-cellular levels.10,58,75,94,109,122,152–154 

 

Peptides, vitamins, proteins, Abs, and aptamers are all examples of molecule 

types that can be used as targeting ligands, but also represent the first examples of 

targeted nanomedicines (e.g., ADCs, doxorubicin loaded aptamers, etc.).10 Among 

these ligands, Abs can be beneficial due to their high affinity and specificity of binding. 

Accessible targets from the bloodstream encompass several cell types pertaining to the 

 

Figure 3. Ligand-based targeting of NPs. 
Specific binding interactions between the targeting ligands displayed on the NP surface and 
targeted biological markers localized on the cell surface can allow for specific accumulation 
of ligand-coupled NPs and drug delivery at the organ, tissue, cell, and subcellular levels. 
Ideally, biological markers are predominantly present on target cells but not on the non-
target cells. These transport and binding interactions are modulated by ligand affinity, ligand 
and target accessibility, ligand-NP targeting density, valency, concentration, bulk quantity, 
etc.  
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blood, reticuloendothelial system (phagocytes in liver and spleen), and endothelium.2 

Endothelial targeting of cytokine receptors and cell adhesion molecules (CAMs) is 

especially attractive as these molecules are upregulated during pathologies such as 

inflammation, tumor growth, and abnormal changes in the shear stress experienced by 

the endothelium.2,155 

Besides the expression profile and accessibility of biological markers, many 

other factors modulate the behavior of ligand-based targeted NPs pertaining to their 

circulation time, organ biodistribution, and site-specific targeting.26,32,108 For example, 

the specificity and affinity of targeting ligands, their presentation by NPs (e.g., 

topography, density, and the number of targeting ligands), the size, shape and 

concentration of NPs, their surface chemistry, etc. all influence the transport and 

binding phenomena of NPs in the blood and organs.15,28,30,156,157158 

These NP properties can not only affect specific ligand interactions but can also 

determine their immunogenicity and recognition by scavenger receptors. Scavenger 

receptors are involved in the removal of foreign and waste materials, and are mostly 

present in the spleen and liver.30,33,123,159,160 For example, neutral or slightly negatively 

charged NPs with a high surface curvature can generally lower accumulation in the 

clearance organs (e.g., spleen and liver) by decreasing non-specific binding interactions 

with proteins and reducing the subsequent binding to cell membranes.13,161,162 Hence, 

it is important to optimize the properties of targeted NPs to minimize the non-specific 

interactions, as they can lead to off-site drug delivery and compromise the therapeutic 
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efficacy and safety. The following sections focus on the key properties that affect the 

ligand-based targeting of NPs, specifically the density and the number of targeting 

moieties presented by the NPs, their size, and their dose. 

2.1.3. Ligand Presentation by Nanoparticles: Targeting Ligand Density and 

Number 

The number (i.e., valency, called targeting valency in this dissertation) and 

density of targeting ligands presented on the surface of NPs (i.e., ligand density, also 

called targeting density, and referred to as “valency density”163 in this dissertation from 

this point onward) play a key role in targeting and biodistribution.2,67,161,164 For 

example, with regard to targeting, the intermediate valency density of anti-HER2 and 

folic acid-targeted NPs (~1×104 ligands/µm2) outperform their counterparts of lower 

and higher valency density, regardless of cell receptor surface density.67 Interestingly, 

although pathogens with different valency densities can enter and be transported to 

destinations within the body, current data points to viruses having an average valency 

density on the order of 1×104 ligands/µm2.120 Nevertheless, the targeting parameters 

remain inadequately understood. In theory, the perfectly matched presentation of NP 

targeting moieties to available target molecules in the organs or on the surface of the 

endothelium can allow for maximal binding and organ targeting.10,95,102,165 This perfect 

ligand presentation does not only involve a geometric match, but also involves the 

probability and equilibrium of successful collision for each ligand, which collectively 
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become more favorable for multivalent NP binding. The multivalent binding may also 

provide an advantage for anchoring NPs to the endothelium in terms of counteracting 

the shear stress and other forces acting against NPs binding to organs, especially for 

sturdier or larger particles. 

Nevertheless, there are several reports showing that overcrowding ligands on 

the NP surface may in fact negatively impact targeting.66,166,167 One of the reasons for 

this may be steric hindrance, which can prevent ligands from achieving the required 

orientation and/or accessibility for successful collisions with the targeted molecules 

(Figure 4A).10,166,168 While computer simulations show that this scenario is possible in 

theory for high density ligand-receptor interactions,66,120,127 it has been hard to study in 

practical terms for several reasons. For example, most NPs rely on the random and 

inconsistent functionalization of surface ligands due to their design capability 

limitations, preventing evaluation of ligand density and “over-crowding” in a 

controlled manner. This is further complicated since most studies do not characterize 

the relation between the valency density and the precision of functionalization, or the 

relation between the valency density and the affinity or availability of the binding 

region on the ligand. Namely, the precision, availability, and the affinity of 

functionalized ligands are usually assumed to stay constant with the modulation of 

ligand density, but experimental evidence suggests differently, at least for the ligands 

adsorbed on the NP surface.166 Only up to 4 % of the surface-adsorbed ligands may 

have their binding functions preserved, and this drastically drops with the increased Ab 
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density (Figure 4B).166 This kind of characterization is not commonly performed or 

reported for targeted NPs, hindering our understanding of NP valency density and 

targeting valency. Hence, it is unclear whether steric hindrance in such experiments is 

due to the ligand density or limitations in the precision of ligand functionalization and 

ligand affinity. Although perfect functionalization may only be possible in theory, one 

way to better understand valency density-modulated targeting is to keep the 

relationship constant between the valency density and ligand availability or valency 

density and ligand affinity. Introducing a controlled minimum distance among ligands 

on the NP surface can ensure a consistent fraction of available ligands that are displayed 

on the NP surface, regardless of the valency density and regardless of the orientation 

of the ligands. As an example, 3DNA arms have precise spacing between the outer 

arms, and regardless of the ligand orientation, the ligands will still be separated by the 

minimum distance between the arms. Furthermore, technology that would allow for the 

functionalization of a single layer of ligands (e.g., Abs) on the NP surface and for ligand 

coupling to precise or consistent locations on the NP surface, would ensure a consistent 

fraction of active ligands on the NP surface. For example, 3DNA allows a single layer 

of ligands to be attached on the surface. 
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Figure 4. Ligand density functionalization effects related to overcrowding, the activity 
and orientation of ligands, and mechanisms of binding.  
(A) Shown is a potential “classical” steric hindrance effect and the influence of valency on 
binding, when the NPs are perfectly functionalized.107 (B) Shown (from left to right) is the 
influence of Ab surface density on the extent of Ab inactivation due to the adsorption process 
between the Abs and NPs, reduced percentage of inactivated Abs with an increase in Ab 
density, but reduced availability for binding due to the steric hindrance effect (i.e., 
“orientation effect”), and further worsening of Ab availability for binding due to the steric 
hindrance (i.e., “overlay effect”).166 Note that panels A and B would show similar binding 
response curves, but the proposed mechanisms take different phenomena into account, 
including three kinds of steric hindrances. (A) vs. (B) shows the difference between steric 
hindrance induced by theoretical maximum ligand density as compared to steric hindrance 
induced by NP design limitation. (C) Higher numbers or density of targeting ligands 
enhances NP ability to bind to target cells.169 However, this effect can be contributed to the 
increased number of binding events per NP resulting in direct multivalent binding (valency 
effect, shown on the top) or the increased number of possible binding configurations with a 
single binding event per NP resulting in initial monovalent binding (configuration effect, 
shown on the bottom).169 The mechanism of binding for a particular NP design is an 
important consideration to optimize ligand density.169 
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Interestingly, computational analysis showed that only as little as five Abs were 

required to be simultaneously engaged in binding in order to overcome counteracting 

forces and anchor a 1-µm-particle (or three Abs for a 100-nm-particle) at 1 Pa shear 

stress.167,170 In contrast, the empirical results from the same study indicated that a much 

higher binding NP valency was required; at the theoretical maximum of 10 bonds that 

could be achieved by a 1-µm-particle with 1160 Abs/NP (370 Abs/µm2), NPs could not 

achieve specific binding under 1 Pa shear stress and had high detachment rates at low 

shear stress (i.e. >35% detachment at 0.5 Pa).170 One of the reasons for this disparity 

could be that the functionalization techniques may deactivate the binding functions of 

the ligands (e.g., conformational changes, etc.) as mentioned (Figure 4B).166 Another 

important consideration for understanding valency density is the degree of freedom for 

surface ligands as this can influence the perceived or “true” ligand density and change 

the steric hindrance parameters. For example, ligands presented by flexible tether arms 

as compared to ligands directly attached to the NP may have better availability for 

binding, both in terms of the taping space and the binding equilibrium.127,171 

Another example of why it is difficult to correlate the targeting directly to the 

valency density parameters alone is because changing the valency density parameter 

will change at least one other property, despite keeping all the other conditions 

constant. Namely, valency density on the NP can be modulated while keeping the dose 

of NP component of the ligand/NP formulation constant, but this will also by default 

change the total amount of the ligand component of the ligand/NP formulation 
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administered. From a biological standpoint, this may require the utilization of a higher 

number of targeted molecules on the endothelium, potentially exceeding their 

availability and causing a reduction in targeting.67 Alternatively, if the dose is adjusted 

to match the total ligand administered, the detected effects of targeting may be due to 

the modulation of the NP dose. So far, no studies have looked into this in vivo. 

In addition, and very relevant for understanding the work in this dissertation, 

the relation between the number of available targets and targeting ligands presented by 

NPs and the potential saturation condition, may be more prominent for the flexible NPs 

with ligands attached to theater arms. The flexibility and tether arms can allow for the 

NP shape to conform the ligand presentation.169 This can allow the engagement of 

additional ligands for binding as compared to sturdy NPs that lack the tether arms and 

whose geometry can prevent the access to additional ligands. In theory, the infinitely 

flexible NP would allow unlimited accessibility of ligands within the NP volume space 

(i.e., a very dynamic “surface”), where ligands can be modeled as free ligands restricted 

within this NP volume. Hence, for flexible systems, an additional way to think about 

the valency density is valency concentration (i.e., the concentration of ligands within 

the dynamic NP volume space). This is the key difference between the targeting 

valency for sturdy NP systems that have well defined surface. The branched DNA 

construct studied in this dissertation may be unique in this aspect based on its 

architecture, allowing some level of flexibility. In a flexible system, the “surface” is 

the function of flexibility, or in the case of the branched DNA construct, function of its 
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diameter and persistence length of DNA branches, assuming the constant temperature. 

How much the valency effect vs. the freedom of ligand movement would contribute to 

targeting would depend on the properties of the NP system and the target marker 

density. Indeed, for representative flexible NP systems, the analysis of the experimental 

data indicated that the increase in targeting was due to the increased configurations for 

the single binding event of multivalent NP as opposed to being due to the multivalent 

interactions (Figure 4C).169 For additional understanding of multivalent NP binding, 

please refer to the references used in this section. 

Furthermore, while increasing the ligand density may generally improve 

targeting, it may reduce the selectivity of binding between the healthy and diseased 

organ phenotypes.172 Namely, despite the high ligand binding specificity for a 

particular cell phenotype, expression will also be present in “off-target” healthy 

cells.10,59 Lowering NP avidity (i.e. total combined effect of all binding ligands) may 

circumvent the targeting of “off target” cells and improve the selectivity, while still 

providing enough strength to bind highly expressing cells. Hence, finding the optimal 

ligand presentation parameters is necessary for each targeted application. This may not 

only depend on the state of the target (e.g., healthy vs. pathological expression levels) 

but may in addition highly depend on its biological nature. From this aspect, some 

receptors naturally participate in low valency binding of molecules such as growth 

factors binding to growth factor receptors (e.g., epidermal growth factor) and some cell 
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receptors participate in high valency binding (e.g., CD11a/CD18 integrins on 

leukocytes) to the ICAM-1.2,102,113,132,141,173–176 

2.1.4. Size of Ligand-targeted Nanoparticles 

The size of NPs is not only important for organ targeting from the nano-bio 

interface point of view, but also the anatomical, hydrodynamic and diffusion 

aspects.60,125161 The size of a NP determines the curvature of ligand presentation and 

other surface molecules, as well as many other binding factors related to 

thermodynamics which consequently affect binding interactions of NPs (both, ligand 

specific and non-specific) in the blood and organs.17126,33,123,132The effects of the 

curvature are not well understood; nevertheless, most reports show that the interactions 

get stronger as the curvature decreases.115,116 

Hydrodynamically, NPs that are larger (also less dense, stiffer etc.) tend to 

marginate towards the blood vessel walls, while smaller NPs (also denser, softer etc.) 

tend to distribute randomly and circulate while being trapped in-between red blood 

cells, which move towards the middle of the blood vessel as they experience lift forces 

in proximity of the blood vessel walls.177–179 This aspect determines the probability of 

NP interactions with the blood vessel walls and binding, in addition to the other 

aforementioned binding processes.132,177,179 NPs also experience other size-related 

hydrodynamic forces (e.g., drag, rotational, etc.) which ultimately affect the stability 

of organ-bound NPs. 
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Anatomically, NPs and their degraded fractions that are less than ~10-20 nm in 

size can clear through the fenestrated endothelium in the kidneys (Figure 5A). 

Similarly, NPs of this size can also be captured by the liver, bone marrow, endocrine 

and lymphoid organs such as spleen because of their discontinued sinusoid 

endothelium, which is characterized by open pores and large intercellular clefts (Figure 

5B).33,150,160,180 On the other hand, NPs greater than ~100-200 nm have the tendency to 

be cleared in the liver and spleen. This clearance is assumed to be due to both the organ 

specific anatomy and the aforementioned size-related surface curvature 

properties.117,181 

 

 

Figure 5. The effect of size on ligand-based NP clearance.  
(A) An example of NP clearance from bloodstream by liver macrophages (Kupffer cells).182 
(B) Smaller NPs (< 5 to 10 nm) can clear from the bloodstream via the kidneys and 
accumulate in the bladder.183 Lymphatic circulation in the lymph nodes, spleen, skin, and 
other organs is another major mechanism of clearance. Note: RBC in the schematic refers to 
red blood cell. 
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2.1.5. Dose of Ligand-targeted Nanoparticles 

The dose of targeted NPs is one of the most studied properties as it modulates 

the drug concentration in the body and organs and hence can modulate the balance 

between therapeutic efficacy and safety.1,14 Drug delivery via NPs have been shown to 

be particularly advantageous compared to its free drug counterparts due to the reduced 

side effects and lower dose needed to achieve the same therapeutic responses.1,30,61,83,184 

The dose of NPs can be expressed in relation to the total NP: number, mass, volume, 

surface, units of therapeutic activity, etc. all in relation to the mass of a treated subject. 

Moreover, the dose of NPs has been shown to also modulate the circulation in 

the bloodstream and biodistribution to target vs. clearance organs.95 This is because the 

concentration modulates the rate of NPs binding in the blood and organs, where various 

binding interactions (e.g., in the blood, target, and clearance organs) may be affected 

differently.141,169 In addition, the NP concentration modulates the total surface 

interacting with the biological environment in the body as well as the number of 

targeting ligands available for binding,185 which may saturate the endothelial surface 

and targeted molecules at certain NP concentration. 



 

 

25 

 

 

2.2. Bio-Physicochemical Properties and Drug Delivery 

Functions of Targeted DNA-based Nanoparticles 

2.2.1. Properties of DNA That Enable Its Use in Drug Delivery 

Nucleic acids possess many of the inherent and built-in bio-physicochemical 

properties highly sought after in nanomedicine, giving rise to various new classes of 

DNA-based NPs (DNA-NPs) for enhanced drug delivery.19,20,186,187 The most unique 

properties of DNA arise from its precise self-assembly, based on DNA sequence 

complementarity and the resulting DNA helical twist.188 These two phenomena allow 

for the uniform and reproducible manufacturing of DNA-NPs of nearly any geometry, 

architecture, and size down to a single atom definition (Figure 6). This in turn 

translates into precise control over some of their bio-physicochemical properties, 

including a very precise spatial organization and orchestrated composition of many 

other materials of interest, including targeting ligands, drugs, imaging agents, cells, 

ions, etc., giving rise to formulations with unique, precise, and versatile functional 

combinations (Figure 6).19 As such, nucleic acids hold promise as a material for 

precision engineering at the nanoscale, thereby showing control and precision over the 

presentation of their targeting ligands, which may lead to improved targeting. 
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f Panel (A) is adapted by permission from Springer Nature: Springer Nature, Nature, 

Rothemund PW, Folding DNA to create nanoscale shapes and patterns, 440(7082): 297-302; © 2006. 

Panel (B) is adapted by permission from Springer Nature: Springer Nature, Nature, Andersen ES, Dong 

M, Nielsen MM, Jahn K, Subramani R, Mamdouh W, Golas MM, Sander B, Stark H, Oliveira CL, 

Pedersen JS. Self-assembly of a nanoscale DNA box with a controllable lid, 459(7243):73-76; © 2009. 

Panel (C) is adapted by permission from Springer Nature: Springer Nature, Nature Nanotechnology, Lee 

H, Lytton-Jean AK, Chen Y, Love KT, Park AI, Karagiannis ED, Sehgal A, Querbes W, Zurenko CS, 

Jayaraman M, Peng CG. Molecularly self-assembled nucleic acid nanoparticles for targeted in vivo 

siRNA delivery, 7(6):389-393; © 2012. 

 

 

Figure 6. The precise, programable and versatile drug delivery functions of DNA-based 
NPs.  
(A-C) Examples of the precise, versatile, and programable architecture of DNA-NPs.74,75,189 
(A) 100 nm DNA origami disk with three holes and a resolution of 6 nm.74 (B) Controlled 
opening of a nanocontainer that is of 42 × 36 × 36 nm3 dimensions for programmed cargo 
release.189 (C) Specific combination and positioning of targeting ligands that are siRNA 
conjugated to allow for ligand hybridization with DNA-NPs and precise targeted delivery 
functions.75 Folic acid (FA) is represented as bullet shapes and organized in set A: FA on 
positions 1, 2, and 3a; set B: FA on positions 1, 2, and 3b; set C: FA on positions 1, 2, and 
3c).75 Adapted with permission.f 
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Both, biological (recombinant) and synthetic techniques, as well as their 

combinations can be employed for robust, cheap, and scalable DNA-NP 

manufacturing. Nevertheless, each technique has distinct advantages and 

disadvantages, pertaining to the purity, size, and sequence of DNA strands, the 

complexity of the design, the yield and purity of the final product, etc. Furthermore, 

DNA can be efficiently functionalized with molecules of interest via various 

mechanisms.19 Hybridization with oligonucleotide conjugated molecules (e.g., Ab-

oligos) and intercalation with anthracyclines (e.g., doxorubicin) and similar molecules 

are unique to DNA and RNA (i.e. nucleic acids), while direct chemical conjugation, 

entrapment, etc. can readily be employed like for many other materials that are used to 

build NPs.19,61,69,81,84,91,142,190–193 

In addition to their high precision and versatility over their geometry and 

functionalization, many other DNA-NP properties are highly tunable through various 

bio-physicochemical means (e.g., sequence, architecture, size, chemistry), including 

their flexibility, biocompatibility, and bioactivity. Precise control over their bio-

physicochemical properties is particularly useful for tuning their degradation rate 

against DNA degrading enzymes (i.e., DNases) present in the body, therefore 

permitting suitable timeframes for therapeutic interventions.47,83,194,195 

Furthermore, DNA-NPs can be designed to respond to various environmental 

cues (e.g., temperature, pH, ionic strength, etc.).19,73,81,87,139,196–201 For example, DNA 

cages can open and close in response to changes in physiological stimuli, to allow for 
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the controlled release of therapeutics,57,202–204 while hedgehog-like and branched DNA-

NPs such as “spherical nucleic acids” and Ab-targeted 3DNA® can mediate cytosolic 

drug delivery without the help of additional agents.58,190 In contrast, some DNA-made 

tetrahedrons and rods have not been shown to mediate such delivery, and instead 

primarily localize to the endolysosomal system.58,190,205 However, the exact reasons for 

the differences in their behavior are still unknown. Some DNA-based designs are even 

capable of pore formation and insertion in cell membranes.206 Hence, DNA constructs, 

once delivered to the organs and cells of interest, may be useful for the delivery of 

drugs to various organelles205 as well as the cytosol.58,92 

2.2.2. Ligand-based Targeting of DNA Nanoparticles 

Ligand-targeted DNA-NPs hold great potential for drug delivery due to the 

precise control over their targeting properties, namely their targeting ligand 

presentation and geometry. The compatibility of DNA-NPs with ligand specific 

targeting mechanisms and exploration of their design parameters may help localize 

DNA-NPs to specific markers found at the sites of disease and/or at other sites of 

interest within the body. This can enhance the drug delivery functionality of DNA-NPs 

in a site-specific manner, resulting in improved therapeutic outcomes. Various other 

DNA-NP functionalities may be enhanced in this manner, spanning cell transport, 

sensing, imaging, physiologically responsive functions, and many other nanotools 

associated with DNA-NP targeting. 
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Early work indicated that nucleic acids can achieve drug delivery via receptor 

targeting when reformulated into aptamers, which are DNA- and RNA- made targeting 

ligands.81 The development of more amenable and complex DNA-NPs followed, with 

functional parameters mostly focusing on tumor targeting applications where the 

primary mechanism of targeting is size-based (i.e. enhanced permeability and retention, 

EPR in the tumor), not ligand-based.18,75,81,90,134,207–210 Furthermore, most of the DNA-

NP designs tested so far do not utilize ligand-based targeting, as this is still an emerging 

concept in DNA nanotechnology; de facto, many DNA-NP designs simply rely on 

targeting scavenger and/or TLR9 receptors (mostly located intracellularly) to allow for 

cell binding and uptake, while lacking the ability for site-specific accumulation. 

Despite the novelty, specific targeting properties of ligand-based DNA-NPs in 

vitro, using affinity ligands such as Abs, aptamers, vitamins, etc., has been shown to 

enable preferential interaction with cells that express the selected receptors or disease 

markers. For instance, HER2, nucleolin, biotin receptor, folic acid receptor, transferrin 

receptor, mucin 1, and several endothelial cell adhesion molecules are examples of 

markers to which DNA-NPs have been targeted.27,58,82,83,90,209,211–213 As for the other 

properties, various DNA-NP configurations (spherical, dendrimeric, triangles, tubes, 

etc.) and sizes (commonly ~2-60 nm) have been explored.19,58,71,75,82,83,90,196,209,211,214 

Furthermore, DNA-NPs have shown to have good potential for therapeutic 

interventions such as the delivery of intercalating drugs, nucleic acid- and protein-

based therapeutics.19,58,75,190,215 As seen from these examples, the majority of DNA-NP 



 

 

30 

 

 

designs have been investigated for applications in cancer, but inflammation, 

immunomodulation, and vaccination are gaining more interest with the advancement 

of the DNA nanotechnology field.58,61,87,216 

Nevertheless, biodistribution and interactions associated with specific 

targeting, particularly in vivo, and which design properties can be tuned to modulate 

said interactions, still remains fairly uncharacterized for DNA-NPs. Moreover, the 

specificity of their ligand-based targeting has not yet been carefully explored in vivo 

and quantitative biodistribution measurements are still scarce.19,72 In addition, targeting 

functionalities designed in vitro most often do not translate in vivo for clinically relevant 

formulations. This is mostly due to the limited knowledge associated with the complex 

and unpredictable performance of the NPs in vivo and further due to the novelty and 

early stages of the field. Hence, determining the biodistribution for each targeted NP is 

of paramount importance. 

As explained in earlier Background sections, many other design properties of 

NPs, in addition to selecting the biological targets, are well known to modulate their 

interactions with the biological environment and particularly their targeting. These 

properties, namely the size,31,68 concentration,82,95,210 and surface topography relating 

to the valency and density of surface targeting ligands,75,217,218 may also similarly affect 

the targeting of DNA-NPs. 

Although very few studies have systematically examined the influence of these 

factors for DNA-NPs, the published results illustrate their relevance. The concentration 
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dependence of targeting and/or cargo activity has been shown for tetrahedral and 

nanotube DNA-NPs targeted via folate, where the former case was tested in vivo in a 

mouse model and the latter case was tested in cancer cells in vitro.75,82,217 Furthermore, 

the role of the targeting valency of DNA-NPs has been examined using similar 

formulations targeted via the folate or nucleolin.75,217,218 The positioning of targeting 

moieties on DNA-NPs further impacted cell uptake218 and intracellular activity of the 

cargo (siRNA).75 However, most of the studies that measured the influence of these 

properties on the targeted delivery of either the NP or cargo, were conducted in cellular 

models and the data on biodistribution in vivo is very scarce. Namely, most in vivo 

studies measured the therapeutic activity of the cargo (siRNA) which not only depends 

on the organ delivery per se, but rather depends on additional functions (e.g., protection 

from degradation, transport to cytosol, release, etc.). 

Overall, being able to deliver NPs (e.g., ligand-based DNA-NPs), which have 

been shown to be promising for intracellular drug delivery, in an organ- and tissue-

specific way, holds great significance. Moreover, this can improve the efficacy and 

safety profile of drugs, especially the ones that are hard to introduce into organs and 

tissues specifically (e.g., biotherapeutics) or that are highly toxic (e.g., chemotherapy 

drugs). 
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2.2.3. Potential Challenges for Ligand-based Targeting of DNA Nanoparticles 

As with most other NPs, DNA-NPs may be eliminated rapidly from the body. 

This can hinder targeted drug delivery, particularly for the designs that require 

prolonged circulation in order to reach their targets. Being a material of biological 

origin, the body has natural clearance mechanisms in place for DNA structures; 

including enzymatic degradation in the blood and organs; immunorecognition, mostly 

in the blood, liver, spleen, and lymphatic system; and kidney filtration, and excretion. 

Fast excretion to the bladder has been shown for many early DNA-NP designs, most 

likely due to the premature degradation and immunorecognition via scavenger 

receptors which are involved in the clearance of foreign materials and waste products. 

As mentioned, like many other NPs,157,219 DNA-NPs can be actively taken up 

by scavenger receptors either directly or through opsonization.220 However, much is 

still unknown about this controversial topic due to the versatility of DNA sequences 

and DNA forms that are found in nature or synthetically designed for research and 

therapeutic applications. For example, while some in vitro experiments demonstrated 

the association between increased serum protein adsorption on DNA-NPs and 

increased cell uptake in cell culture,28 it was later found out that serum proteins can 

also reduce DNA-NP uptake.220 Hence, the results depend on the given conditions of 

both the DNA-NP design and the biological environment, favoring uptake either 

through opsonic or non-opsonic clearance receptors.221 
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In addition to the direct binding to non-opsonic scavenger receptors (SR), 

specifically MARCO SR from class A, which is expressed on macrophages (e.g., 

Kupffer cells in the liver) and high endothelial venules,222 DNA clearance can be 

associated with specific DNA forms; e.g., unmethylated CpG DNA motifs that bind to 

TLR9 receptors, mostly intracellularly.223 Nevertheless, this latter process is 

predominantly present and used for the recognition of pathogenic DNA or endogenous 

DNA originating from the mitochondria, but not the nucleus. Hence, CpG 

functionalities can be either eliminated or exploited, depending on the requirements 

and intended application of DNA-NP design.224,225 Altogether, these are some of the 

clearance receptors and interactions that need to be overcome in order to achieve 

targeting to specific molecules of interest. 

While some natural DNA forms clear the blood within minutes, other DNA 

forms have been found to circulate for hours, delaying the scavenger clearance or 

degradation. This is the case with fetal DNA clearance from maternal blood which has 

a biphasic clearance profile (half-lives of ~10-60 min and ~13 h).226 This example 

represents the case where bio-physicochemical properties of DNA-NPs could be 

potentially selected to avoid uptake by scavenger receptors. Indeed, much progress and 

improvement has been made in understanding how the DNA-NP sequence, chemistry, 

architecture, and combination with other materials modulate their degradation and 

immunorecognition. These advancements can provide conditions for more optimal 



 

 

34 

 

 

targeting of ligand-based DNA-NPs in vivo, allowing for the exploration of various 

targets and DNA-NP properties. 

2.2.4. Properties of 3DNA® Nanocarriers 

As mentioned in the Motivation and Goals section, 3DNA® (3DNA), designed 

by Genisphere® LLC is a highly branched DNA-made NC of dendrimeric 

architecture.89 It represents a good model to study ligand-based targeting of DNA-NPs 

due to its precise and modular parameters of many bio-physicochemical properties, 

particularly pertaining to the topography and density of ligand functionalization, as 

well as size. Moreover, 3DNA holds considerable practical promise.58,89–93 

3DNA manufacturing via synthetic hybridization technology is robust and 

allows for the easy implementation of non-immunological nucleotide 

sequences.89,227,228 It allows for scalability and reproducibility, as well as stable and 

uniform NCs which are some of the key requirements for successful clinical 

applications in nanomedicine.89,229–231 Briefly, 3DNA is assembled from seven unique 

single-stranded DNA sequences that can hybridize to form a double stranded 

complementary waist in the middle region, while leaving the terminal ends, the arms, 

unhybridized (i.e. single stranded) due to the lack of complementarity.90–92,232 The 

resulting structure, referred to as a DNA monomer, is then photo-crosslinked using 

psoralen.232,233 This monomer is further hybridized to one of the other four unique DNA 

monomers, utilizing their sequence-specific complementary free arms to create the first 
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layer (generation) of monomers around the core monomer (i.e. 1L 3DNA). The 

repetition of this hybridization process with interchangeable monomers and 

crosslinking leads to subsequent layers (Figure 7).90–92,232 Crosslinking parameters, 

DNA modification with phosphorothioateg, and functionalizing 3DNA with Abs and/or 

other materials can be used to control DNA resistance to enzymatic (DNase) 

degradation.229 

 

g Modification with phosphorothioate involves replacing non-bridging phosphate oxygen with 

sulfur. 

h Modified with permission from Genisphere® LLC. 

 

Figure 7. 3DNA assembly and functionalization. 
DNA monomer shown on the left (red color) is hybridized to subsequent monomers to form 
1L (red + blue color), and 2L (red + blue + yellow color) 3DNA.89 Functionalization of 
3DNA via hybridization and direct chemical conjugation on the right.h 
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The size of 3DNA, as well as the number and spatial distribution of functional 

arms located on the 3DNA periphery, can be controlled through the aforementioned 

step-wise, layer-by-layer self-assembly of smaller DNA monomer subunits (Figure 

7).90,91,232 As an example, 2-layer (2L) 3DNA has 36 arms and a diameter of ~60 nm 

(1242 kDa DNA mass), and 4-layer (4L) 3DNA has 324 arms and a diameter of ~170 

nm (11228 kDa DNA mass). Additionally, both 2L and 4L 3DNA have a ζ-potential of 

around -30 mV. Single, various, or all 3DNA terminal arms can be functionalized with 

therapeutic, targeting, and/or imaging agents. These agents can be incorporated via 

chemical modification, nucleic acid hybridization, or intercalation.233 For example, 

Abs can be hybridized to 3DNA arms after their conjugation to single-stranded 

complementary oligonucleotides; for this, NHS and maleimide chemistry can be used 

in order to achieve heterobifunctional crosslinking between oligonucleotide sulfhydryls 

with Ab amines.229 The quantity and combination of hybridized agents can be 

controlled by using unique sequences of 3DNA terminal arms and the molar ratio of 

agents to 3DNA. Specific targeting parameters and combination therapies can be 

designed on the site in this manner, providing an opportunity to finely tune 3DNA for 

particular applications. As an example, this can allow for the precise control over their 

targeting valency, dual receptor targeting, tuning the ratio between surface moieties 

that provide targeting vs. stealth properties, or combining several drugs into one 

targeted 3DNA platform.89–92,232 
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2.2.5. Ligand-based Targeting of 3DNA Nanocarriers 

3DNA was originally used as a biomolecular detection and signal amplification 

technology,233 but the Muro lab established the utilization of 3DNA for ligand-based 

targeting and drug delivery applications using cell culture studies. 58,234,235 After 

establishing the use of 3DNA technology for specific targeting and intracellular 

functional delivery, several studies have validated ligand-based 3DNA formulations 

for targeted drug delivery applications.58,89 So far, 3DNA has been tested for the 

delivery of toxins, proteins, and genetic material58,90–92 in diverse cell types 

(endothelial, epithelial, mesothelial, fibroblasts, etc.)58,90–92 and utilized several cell-

surface receptors, such as ICAM-1, platelet-endothelial cell adhesion molecule 1 

(PECAM-1), transferrin receptor, mannose-6-phosphate receptor, folate receptor, 

etc.58,90–92 

Also, 3DNA has advanced from in vitro cell culture to ex vivo and in vivo 

studies with promising results.19,90–92 Examples of 3DNA targeted drug delivery under 

investigation involves using a unique monoclonal Ab to specifically deliver 

doxorubicin and deplete problematic cells in an ophthalmic application ex vivo,91 and 

the qualitative biodistribution study of folate targeting to an ovarian tumor model in 

vivo, using the I.V. administration route.90 In the latter, fluorescently labeled 3DNA 

was visualized in histological tissue sections 24 h post-administration in several organs, 
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indicating tumor specific targeting.90 This study also demonstrated the therapeutic 

effects of 3DNA-mediated anti-HuR siRNA targeted delivery via folic acid in vitro and 

after intraperitoneal administration in vivo.90 Another study tested the functional effects 

of plasmid delivery via 3DNA targeting to the transferrin receptor, utilizing the I.V. 

route. The plasmid encoding diphtheria toxin was delivered to pancreatic cancer cells 

that overexpress the promoter necessary for the expression of the delivered gene.92 

From these studies exploring the 3DNA platform, one can deduce that this 

design holds promise for targeted drug delivery, showing encouraging therapeutic 

effects. However, the full potential of 3DNA’s ligand-based targeting ability and 

biodistribution to organs is still unknown due to the several reasons: 1) the lack of 

quantitative measurements236 of 3DNA biodistribution in vivo; 2) the utilization of 

tumor models may confound the accurate assessment of 3DNA’s ligand-based 

targeting to specific biological markers due to the concomitant primary targeting 

mechanism via EPR effect;19,58,89–92 and 3) the lack of systematic knowledge on how 

bio-physicochemical properties such as 3DNA targeting valency, targeting density, 

size, and dose further affect targeting and biodistribution. Likewise, the gap in 

knowledge as depicted above exists for DNA NPs in general. 
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2.3. ICAM-1-targeted Nanoparticles to the Pulmonary 

Vasculature 

Alongside the ability of DNA-NPs to precisely control targeting parameters and 

potentially contribute to improved drug targeting in vivo, the vascular endothelium 

represents an important targeting strategy, as well as the means to expand the targeting 

applications of DNA-NPs.7,58,107 Not only does the vascular endothelium provide 

markers for enhanced site-specific drug delivery to the organs with high vascular 

density (e.g., lungs), but it is a major participant in inflammation and therefore the 

therapeutic target itself.7 

Each of the several markers available for binding to the vascular endothelium 

imposes the amenable range and specific set of requirements for achieving the optimal 

targeted drug delivery, which is application specific.7,107 Targeting ICAM-1 is a 

particularly attractive strategy for site-specific delivery of drug NPs and supports good 

flexibility for the modulation of targeting parameters.7,107 As mentioned, this 

encompasses a selection of targeting ligands (peptides, Abs, etc.) and other NP 

materials (PLGA, polystyrene, etc.), the density and valency of targeting ligands, NP 

size, NP shape, etc. as shown by our group and others.7,107 The specificity and 

flexibility of targeting draws from the nature of ICAM-1.170 

ICAM-1 is a glycoprotein that is constitutively expressed on the surface of the 

endothelial cells and other cells in the body.7,107 The ICAM-1 extracellular domain 
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extends into the lumen of the cardiovascular system, making it accessible for various-

size NPs from the bloodstream.7,44 The biodistribution of multivalent and high affinity 

NPs targeted to ICAM-1 is characterized by their preferential accumulation in the 

lungs. Pulmonary vasculature is the most specific target for this receptor due to: the 

high content of endothelial cells and hence high content of ICAM-1 in the lungs, being 

the first pass capillary network after I.V. administration, and receiving full blood input 

from the heart.168,237 Blood from the lungs is further redistributed to other organs; 

hence, examples of other target organs are the brain and heart.7 Upregulation of ICAM-

1 expression during inflammation can further enhance delivery to the lungs and/or to 

inflammation-specific sites. 

Indeed, endothelial markers such as ICAM-1 have been explored in the field of 

targeted therapeutics for the safe treatment of many inflammation-related 

diseases,10,150,238–241 spanning autoimmune diseases, cardiovascular diseases, various 

cancers, genetic diseases, and neurological diseases related to inflammation, among 

others.7,38,45,49,100,129,130,149,150,237,238,240–243 Consequently, ICAM-1 targeted NPs could 

be particularly useful for the specific treatment of chronic obstructive pulmonary 

diseases (COPD) caused by lung inflammation, lung fibrosis, Niemann-Pick Disease 

type B associated lung diseases, as well as lung cancers and many others.2,43,99,237,244 

Selecting ICAM-1’s bio-physicochemical properties, including the 

upregulation of ICAM-1 overexpression, are a good choice to enhance drug delivery in 

many applications. However, these properties are modulated by pathology over which 
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there is little, if any, control. In contrast, select natural and synthetic nano- and micro-

scopic objects of various compositions and targeting valencies represent examples of 

some of the primary bio-physicochemical properties that can be controlled in order to 

modulate ICAM-1 targeting.7,44 For example, ICAM-1 is utilized for endothelial 

binding and adhesion of rolling leukocytes that are micrometers in size and bind 

multivalently to ICAM-1, as well as some pathogens (bacteria and viruses) which can, 

on the other hand, be both micro- and nano-scopic in size. Similarly, ICAM-1 targeted 

NPs of different composition, size, and valency can be used to modulate the delivery 

of therapeutics.38,95,130,237,242 

More specifically, ICAM-1 targeted NPs (of spherical shape) utilizing a 

valency of ~250 Abs per NP show higher targeting avidity compared to the free Ab 

counterparts (~100-fold), and this further increases with increasing both the Ab density 

and size of the NPs (the tested Ab density range was 0 to ~7000 Ab molecules/µm2 and 

the size range was 200-1000 nm).10,95,130 Binding is strong enough to overcome the 

physiological level of shear stress.170 Increasing the dose results in faster binding 

kinetics up to the saturation level.95 In vivo, this translates into increased lung 

accumulation with increasing valency, size, and dose, while reducing accumulation in 

the clearance organs (e.g., liver and spleen).95,98 However, the results for these 

parameters are not always predictable in vivo due to the complexity of the biological 

environment, and the complex and unique properties of each NP, particularly pertaining 

to their efficiency of binding under physiological conditions. For example, some NPs 
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may have inherently stronger non-specific binding interactions and the affinity for 

scavenger receptors, requiring higher targeting valency to increase the targeting power. 

Another valuable property of ICAM-1 targeted NPs is their efficient and 

modular uptake through vesicular cellular internalization, and further transport within 

or across the cells.55,56,163,245,246 Accordingly, ICAM-1 targeting provides the 

opportunity for NPs to access various cellular compartments and underlying tissues. 

As such, targeting ICAM-1 can not only expand therapeutic applications for DNA-NPs, 

but also help demonstrate that NPs with cytosolic delivery potential, such as 

demonstrated for some DNA-NPs,58,82,215 can indeed be I.V. delivered in vivo via 

specific receptors associated with NP internalization processes and in the absence of 

EPR effect. 

The NP parameters can influence the rate of uptake, trafficking, and the 

trafficked location,163 influencing the exposure time of NPs to the blood, cellular, and 

extracellular compartments. This can potentially affect metabolism, degradation, and 

organ biodistribution. To accommodate the uptake of larger NPs via ICAM-1, NP-

bound ICAM-1 sites are acidified by the cell in an enzyme-dependent manner in order 

to modify the composition of the membrane by enrichment in ceramide.154,247,248 This 

results in enhanced membrane deformability and cytoskeletal organization,248 which 

may affect the subsequent binding and organ targeting of NPs. The rate of uptake is an 

important feature for biodistribution as it will also influence the receptor recycling time 

and their recovery on the surface for further NP binding to organs.249 
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All of the aforementioned attractive bio-physicochemical properties have made 

ICAM-1 targeting a major focus of research in our lab, i.e.: 1) amenable accessibility, 

2) great lung targeting potential, 3) broad range of NP parameters that are supported, 

4) relevance of ICAM-1 in inflammation as a fundamental process in many pathologies, 

and 5) the ability to intracellularly access various compartments and other cell types 

beyond the endothelium.7,98,150,238,240,241,250 Overall, these properties allow for NP 

designs with fast targeting, which may in turn minimize the exposure of biotherapeutic 

NPs to components of the circulatory system often associated with premature drug 

degradation, release, and immunogenicity.10,29,65,70,95 ICAM-1 targeted NPs have 

therefore been experimentally explored for effective and safe delivery of various 

therapeutic and diagnostic agents with precise intracellular delivery.7,96,107,150 

2.4. ICAM-1-Targeted Prototype 3DNA 

Early work in the Muro lab explored for the first-time various Abs-3DNA-made 

NCs for targeted drug delivery applications, with a primary focus on endothelial 

targeting.58 These basic prototype designs consisted of 20 secondary Ab-

oligonucleotide conjugates hybridized to a 4L 3DNA scaffold to allow for the 

immunoconjugation with anti-ICAM or other specific Abs, resulting in ~200 nm NCs 

(Figure 8).58 A particularly promising Ab/3DNA formulation for endothelial targeting, 

a prototype anti-ICAM/3DNA, demonstrated one of the highest targeting and target 

specificities to endothelial cells in vitro, and about the highest specificity reported for 
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a DNA-based NP (~190-fold increased specificity over 3DNA coupled to non-specific 

Abs).58 

 

It was also shown that substituting the core material of previously tested anti-

ICAM/NPs (i.e. made out of polystyrene and PLGA solid spherical core) with 3DNA-

made core did not change the specificity or absolute delivery in endothelial cells.58 This 

 

i Reprinted from Advanced Functional Materials, 24, Muro S, A DNA device that mediates 

selective endosomal escape and intracellular delivery of drugs and biologicals, 2899-906, 2014, with 

permission from John Wiley and Sons. 

 

Figure 8. The prototype anti-ICAM/3DNA design and high efficiency of specific 
binding to cells.  
(A) The prototype 3DNA (shown as nucleodendrimer, ND) containing secondary Ab is 
immuno-bound to targeting Ab.58 (B) Specific binding and active cell uptake of anti-
ICAM/3DNA compared to non-specific IgG/3DNA control in endothelial cells (upper 
panels, showing anti-ICAM staining for surface anti-ICAM/3DNA in orange and 
internalized anti-ICAM/3DNA in green color; bottom shows quantitative binding and 
uptake).58 (C) uptake inhibition by endocytosis inhibitors.58 Reprinted with permission.i 
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was the first time that Abs linked to DNA-NPs larger than ~80 nm were shown capable 

of cell entry via the ICAM-1 specific endocytic pathway, and it was also the first 

formulation larger than ~30 nm to show receptor specific binding and uptake in vitro. 

Targeting of 3DNA-linked Abs was confirmed in various other cell types, specifically 

endothelial, epithelial, mesothelioma, and fibroblastic cells; as well as to various other 

receptors, specifically PECAM-1, transferrin receptor, or mannose-6-phosphate, to 

help demonstrate its potential for many applications.58 In light of this, the prototype 

anti-ICAM/3DNA formulation showed promising targeting abilities in vivo upon I.V. 

injection in mice.110 However, the targeting was modest compared to that of well-

characterized model polystyrene NPs targeted to ICAM-1.237,238,241 

At the subcellular level, Ab-targeted 3DNA not only demonstrated cell-specific 

endo-lysosomal and cytosolic delivery in a safe manner, but also expanded the potential 

of DNA-NP’s cytosolic delivery of several representative types of therapeutic 

molecules. These include small toxins (phalloidin), polysaccharides (dextran), plasmid 

DNA (encoding EGFP-RhoA), catalytic enzymes (catalase), and proteins (albumin).58 

In this case, protein (albumin) with a nuclear localization signal was used to allow its 

translocation to the nucleus upon cytosolic delivery, thereby demonstrating the 

possibility of delivering cargo to other intracellular locations.58 Lastly, in vitro studies 

indicated that 3DNA endosomal escape activity may only be activated under the pH 

condition as found in the endo-lysosomal system (pH of ~6.5 to 4.5).58 However, 

whether ligand-specific targeting and consequent cell specific intracellular delivery can 
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be achieved in vivo was still unknown. As mentioned in the Motivation and Goals 

section, this dissertation explores the ligand-specific targeting of new anti-

ICAM/3DNA formulations at the organ level in vivo. 
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Chapter 3: Significance and Innovation 

3.1. Significance 

This dissertation explores a method to improve quantitative radiotracing-based 

measurements and analysis of the in vivo biodistribution of anti-ICAM/3DNA. 

Importantly, it provides knowledge on pulmonary targetability and overall 

biodistribution of anti-ICAM/3DNA NCs, which are administered via the I.V. route in 

vivo. Moreover, it deciphers the role and parametric modulation of the design properties 

relevant to DNA-NP targeting, precisely: the role of ligand specificity, targeting ligand 

density and valency, size, and concentration. In addition, this dissertation reveals the 

predicted effect of design properties on cargo delivery via two distinct carriage modes, 

DNA base intercalation of the cargo and arm coupling of the cargo. The findings will 

help inform drug delivery design strategies utilizing ligand-based NPs, particularly in 

the DNA nanotechnology field and for applications relying on endothelial targeting, 

which includes the lungs and is relevant in many therapeutic interventions. 

As explained in the Background section and demonstrated by several approved 

formulations in clinical use, NP-based drug delivery systems hold promise in 

improving patient treatment due to their unique bio-physicochemical properties. 

Nevertheless, site-specific delivery remains inefficient, hindering their full therapeutic 

potential and reducing safety.26,46,58,143 Although ligand-based targeting functions of 
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NPs have been shown to enhance site-specific delivery via certain biological 

markers,10,107 there are currently no approved ligand-based nanomedicines other than 

ADCs. Hence, the exploration of new targeting strategies, such as the utilization of 

anti-ICAM/3DNA, is significant as it will inform the design of more efficient and safer 

NP-based therapies, as well as help advance the field of targeted nanomedicines 

towards clinical translation. 

As explained in the Background section, ligand-based DNA-NPs have many 

attractive and precise bio-physicochemical properties that are relevant in the targeted 

drug delivery field.13–18,22–27 A good example is the 3DNA targeted drug delivery 

platform, which has shown to have particularly promising tools for enhanced 

therapeutic efficacy in vivo across many research labs.19,58,89–92 Despite demonstrating 

therapeutic potential, the quantitative biodistribution and specific targeting of ligand-

based 3DNA and other DNA-NPs in vivo remain poorly characterized.19,58,89–92 By 

investigating the biodistribution and specific targeting of anti-ICAM/3DNA in vivo, 

this study provides knowledge on 3DNA’s specific targeting utility and behavior in 

vivo, which may be applicable to a diverse group of Ab-based 3DNA NCs and other 

targeting strategies in DNA nanotechnology. Additionally, this research may help 

advance DNA-NP’s versatile functionalities towards clinical applications in targeted 

drug delivery, and towards the development of in vivo research and diagnostic tools. 

As explained in the Background section, the vascular endothelium, and 

particularly ICAM-1, represent a promising strategy for enhancing the site-specific 
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delivery of NPs, particularly to the pulmonary vasculature and disease sites.10,150,238–241 

Nevertheless, there are currently no clinically approved formulations utilizing ICAM-

1 targeting. Following the demonstration of anti-ICAM/3DNA NCs specific targeting 

to ICAM-1 in endothelial cell culture and in vivo,58,110 this work is designed to provide 

the first studies presenting efficiency and specificity of anti-ICAM/3DNA targeting in 

vivo. As such, by demonstrating the efficient targetability of anti-ICAM/3DNA design 

to lungs via ICAM-1 in vivo, we provide data to help advance this platform towards 

effective therapy for pulmonary diseases (e.g., COPD, asthma, lung cancer, etc.), and 

translatable to many other biological markers that are accessible from the bloodstream 

and through various vascular administration routes. 

Furthermore, given the dependence of therapeutic efficacy and safety on site-

specific targeting of ligand-based NPs in vivo,10 and given the relevance of multivalent 

binding of cells, pathogens, and various therapeutic NPs to ICAM-1,96,163,240 as well as 

their size and concentration,14,95,130,163 it is necessary to better understand how NP 

design parameters modulate site-specific targeting and drug delivery. Nevertheless, this 

remains underexplored for DNA-NPs, such as anti-ICAM/3DNA. By investigating the 

effects of anti-ICAM/3DNA’s bio-physicochemical properties (i.e., ligand valency, 

ligand density, size, and dose) on anti-ICAM/3DNA specific targeting and drug 

delivery potential to the lungs, this thesis will help optimize the therapeutic delivery of 

the anti-ICAM/3DNA platform for pulmonary diseases, which may be translatable to 

other targets and DNA-NPs. Moreover, the findings may help advance knowledge on 
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the modulation of NP behavior and endothelial targeting parameters in vivo, which may 

be translatable to understanding biological systems, cells, and pathogens. 

Overall, advancing our understanding of DNA-NP targeting functionality to 

specific biological markers in vivo will help guide many unique, versatile, and novel 

DNA-NP designs towards more efficient and safer therapies. 

3.2. Innovation 

Most DNA-NP systems are designed without targeting ligands and necessitate 

prolonged circulation in the bloodstream, or utilize the ligands for improved cell uptake 

after their passive accumulation via the EPR at the target sites.33,75 In contrast, the 

active targeting strategy based on the anti-ICAM/3DNA design used in this study 

provides direct and fast lung targeting from the bloodstream and does not require 

passive targeting mechanisms such as EPR. Hence, the expansion of ligand-based 

DNA-NP functionalities to specific and efficient targeting to ICAM-1 is novel in the 

field of targeted DNA nanotechnology and represents a new sub-field in drug delivery. 

Moreover, knowledge on DNA-NP targetability and biodistribution in vivo is 

still in its infancy and requires comprehensive quantitative exploration.19,71,214 

Additionally, since DNA-NPs are challenging to characterize due to their 

biodegradability,71,205,214,251 the novel application of the radiotracing method was 

developed to ameliorate the effects of free tracer present in the administered 

formulations or generated due to the anti-ICAM/3DNA degradation. Hence, the robust, 
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quantitative, and systematic characterization of DNA-NP biodistribution and 

targetability in vivo is accomplished for the first time. 

Furthermore, the utilization of a novel anti-ICAM/3DNA designj allowed for 

the increased efficiency of in vivo targeting compared to the modest targeting levels 

obtained with the prototype anti-ICAM/3DNA design, which in turn allowed for the 

utilization of much lower Ab density compared to previous anti-ICAM/NP-based 

systems, while still achieving comparable targeting.110 In addition, the anti-ICAM-

oligos designed by Genisphere® LLC and tested for the first time in this work as 

targeting ligands, showed improved targetability compared to non-oligo anti-ICAM Ab 

counterparts, which may be exploited for novel therapeutic delivery strategies in the 

future. 

As mentioned in the Background section, several NP-based systems have been 

designed for site-specific delivery to the endothelium, and particularly to the lungs via 

ICAM-1.240 Nevertheless, the anti-ICAM/3DNA represents the first-ever site-specific 

delivery of a DNA-based NP to ICAM-1 and, thus, indicates a novel therapeutic for the 

treatment of pulmonary diseases.110 

 

j The novel anti-ICAM/3DNA design utilizes proprietary DNA sequences designed by 

Genisphere® LLC to reduce immunogenicity, as well as modified antibody functionalization 

methodology via direct 3DNA hybridization with anti-ICAM Ab-oligo conjugates. 
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While many promising ligand-based NPs currently in development lack 

uniform and precise bio-physicochemical properties,10,32,37,49 DNA-NPs, such as anti-

ICAM/3DNA, may be designed with precise organization and integration of targeting 

ligands and other molecules on a single NP, and with uniform and precise size and 

shape.29 Moreover, endothelial targeting via ICAM-1 offers flexibility in the design of 

NPs as shown before.10,240 As such, the use of the precise, uniform, and tunable anti-

ICAM/3DNA design represents a novel approach for the precise control over the 

systematic exploration of ICAM-1 targeting parameters in vivo. 
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Chapter 4: Materials and Methods 

4.1. Reagents 

Rat monoclonal immunoglobulin G Ab (IgG) against mouse ICAM-1 (anti-

ICAM) was clone YN1, produced in a respective hybridoma from the American Type 

Culture Collection (Manassas, VA). Non-specific rat IgG Ab (called IgG hereafter) was 

from Jackson Immunoresearch (Pike West Grove, PA). Polyclonal anti-PECAM-1, 

FITC-labeled secondary Ab and Alexa Fluor 488-labeled secondary Abs were from 

Novus Biologicals (Centennial, CO), Jackson Immunoresearch (West Grove, PA) and 

Thermo fisher Scientific (Waltham, MA), respectively. DNA oligonucleotide (72-mer) 

modified with thiol at 5′ was from Oligo Factory (Holliston, MA). Pierce Bond-Breaker 

TCEP Solution, Pierce LC-SMCC Crosslinker, Pierce Zeba Spin Columns (7 k 

molecular weight cut-off, MWCO), Pierce Thiophilic Adsorption Resin, Amicon spin 

filters (10 k MWCO), Pierce BCA Protein Assay Kit and Heterobifunctional Pierce 

Crosslinking Kit, bovine serum albumin (BSA), and TCA were from Fisher Scientific 

(Kerrville, TX). Carboxylic acid-terminated PLGA (50:50 copolymer ratio; 32 kDa 

average molecular weight) was from Sigma-Aldrich (Saint Louis, MO). Iodogen 

iodination tubes were from Pierce (Rockford, IL) and BioSpin Tris Columns from 

BioRad (Hercules, CA). Na125I was from Perkin-Elmer (Waltham, MA). All other 

reagents were from Sigma Chemical (St. Louis, MO). 
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4.2. Preparation of Nanoparticles 

4.2.1. Antibody-oligonucleotide Conjugates 

Antibody-oligonucleotide (Ab-oligo) conjugations for anti-ICAM or non-

specific control IgG Abs were performed by Dr. Lou Casta at Genisphere® LLC using 

N-hydroxysuccinimide (NHS)-maleimide chemistry and donated for their use in this 

project. In brief, 72-mer DNA oligo with a 5’thiol modification was first reduced by 

adding 50 mM tris(2-carboxyethyl)phosphine (TCEP) and incubating at 25 °C for 1 h. 

Excess TCEP was removed by ethanol precipitation and the oligo resuspended in 

phosphate buffer saline (PBS) + 5 mM (ethylenediaminetetraacetic acid) EDTA, pH 

7.2.110 In parallel, Ab was reacted with LC-SMCC crosslinker (succinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carboxy-(6-amidocaproate)) in excess at 25 °C for 1 

h. Zeba spin columns, equilibrated in PBS + 5 mM EDTA pH 7.2, were used to remove 

unreacted LC-SMCC crosslinker from the Ab-LC-SMCC reaction as per vendor’s 

instructions.110 Reduced oligo was then added to the Ab-LC-SMCC and the 

conjugation reaction was allowed to incubate at 25 °C for 12 h.110 Thiophilic adsorption 

chromatography was utilized to remove excess unreacted thiol oligo from the Ab-oligo 

conjugate and fractions containing the conjugate were pooled and concentrated using 

Amicon 10 kDa MWCO spin filters.110 The final protein concentration of the Ab-oligo 

conjugate was determined using a (bicinchoninic acid) BCA Protein Assay kit with 

bovine gamma globulin standards.110 
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4.2.2. 3DNA® 

Genisphere® LLC synthesized the 3DNA structures (4L and 2L) by following 

published protocols, determined their concentration using a spectrophotometer, and 

donated the 3DNA to the laboratory for their use in this project (Figure 9).91,232,233 

Briefly, seven unique single-stranded DNA oligonucleotides were hybridized by 

complementarity into five different “monomer” structures, each with a central double-

stranded region and four single-stranded ends.110,232,233 These monomers were then 

hybridized to one another, layer-by-layer, with psoralen crosslinking at each step to 

make covalent bonds in specified nucleic acid regions.110,232,233 The resulting 

tridimensional scaffold of double-stranded DNA contained peripheral single-stranded 

DNA “arms” for hybridization with other molecules (e.g., Ab) conjugated to short 

DNA oligonucleotides.91,110 The final size and number of peripheral arms available for 

subsequent hybridization depends upon the number of layers assembled.110,232,233 These 

studies utilized 4L 3DNA with 324 peripheral arms and 2L 3DNA with 36 peripheral 

arms with average MW of 10,000 kDa and 1,000 kDa respectively. 
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4.2.3. PLGA Nanoparticles 

PLGA NPs of spherical shape (PLGA NPs) were prepared using a surfactant 

free nanoprecipitation/solvent evaporation method, as described.110,238 Briefly, PLGA 

 

Figure 9. Size and targeting valency modulation of anti-ICAM/3DNA NCs through 
layer-by-layer assembly. 
(A) DNA monomer is hybridized to subsequent monomers to form (B) 1L, (C) 2L, and up 
to 4L 3DNA (not shown). (D) Anti-ICAM Ab-oligo conjugate is hybridized in a specific 
molar ratio with 3DNA whose outer arms are complementary to an Ab-oligo sequence, (E) 
resulting in anti-ICAM/3DNA of a particular size and valency. 
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was dissolved in acetone at 20 mg/mL and poured under moderate stirring into the 

nanopure water (dispersing phase) at the final volume of 90 mL and concentration of 

2.22 mg/mL, and at room temperature (RT). The NPs formed instantaneously, and the 

dispersion was kept under mild stirring to allow acetone evaporation overnight. A 

rotary evaporator was used to concentrate the PLGA NPs for their further use in 

experiments. The NPs were then freeze-dried to determine the weight of the polymer. 

Subsequently, the NP concentration was estimated by dynamic light scattering (DLS; 

Malvern Zetasizer, Worcestershire, UK) in comparison to similar-size standards and 

from the weight of PLGA polymer of a given NP volume measured after freeze-drying. 

4.2.4. Radiolabeling of Antibodies and Antibody-oligonucleotide Conjugates 

Abs (non-oligo) or Ab-oligo conjugates were 125I-radiolabeled using Na125I and 

iodogen coated iodination tubes. 20 µCi of Na125I was incubated at 4 °C for 5 min in 

iodination tubes containing 100 µL of 1 µg/µL Ab in PBS. Samples were then subjected 

to size exclusion chromatography in 6 kDa cutoff Tris columns and centrifuged at 1000 

× g for 4 min to eliminate non-reacted free 125I. The final concentrations of the resulting 

125I-Abs or 125I-Ab-oligo conjugates were measured using Bradford protein assay and 

BSA standard curve. The radioactivity (counts of detected radioactive events per min, 

CPM) of the samples, expressed as CPM per µg protein, and the presence of free 125I 

remnants were then measured in a γ-counter (2470 Wizard2TM, Perkin Elmer, Waltham, 

MA). For this, 2 µL of 125I-Ab or 125I-Ab-oligo were diluted in 3% BSA in PBS, 
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resulting in 1 mL total volume and then measured in a γ-counter. Next, 200 µL TCA 

was added (final TCA concentration = 17%, v/v), the sample was vortexed and 

incubated for 15 min at room temperature. Then, the sample was centrifuged at 2418 

× g for 5 min to precipitate 125I-Ab-oligo and separate free 125I in the supernatant. A 

600 µL aliquot (half the total reaction volume) of the supernatant was then measured 

in a γ-counter, to estimate the presence of free 125I in the samples to be injected in mice 

using the following equation: 

"#$$	&'()*$	+,- = /'012	+,- − (2 × 	678$#*101*0	+,-). 

4.2.5. Radiolabeling of 3DNA® 

The radiolabeling procedure for 3DNA was similar to the radiolabeling of Abs 

explained above, with the exception that the removal of free 125I via filtration was not 

performed here. The 3DNA concentration was assumed to stay the same before and 

after iodination. 

4.2.6. Antibody Coupled 3DNA® 

125I-Ab-oligo or non-radiolabeled Ab-oligo, where indicated, were coupled to 

the outer layer of 3DNA. For this, the precise Ab surface densities were pursued by 

hybridizing 3DNA with Ab-oligo in the desired molar ratios (e.g., 16.9 μM conjugate, 

as oligo, to 89 μM 4L 3DNA), then incubated at 37 °C for 30 min to allow hybridization 

(Tm of ~72°C) of the DNA sequence of 125I-Ab-oligo to complementary outer single-
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stranded DNA sequences of 3DNA. Non-specific IgG/3DNA formulations were used 

as non-specific controls (targeting valency = 0). Additional formulations tested in this 

work include Ab coupled 3DNA where 3DNA had been similarly coupled to 

fluorescent Cy3k for visualization by fluorescence microscopy. 

4.2.7. Antibody Coupled PLGA Nanoparticles 

PLGA NPs were coupled with respective Abs via surface adsorption.237 This 

was done at the molar ratios to achieve ~90 anti-ICAM Abs per PLGA NP to allow 

comparison with ~90 valency 3DNA counterparts. Non-specific IgG/PLGA 

formulations were used as non-specific controls (targeting valency = 0) and were fully 

coated with the IgG Ab as previously reported.238 Briefly, ~3x109 NPs/µL of PLGA 

NPs were incubated with 0.9μM anti-ICAM (final volume ~200 µL) under vigorous 

shaking at room temperature for 12 h. Unbound Ab molecules were separated from Ab 

bound PLGA NPs upon washing in 1x PBS, centrifugation at 11,228 rpm for 3 min, 

and supernatant removal. The pellet containing the Ab coated PLGA NPs was then 

resuspended at a final concentration of ~1.7x109 NPs/µL in a solution of 1x PBS 

 

k Genisphere® LLC conjugated Cy3 dye to oligo, which is complementary to 3DNA arms and 

allows 3DNA and Cy3 coupling. 
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supplemented with 0.3 % BSA and sonicated at low power to separate aggregates. A 

scheme of anti-ICAM/PLGA synthesis process and controls is shown in Figure 10. 

 

4.3. In Vitro Characterization of Nanoparticles 

4.3.1. Characterization of Antibody Coupling to PLGA or 3DNA Nanoparticles 

The number of Ab molecules coated on the PLGA NPs was determined using 

the specific radioactivity of 125I-Abs and quantification in a γ-counter as described.238 

 

Figure 10. Anti-ICAM/PLGA and IgG/PLGA NP synthesis process. 
PLGA is dissolved in acetone and poured into nanopure water under the stirring to allow for 
NP formation. After acetone evaporation, NPs are concentrated and coated with antibodies 
via surface adsorption. 
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To determine the number of Ab molecules on 3DNA, the 125I-Ab annealed to 

3DNA vs. non-annealed 125I-Ab were separated by size exclusion filtration and 

fractions quantified in a γ-counter to determine coupling efficiency and number of Abs 

per 3DNA NC as described.110 In addition, gel electrophoresis was performed at 

Genisphere® LLC and showed close to 100% efficiency of Ab-oligo-to-3DNA 

hybridization at the used molar ratios (not shown). 

4.3.2. Size and Surface Charge of Nanoparticles 

The average diameter, polydispersity index (PDI), and ζ-potential of PLGA and 

3DNA NPs were measured before and after Ab functionalization via DLS and 

electrophoretic mobility using the Malvern Zetasizer (Worcestershire, UK). For PLGA 

NPs, the measurements were done in nanopure water at 1x107 NPs/µL. The DLS 

measurements for 3DNA formulations were done in 1x PBS at 3x109 NPs/µL for the 

4L and in 1x PBS at 3x1010 NPs/µL for the 2L. The 3DNA samples were then diluted 

2-fold in 1x PBS for the electrophoretic mobility measurements. Alternatively, instead 

of using 1x PBS, 10 mM NaCl was used for the electrophoretic mobility measurements 

of the 3DNA formulations. 

4.3.3. Stability of Antibody to 3DNA Coupling 

Filtration through a 1000 kDa centrifugation filter was first used to study the 

stability of 125I-labeled 3DNA (11,228 kDa) hybridized or not hybridized with 131I-Ab-
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oligo conjugate (174 kDa), before and after incubation with 50% bovine serum for 1 h 

at 37 °C. Radioisotope tracing in a γ-counter was utilized to quantify the retained and 

filtered fractions for both counterparts, and TCA precipitation was implemented to 

detect free iodine (125I) and correct data to avoid artifacts. Free 125I corrected CPM were 

then used to calculate the percentage of retained and filtered species.  

To monitor degradation by gel electrophoresis, naked 3DNA or Ab/3DNA were 

incubated in 75% human serum or control PBS at 37 °C for 16 h. Densitometry was 

used to calculate the percentage of intact 3DNA over time. 

4.3.4. Degradation of Antibody Coupled 3DNA® in Blood and Organ 

Homogenates 

C57BL/6 mice were anesthetized in order to collect blood samples (≈500 µL 

from the retro-orbital sinus, heparinized) and then sacrificed. This was followed by the 

collection of organ samples (kidneys and liver) and their complete homogenization at 

28,000 rpm in a homogenizer (Kinematica PolytronTM PT 3100D, Kinematica, 

Lucerne, Switzerland with Polytron® standard dispersing aggregate blade of 0.7 mm 

diameter). NP formulation was incubated with blood or organ samples, or 3% BSA in 

PBS control at 37 °C for selected time periods. Total radioactivity and the radioactivity 

corresponding to fraction of free 125I for each sample were measured (reported as CPM) 

in a γ-counter to calculate the percentage of free 125I for each sample. For this purpose, 

samples were first mixed with 3% BSA in PBS up to a total volume of 1 mL. Samples 
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were then precipitated with the addition of 200 µL TCA, for a final TCA concentration 

of 17% (v/v). Precipitation was carried out for 15 min at 4 °C, and then samples were 

centrifuged at 2687 × g for 10 min. Free 125I CPM, determined from 600 µL of the 

sample supernatants and total CPM of the samples, measured prior to TCA 

precipitation, were then used to calculate the percent release of free 125I by using the 

following equation: 

%	<#$$		!"#& = 100 ×
2 × +,-	678$#*101*0	(600	µL)

+,-	0'012	(1200	µL)
. 

4.4. In Vivo Biodistribution 

4.4.1. Mouse Model 

Eight-week old C57BL/6 wild type male mice were obtained from Jackson 

Laboratory (Bar Harbor, ME). The mice were provided food and water ad libitum and 

used in experiments as received and at ~25 g body weight (BW). Mice were 

intraperitoneally anesthetized with a mixture of 100 mg/kg BW ketamine and 10 mg/kg 

BW xylazine for each in vivo experiment. 

All animal experiments were performed in compliance with regulations and 

under approval of IACUC and the University of Maryland. 
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4.4.2. Biodistribution of Free 125I and TCA Corrections 

Anesthetized C57BL/6 mice were I.V. injected with either 125I-Ab/3DNA 

(which contains a fraction of free 125I to simulate a process of free 125I generation in 

controlled manner) or free 125I alone as a control. In both cases, 125I doses were adjusted 

so that the radioactive signal was between 60 to 1.5 × 106 CPM as detected in a γ-

counter with 82% efficiency of detection. This level of signal was selected because it 

allows measurements in the linear range of the instrument. 125I-Ab/3DNA was injected 

at 2.15 × 1013 3DNA particles per kg of BW and 249 µg Ab per kg of BW, carrying a 

content of ≈30 kCPM of free 125I radiolabel. Hence, free 125I control was injected at 1.3 

× 106-1.4 × 106 CPM for a matching dose of free 125I. Blood samples (≈100 µL per 

draw) were collected from the retro-orbital sinus at selected time points until sacrifice 

at 60 min, followed by organs collection, including the bladder, brain, heart, kidneys, 

liver, lungs, spleen, and thyroid gland. All samples were kept on ice, except during 

their weighing and radioactivity measurements in a γ-counter. 

Total CPM data were used as obtained to calculate biodistribution parameters 

(see the equations below), hereafter referred to as “non-corrected” biodistribution. On 

the other side, the fraction of free 125I was experimentally determined for the original 

dose pre-injection (described above) and for each of the blood and organ samples post-

injection in order to calculate the “corrected” biodistribution parameters. For this 

purpose, TCA assay described above for the in vitro degradation study was used with 

minor modifications. Briefly, samples were first mixed with 3% BSA in PBS up to a 
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total volume of either 1 mL for blood samples or 1.7 mL for organ samples. Blood and 

homogenized organ samples (as described above) were then precipitated with the 

addition of 200 µL and 300 µL TCA respectively, for a final TCA concentration of 

17% and 15% (v/v) respectively. Precipitation was carried out for 15 min at 4 °C, then 

samples were centrifuged at 2687 × g for either 10 min for blood samples or 30 min 

for organ samples. Free 125I CPM were determined from 600 µL of the blood sample 

supernatants or 1 mL of the organ sample supernatants. Total CPM of the samples, 

measured prior to TCA precipitation, were then corrected for the presence of free 125I 

radiolabel by subtracting the free 125I measured after TCA precipitation. Either 

corrected or non-corrected CPM were used to calculate biodistribution parameters, 

including the percent of the injected dose (%ID) in blood and each organ, and the same 

parameter divided per gram of organ (%ID/g) which allows comparison between blood 

and organ samples of very different weight. Please note that the injected dose is the 

dose measured prior to injection minus the dose remnant in the syringe after the 

injection. The following equations were used to calculate the aforementioned 

parameters: 

B'*	C'##$C0$(	+,- = /'012	+,-, 

+'##$C0$(	+,- = /'012	+,- − "#$$	&'()*$	+,-, 

%	&E = 100 ×
+,-	'#F1*	(C'##$C0$(	'#	*'*	C'##$C0$(	+,-)
+,-	('6$	(C'##$C0$(	'#	*'*	C'##$C0$(	+,-)

, 
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%&E F⁄ = 100 ×
+,-	8$#	F#1H	'#F1*	(C'##$C0$(	'#	*'*	C'##$C0$(	+,-)

+,-	('6$	(C'##$C0$(	'#	*'*	C'##$C0$(	+,-)
. 

 

4.4.3. Blood Kinetics of Free 125I 

In addition, parameters such as half-life (t1/2), area under the curve (AUC), 

clearance, and mean residence time (MRT) were calculated using PKSolver in 

Microsoft Excel.252 The t1/2 represents the time needed for the clearance of 50% of the 

ID from the blood. The AUC reflects the total blood exposure to the ID through the 

time, while the MRT represents the average time that the ID stays in the blood. 

4.4.4. Biodistribution of Targeted Formulations in Mice 

Anesthetized C57BL/6 mice were injected with 125I-labeled NPs. For 

comparisons between targeted vs. non-specific 3DNA, injections encompassed 2.15 × 

1013 particles per kg BW. For comparisons between 3DNA and PLGA counterparts, 

injections included 1.29 × 1013 particles per kg BW, with matching number of 125I- Abs 

per NP (≈ 90 antibody molecules per NP; 249 μg Ab per kg BW). Various other anti-

ICAM/3DNA formulations of different targeting valencies, dose concentrations, and 

sizes were tested as indicated (Chapter 7, Table 8). Blood samples were collected at 

the indicated time points and at sacrifice 60 min after injection, as indicated, followed 

by collection and weighing of main organs (brain, heart, kidneys, liver, lungs, and 
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spleen), organ homogenization, and sample precipitation with TCA to eliminate any 

potential free 125I in the samples, as described above in the section 4.5.1. Radioactivity 

measurements obtained using a γ-counter were then utilized to calculate the %ID, 

where the injected dose is the dose measured prior to injection minus the dose remnant 

in the syringe after the injection. We also calculated the %ID/g which compares relative 

accumulation in organs with different weight, the localization ratio (LR = %ID/g in an 

organ : %ID/ g in blood) to express the organ-to-blood distribution, and the specificity 

index (SI = LR of a targeted formulation : LR of the non-targeted counterpart) to 

estimate the targeting advantage.238,241 

4.4.5. Microscopy Visualization of Targeted Formulations in the Lungs 

Alternatively, similar in vivo experiments were conducted using Ab- and Cy3-

coupled 3DNA to visualize these formulations in lung samples isolated from mice 

either 5 or 60 min after injection. Prior to collecting the lungs, animals were perfused 

with PBS and, then, fixative (4% paraformaldehyde in PBS). Fixed lung samples were 

sent to Histoserv for further processing; samples were formalin fixed, embedded in 

paraffin, sectioned at 15 µm thickness, and mounted onto slides. Samples were then 

used for hematoxylin and eosin (H&E) stainingl, or were immunostained for confocal 

 

l Performed by Histoserv. 
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microscopy using either Alexa Fluor 488-labeled secondary Ab to examine the 

colocalization of Ab and 3DNA counterparts of the formulation, or that of 3DNA with 

polyclonal anti-PECAM-1 + FITC-labeled secondary Ab, to localize formulations with 

the vascular endothelium. Next, immunostained samples were stained with DAPI to 

label cell nuclei. Microscopy images were taken using a laser scanning confocal 

microscope (Zeiss LSM 710 Confocal Microscope) with a 10x or 20x Plan-

APOCHROMAT objective, and 405 nm, 488 nm and 555 nm lasers (Zeiss; 

Oberkochen, Germany).m 

4.5. Statistical Analysis 

Data were calculated as mean ± standard error of the mean (SEM) or standard 

deviation (SD), where indicated. Animal experiments encompassed n≥5 mice for 

PLGA NPs or for anti-ICAM/3DNA, and n≥3 for 3DNA alone or non-specific 

IgG/3DNA. The degradation of the Ab/3DNA in tissue homogenates or BSA/PBS was 

n≥4. All the other experiments were n≥3. Significance was determined using the 

Student's unpaired t-test, assuming a p-value of 0.05. 

 

m Dr. Solomon has helped with fluorescence microscopy experiments. We worked together on 

the injections, animal perfusions, and imaging, and Dr. Solomon performed deparaffinization and 

staining of the slides, as well as image processing. 
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Chapter 5: A Method to Improve Quantitative 

Radiotracing-Based Analysis of the In Vivo 

Biodistribution of Anti-ICAM/3DNA 

Statement: Selected paragraphs, results, and figures regarding Ab/3DNA 

coupling experiments are from the published manuscript and reproduced with 

permission: Roki, Nikša, Zois Tsinas, Melani Solomon, Jessica Bowers, Robert C. 

Getts, and Silvia Muro. "Unprecedently high targeting specificity toward lung ICAM-

1 using 3DNA nanocarriers." Journal of Controlled Release 305 (2019): 41-49. These 

materials have been modified to some extent or not, for incorporation into this thesis. 

5.1. Introduction 

Targeted NPs, such as anti-ICAM/3DNA, hold great potential to improve drug 

delivery. Towards this goal, the biodistribution of NP components in an organism 

provides valuable information that can help in understanding the delivery of NPs, as 

well as to inform on the possible therapeutic efficacy and side effects of the drug 

cargo.253 As such, biodistribution studies are essential in guiding the design of NPs and 

constitute one of the critical preclinical tests.253,254 

Among many methods,253,254 radiotracing method using radioisotopes (e.g., γ 

emitters such as 125I) is considered the gold standard for biodistribution measurements. 
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It provides unparalleled quantitation accuracy, very high sensitivity, and relatively 

good throughput abilities.236,254 However, the inherent risks of using γ emitters must be 

balanced against the convenience of analysis and advantages of the method. The 

radiotracing method consists of the following steps: radiolabeling NP components 

(e.g., proteins and/or nucleic acids in this case) with radioisotopes of appropriate half-

life, in vivo administration of NPs with known specific activity to allow their 

biodistribution, followed by the collection of blood and organs for their ex vivo 

radioactivity quantification.254 

However, radiotracing may often suffer from uncertainty of whether the label 

incorporated on the NPs or the free label is being traced. The free label may arise in the 

samples due to shelf-life degradation of NP formulation pre-administration (e.g., if a 

sample is labile) or metabolic degradation of NPs in the body (e.g., in blood and 

organs). Regardless of the origin, the free label can confound biodistribution results 

since, in most cases, the free label is expected to be handled by the body differently 

than NP preparation, particularly pertaining to their transport, metabolism, and 

clearance. Since this cannot be predicted a priori, organ-specific measurements of the 

radiolabeled NPs vs. the free radiolabel are necessary for the accurate and precise 

corrections of the biodistribution. 

In this chapter, we investigated whether precipitation with TCA, an established 

method used for in vitro experiments to separate the free radiolabel from radiolabeled 

NP components,255,256 could be applied to more properly define the in vivo 
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biodistribution of anti-ICAM/3DNA. As mentioned, NPs such as anti-ICAM/3DNA 

are biodegradable and may generate trace amounts of the free label before or after 

administration. 

5.2. Results and Discussion 

5.2.1. In vitro Characterization of 3DNA Coupling to Primary Antibodies 

As explained, the presence of the free label can confound the interpretation of 

biodistribution results for anti-ICAM/3DNA studied in the subsequent aims. As a first 

step in improving and testing the biodistribution method, we characterized the 125I-

Ab/3DNA formulations, which we used in this study to mimic NPs used in targeting 

strategies. In particular, 4L 3DNA was used in this study. Prior to Ab coupling, the 

3DNA NC had average hydrodynamic diameter of 170 ±7 nm, ζ-potential of -19 ±0.6 

mV, and PDI of 0.22 ±0.003, as measured by DLS. The 3DNA NCs were then coupled 

to an Ab-oligo conjugate by complementarity with 3DNA outer arms.58,91,110 Either the 

Ab-oligo or the 3DNA had been labeled with 125I to allow tracing of each counterpart 

in parallel experiments. Next, we confirmed that Ab-oligo conjugates hybridized on 

3DNA, using anti-ICAM-oligo and 4L 3DNA as an example. Table 1 demonstrates 

this hybridization-driven coupling as measured by size exclusion filtration. 

Complexation of Ab-oligo to 3DNA was observed regardless whether Ab-oligo (87% 
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retention) or 3DNA (91% retention) were traced with a radioisotope, while only 

minimal retention was found for the control Ab-oligo alone (7%). 

Table 1. Coupling of Ab/3DNA. 

Condition Retained (%) Filtered (%) 

Ab/3DNA (track Ab) 87.4 12.6 

Ab/3DNA (track 3DNA) 91.4 8.6 

Ab 6.9 93.1 

3DNA 71.8 28.2 
 

 

Therefore, direct Ab incorporation by annealing on 3DNA was an efficient 

process and resulted in an increase in the average hydrodynamic size of 3DNA 

formulations (Table 2), i.e. from 170 nm prior to Ab coupling to ≈180 nm after the 

coupling of Ab. Ab/3DNA also showed more negative ζ-potential vs. 3DNA alone (−43 

for IgG/3DNA and −37 mV for anti-ICAM/3DNA vs −19 mV for 3DNA alone), while 

all formulations had similar PDI ≈ 0.2. 

5.2.2. Verification of Free 125I Radiolabel Generation from 125I-Ab/3DNA 

Incubated in Blood and Organ Homogenates 

Next, we tested the release of free 125I from the 125I-Ab/3DNA at 37 °C in 

simulated organ conditions and BSA/PBS. Notably, the PBS buffer was used for Ab to 

3DNA coupling, and for the I.V. administration of 125I-Ab/3DNA formulations. 

Nevertheless, BSA/PBS could be used for the storage of some NP formulations and 
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was therefore used here to demonstrate the possibility of NP degradation before 

administration, while incubation in organ homogenates was used to demonstrate the 

degradation of NPs after their administration. In light of this, free 125I release was 

evident in the BSA/PBS condition, as well as in all the tested organ samples, namely 

the blood, kidneys, and liver (ranging from 2 % to 17 %; Figure 11). It appeared that 

under most incubation conditions (except in the kidney homogenate), the majority of 

the release happened within the first 5 min: 2, 4, 10 and 5 % increase by 5 min; there 

was no significant change with further incubation: 0.8-, 1.1-, 1.2- and 1.7- fold 

difference between 5 and 60 min for the BSA/PBS, blood, kidneys and liver 

respectively (Figure 11). Although the release of 125I was modest for our model, 

indicating the stability of the Ab, it demonstrates the possibility that a small release 

could happen immediately after injection and confound the in vivo biodistribution 

results. In particular, the release of 125I in the blood compartment could distribute to 

organs, while 125I released in the organs could be transported to the blood and then 

reach other organs. 
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5.2.3. Introduction of Free 125I Radiolabel to 125I-Ab/3DNA in a Controlled 

Manner 

After demonstrating the potential of free 125I generation before and after 

administration in vivo, we decided to test the model formulation, which contains 

radiolabeled NPs along with the free 125I radiolabel, in order to examine in a controlled 

manner if the presence of free 125I radiolabel can confound the biodistribution data. 

Figure 12 shows the strategy of this study: I.V. injections in mice of either 125I-labeled 

 

Figure 11. Free 125I generation from 125I-Ab/3DNA incubated in tissue samples. 
125I-Ab/3DNA was incubated at 37 °C with either tissue samples (blood and homogenized 
kidneys and liver) that were collected from euthanized C57BL/6 mice, or in a control buffer (3% 
BSA in PBS). Free 125I percentage was calculated from the CPM corresponding to the total 125I 
vs. free 125I in each sample as determined from radioactivity measurements in γ-counter prior and 
after TCA precipitation respectively. Data are mean ± S.E.M. (n≥4). * Compares 60-min time 
point vs. the initial time point (i.e. 0 min) for each condition, $ compares blood, kidneys, and 
liver conditions vs. PBS/BSA condition, # compares kidneys and liver conditions vs. blood 
condition; (p < 0.05 by Student’s t-test). 
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NP formulations accompanied with free 125I to better mimic generation of free 125I, or 

control free 125I alone. The blood circulation kinetics and the biodistribution to blood 

and organs was traced, as measured prior to and after TCA precipitation. 

 

5.2.4. Biodistribution of I.V. Administered Free 125I Radiolabel 

Next, to verify the accumulation of the free 125I in blood and organs used for 

biodistribution studies of NPs, we first determined the biodistribution of free 125I 

control injection. Briefly, the free 125I was I.V. injected in anesthetized mice, followed 

by blood collection at indicated time points until sacrifice at 1 h, organ collection and 

 

 

Figure 12. Study strategy. 
The goal was to validate a method capable of separating free radiotracer (125I) which may 
arise from instability of a radiolabeled NP, in order to correct and obtain more accurate in 
vivo biodistribution data. For this purpose, C57BL/6 mice were I.V. injected with control 
free 125I alone or with 3DNA, coupled to 125I-labeled Ab-oligo which contained a known 
fraction of free 125I radiolabel. Blood and organs were extracted 1 h after injection, 
homogenized, and precipitated with TCA to extract and determine total and free 125I CPM, 
which provided correction for more accurate in vivo biodistribution data. 
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weighing, and measurements in the γ-counter. As expected for such a small molecule, 

we observed fast clearance of free 125I from the circulation (Figure 13A); only 46% 

and 24% of the originally injected dose (%ID) remained in blood at 1 min and 5 min 

after injection. This was followed by a slow clearance phase until 1 h, which was the 

maximal time period tested; i.e. 16 %ID and 13 %ID were found at 30 min and 60 min 

after injection (Figure 13A). The half-life (t1/2), area under the curve (AUC), clearance, 

and mean residence time (MRT) were 1.3 min, 178.3 %ID×min, 0.6 %ID/min, and 1.9 

min, respectively (Table 2). 

In addition, free 125I accumulated only in small quantities in organs 1 h post 

injection (Figure 13B). For instance, the sum of all radioactivity measured in the 

bladder, brain, heart, kidneys, liver, lungs, spleen, and thyroid gland amounted to only 

11 %ID, suggesting that free 125I may be quickly excreted from the body. Indeed, free 

125I was predominantly found in the bladder, kidneys and liver (2, 1, and 2 %ID, 

respectively; Figure 13B), as well as the thyroid gland (4 %ID; Figure 13B). The 

thyroid gland accumulated the highest %ID of free 125I, which can be due to the 

presence of the sodium-iodide symporter (NIS) involved in active transport of this 

ion.257,258 Although kidneys also express the NIS,258 we did not see similarly high 

cumulative delivery here, possibly due to 125I incorporation into the urine collected in 

and likely excreted from the bladder.
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Figure 13. Biodistribution of free 125I. 
Free 125I control was I.V. injected in C57BL/6 mice. (A) Blood samples were collected at the indicated post-injection times and (B, C) organs 
were obtained at sacrifice at 60 min, weighed and measured in γ-counter to calculate the percentage of the injected dose (%ID) found in (A) 
blood and (B) organs. (C) %ID per gram organ (%ID/g) was calculated to compare the relative “concentrations” of free 125I in organs, given 
their very different weight. Data are mean ± S.D. (n≥5 mice). 
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Table 2. Blood kinetic parameters. 

AUC = area under the curve; CL = clearance; MRT = mean residence time; t1/2 = half-life. (n≥5 mice). 

Condition t1/2 (min) CL (%ID/min) AUC (%ID×min) MRT (min) 

Figure 13A – Control free 125I 1.30 0.56 178.29 1.87 

Figure 15A – 125I-Ab/3DNA – Non-corrected 20.32 0.05 1613.40 29.31 
Figure 15A – 125I-Ab/3DNA – Corrected using 

control free 125I from Figure 13A 48.12 0.03 2215.94 69.42 

Figure 16A – Free 125I contained in 125I-
Ab/3DNA 1.51 0.49 203.57 2.17 

Figure 18A – 125I-Ab/3DNA - Corrected using 
free 125I in the formulation, from 
Figure 16A 

39.56 0.03 2293.74 57.07 
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In fact, looking at the free 125I biodistribution relative to the organ weight, i.e. 

to allow concentration-like comparison among the organs that have very different 

weights, high %ID of free 125I per gram of organ was found in the thyroid gland and 

the bladder (39 and 21 % ID/g; Figure 13C). All other organs showed relatively low 

free 125I relative to their weights (Figure 13C). The liver free 125I was only 2 %ID/g, 

although the organ level delivery (%ID) was more prominent for this organ (Figure 

13B), indicating that radiolabel accumulation in this organ is mostly due to liver’s large 

size and open vasculature due to fenestrated endothelium rather than due to specificity 

of accumulation. The brain, heart, kidneys, lungs and spleen also had low free 125I 

amounts, both per organ and per gram of organ (Figure 13B-C). 

In conclusion, this control experiment indicated that the level of free 125I widely 

varies among the different compartments in the body, in agreement with the 

literature,257 justifying the need to correct 125I data for free label in each compartment 

(i.e. blood and organs) individually in order to obtain accurate biodistribution results. 

Namely, if a formulation contains free 125I arising from degradation of NPs, data could 

not be corrected simply by the amount of free 125I in the injected preparation. Instead, 

to avoid artifacts in the biodistribution results, the biodistribution in each blood and 

organ sample would need to be corrected for their free 125I biodistribution. 
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5.2.5. Identification of Free 125I in Mouse Organs after I.V. Administration of 

Free 125I Radiolabel 

After examining the biodistribution of 125I, we aimed to evaluate the possibility 

to verify whether this label can indeed be detected as free 125I in blood and organ 

samples. For this purpose, we adapted an established method which employs TCA, an 

agent commonly used to precipitate biological polymers (proteins, nucleic acids, and 

polysaccharides to some extent255,256) to separate free radiolabel that may arise due to 

the instability of NPs before or after administration in vivo. In order to implement this 

method, the organs obtained from the experiment described above, which had been 

measured for their total radioactive content (Figure 13), were homogenized and then 

mixed with TCA, while blood samples were directly mixed with this reagent. After 

precipitation and centrifugation, an aliquot of the supernatant was assessed for the 

content of free 125I. This method demonstrated that most of the free 125I present in the 

body could indeed be detected as a free species; from the 125I detected in the blood, 93 

to 110% was detected as free 125I radiolabel (Figure 14A) and from the 125I detected in 

the organs, 84 to 95% was detected as free 125I radiolabel (Figure 14B) was detected 

as free, respectively, with almost no animal-to-animal variability. This was anticipated 

since 100% free 125I was injected as a control. Note that this classification of 125I as free 

species portion in the samples is expressed as % 125I, and is independent from the 

quantification of 125I found in samples which is expressed as %ID or %ID/g 125I 

(compare Figure 13 and Figure 14); i.e. 100% of all 125I detected in blood was in free 
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form although at early and late time points the presence of radiolabel was quite different 

(46 %ID at 1 min vs. 13 %ID at 60 min). Similarly, organs with higher or lower 125I 

concentrations (e.g., 39 %ID/g in the thyroid gland vs. 0.6 % ID/g in the brain) 

contained ~90% free 125I. Hence, these results demonstrated that implementation of 

organ homogenization, and blood and organ TCA precipitation assay in biodistribution 

studies enables accurate and precise detection of any free radiolabel present in the 

samples of interest. Furthermore, this indicates that 125I was not incorporated into body 

molecules (which would be precipitated by TCA), or at least not in relevant amounts, 

under the conditions examined. Thus, this method may be reliably used to correct total 

CPM data for the free radiolabel fraction found in blood and each organ. 

 

 

Figure 14. Verification of free 125I signal in blood and organs after TCA precipitation. 
125I was I.V. injected in C57BL/6 mice. (A) Blood samples were collected at the indicated 
times post injection and (B) organs at sacrifice at 60 min for CPM measurements in γ-
counter. Data represent the percentage of the total CPM detected in each blood or tissue 
sample which were identified as free 125I after TCA precipitation. Data are mean ± S.D. (n≥5 
mice). 
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5.2.6. Implementation of Control-free 125I Corrections on the Biodistribution of 

125I-Ab/3DNA 

After we verified the desired performance of the TCA method using free 125I 

control and demonstrated that the biodistribution of free 125I in vivo ranged broadly 

among different organs, we wanted to test whether we could use free 125I data obtained 

from the control experiment (the %ID observed in each organ already obtained as in 

Figure 13) to correct the biodistribution of 125I-radiolabeled NPs (i.e. 125I-Ab/3DNA) 

for the presence of the free 125I in the blood and organs, assuming the same 

biodistribution for the free 125I control injection as for the free 125I injected along with 

the 125I-radiolabeled NPs (Figure 15). Using the thyroid gland as an example, TCA can 

be used to measure the pre-injection CPM corresponding to the free 125I radiolabel 

(referred to as free CPM), which is present together with the 125I-radiolabeled NPs in 

the formulation. Moreover, after injection in mice, the biodistribution percentage of the 

free CPM in the thyroid would be assumed to be the same as the empirically measured 

biodistribution percentage for the thyroid after the free 125I control injection (e.g., 4%; 

Figure 13B). The assumed free 125I CPM in the thyroid must be then subtracted from 

the empirically measured total CPM in this organ. The result would correspond to the 

amount of the NP found in the organ without any free 125I radiolabel, assuming no 

metabolic degradation of the NP in vivo and no influence of NP on free radiolabel 

biodistribution as measured at 1 h post injection. 
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To test this correction, we injected mice with 125I-Ab/3DNA as a model NP 

containing a known and significant amount of free 125I radiolabel (Figure 12).58,91,110 

We used a non-specific Ab-oligo (i.e. IgG-oligo) to test the method at hand in this study 

in order to avoid biodistribution changes and cellular uptake driven by the targeting of 

specific cell receptors, which may only apply to particular targeting cases and may 

complicate result interpretation. The size, PDI, and ζ-potential for this formulation was 

already described at the beginning of the Results and Discussion section. 

The biodistribution of 3DNA coupled to control 125I-Ab-oligo (125I-Ab/3DNA) 

was first assessed without free 125I corrections. For this, the circulation of 3DNA 

coupled to control 125I-Ab-oligo (125I-Ab/3DNA) was measured at various times after 

its administration and the organ biodistribution at 60 min (Figure 15). 125I-Ab/3DNA 

disappeared quickly from the circulation (i.e. 45 and 25 %ID at 1 min and 5 min; Figure 

15A white symbols), which was expected for a non-PEGylated NC.10,238 The t1/2, AUC, 

clearance, and MRT were 20.3 min, 1613.4 %ID×min, 0.1 %ID/min, and 29.3 min, 

respectively (Table 2). Yet, contrary to free 125I control, 125I-Ab/3DNA did not 

accumulate preferentially in the thyroid gland (2 %ID and 13 %ID/g; Figure 15B-C 

white bars) but in the liver (28 %ID and 25 %ID/g; Figure 15B-C white bars), which 

was expected for a NP with an Ab coat.10,110 
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Figure 15. Control free 125I corrections of the 125I-Ab/3DNA biodistribution. 
125I-Ab/3DNA with a known amount of free 125I radiolabel CPM was I.V. injected in C57BL/6 mice. Blood and organs were collected and weighed at the 
indicated times and measured in a γ-counter. Results were calculated from the total CPM measured and referred to the total CPM of the injected dose 
(including 125I-Ab/3DNA + free 125I radiolabel for non-corrected data), or they were corrected to subtract in each tissue the expected biodistribution of 
free 125I obtained in Figure 13A-B. (A) Circulation and (B) biodistribution are expressed as percentage of the injected dose (% ID). (C) %ID per gram 
organ (%ID/g) shows organ concentration. Data are mean ± S.D. (n≥5 mice). *p < 0.05 by Student's t-test. 
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The results described correspond to non-corrected data. Yet, noticeably, the 

TCA measurement revealed that the 125I-Ab/3DNA formulation contained 40-50% free 

125I radiolabel, therefore making this formulation suitable for testing the correction 

method. This can be used to study the influence of free label in biodistribution. 

Therefore, we implemented the correction described above (Figure 15, black symbols 

and bars). Data corrections, based on the biodistribution of free 125I control injection 

that was already tested, showed some changes regarding the circulation of 125I-

Ab/3DNA (44% increase at 60 min; 1.4-fold increase in AUC, Table 2), but mainly, it 

lowered accumulation in the thyroid gland (by 94% for both the %ID and %ID/g of 

organ) and increased accumulation in the liver and the spleen (e.g., by 92% and 82%, 

respectively, looking at the %ID parameter), which are expected changes for a NP vs. 

free 125I. 

To validate this correction method, we performed TCA precipitation on the 

blood and organ samples isolated from these animals, so that the empirical level of free 

125I could be obtained within the same experiment. As seen in Figure 16A, the level of 

free 125I measured in blood 60 min after injection was ≈15 %ID, similar to that of free 

125I injected alone (compare to Figure 13A). The t1/2, AUC, and MRT were 1.5 min, 

203.6 ID%×min, and 2.2 min, respectively (Table 2), also similar to the free 125I 

injection. Furthermore, the biodistribution of free 125I, varied broadly among organs 

(e.g., 0.1 %ID in the heart and 3 %ID in the thyroid gland; Figure 16C), similar to the 

variability observed for free 125I injected alone (compare to Figure 13C). However, the 
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biodistribution of free 125I contained within the 125I-Ab/3DNA formulation differed 

from that of free 125I control: e.g., %ID/g in kidneys lowered by 10%, both %ID and 

%ID/g in the lung lowered by 32% and 31%, %ID/g was reduced by 18% in the bladder 

and 42% in the thyroid gland (Figure 16B, C). Conversely, the %ID/g increased 17% 

for the spleen and both the %ID and %ID/g increased by 386% and 335% for the liver. 

Therefore, the assumption used in this correction method (i.e. a similar free 125I 

radiolabel biodistribution for the injection of 125I-Ab/3DNA + free 125I radiolabel 

compared to free 125I alone) is not correct. Speculatively, 125I-Ab/3DNA may compete 

for the access of free 125I to certain organs, or free 125I may arise from metabolic 

degradation of 125I-Ab/3DNA after injection. For instance, since the liver is known to 

play a role in the degradation and disposal of many compounds and carriers, the 

increase in the distribution of free 125I measured in this organ in animals injected with 

125I-Ab/3DNA + free 125I radiolabel may be due to some degradation of the 125I-

Ab/3DNA fraction that arrives in this organ. Indeed, degradation of 125I-Ab/3DNA in 

organ homogenates in vitro, particularly liver, demonstrated this to likely be true 

(Figure 11). Such phenomenon would be much less significant in organs which are not 

involved in clearance and degradation, such as the heart for instance. In addition, 125I-

Ab/3DNA may form a protein corona containing albumin from the circulation, a 

phenomenon observed for many NPs.30 Albumin has been shown to act as a carrier of 

125I.259 Therefore, if a protein corona forms on 125I-Ab/3DNA, some free 125I radiolabel 

may associate and travel in the body in this manner. In the case of the liver, since 125I-
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Ab/3DNA accumulates significantly in this organ, it may then carry more of the free 

125I via protein corona to this organ vs. other organs. Altogether, these and other 

processes may account for the different biodistribution of free 125I co-injected with 125I-

Ab/3DNA. Regardless of the reason, the results indicated that the biodistribution 

profile of 125I-Ab/3DNA cannot be corrected using the biodistribution of free 125I 

injected alone. Instead, free 125I must be empirically measured in each body sample to 

correct biodistribution results within the same experiment.
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Figure 16. Biodistribution of free 125I radiolabel in 125I-Ab/3DNA. 
125

I-Ab/3DNA containing a known amount of free 
125

I radiolabel was injected I.V. in C57BL/6 mice. (A) Blood samples were collected at the indicated 

post-injection times and (B, C) organs were obtained at sacrifice at 60 min. TCA precipitation rendered CPM of free 
125

I in each blood and organ sample, 

from which the percentage of the injected dose (%ID) was calculated by comparison to the total free 
125

I injected. Data are mean ± S.D. (n≥5 mice). 
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Additional controls were performed to demonstrate that the TCA precipitation 

method supports accurate extraction of free 125I from complex samples, e.g., if free 125I 

would interact with hemoglobin or albumin, as reported.259,260 For this, we incubated 

125I-Ab-oligo (the counterpart labeled in 125I-Ab/3DNA) containing 11.4±0.25% free 

125I radiolabel with mouse whole blood (containing heparin to avoid coagulation) or 

plasma. After 30 min incubation, we performed TCA precipitation and found, 

respectively, 11.8±0.7% and 12.2±0.75% free 125I in these mixtures. Independently, 

free 125I alone (100%) was similarly incubated with whole blood or plasma, after which 

TCA precipitation rendered detection of 102.7±2.0% and 110.8±0.5% free 125I. As 

additional controls, mixing of non-labeled (cold) Ab/3DNA with free 125I, followed by 

TCA precipitation rendered 105.1±0.4% free 125I detection, demonstrating that all the 

free label is detected despite the presence of the carrier. Mixing of cold Ab/3DNA with 

125I-Ab-oligo containing 11.4±0.25% free 125I radiolabel lead to detection of 11.0±0.4% 

free 125I, demonstrating that even if some 125I-Ab-oligo counterpart were to detach from 

the 3DNA, still this would not interfere with the ability to detect free 125I radiolabel. 

Hence, the method accurately separates and detects free 125I despite any possible 

interactions, just as deduced from the in vivo data in Figure 14. 
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5.2.7. Implementation of Empirical free 125I Corrections on the Biodistribution 

of 125I-Ab/3DNA 

The results obtained above indicate that the amount of free 125I in each blood 

and organ sample must be empirically measured within each one experiment to subtract 

this value from the total CPM encountered in said samples. To prove that this is 

important, we calculated out of the total CPM found in each blood and organ sample, 

which percentage corresponded to free 125I, not 125I-Ab/3DNA (Figure 17). Results 

show that much of the label found in blood corresponded to the 125I (e.g., 29% of all 

CPM in this organ, at 60 min; Figure 17A), while in organs this fraction varied broadly 

from 13% of all free CPM in the spleen to 54% all free CPM in the brain or 95% of all 

CPM in the bladder (Figure 17B). 
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As seen, the contribution of free 125I radiolabel to the total CPM of each organ 

sample was highly variable, validating that the best possible correction to obtain “non-

free 125I" NP biodistribution data is to subtract free 125I counts in each organ from the 

total counts in said organ (Figure 18). Implementing this correction showed that the 

blood clearance profile remained similar, although a bit enhanced for the 60 min point 

(Figure 18A). This was expected since both free 125I and 125I-Ab/3DNA were rapidly 

cleared (Figure 13A and Figure 18A). The t1/2 and MRT were 39.6 min and 57.1 min, 

respectively (Table 2). However, organ accumulation greatly changed after correction 

for free 125I radiolabel. For instance, accumulation in the bladder and the thyroid gland 

decreased by 3-fold (Figure 18B) since these are the organs which predominantly take 

 

Figure 17. Contribution of free 125I to the total 125I signal found in blood and organs 
after 125I-Ab/3DNA injection. 
C57BL/6 mice were injected with 125I-Ab/3DNA containing a known amount of CPM of 
free 125I radiolabel. (A) Blood samples were collected at the indicated times post injection 
and (B) organs at sacrifice at 60 min for CPM measurements in γ-counter. (A-B) Total CPM 
and free 125I CPM were measured prior and after TCA precipitation, so that the fraction of 
free 125I over the total CPM in each body compartment was calculated. Data are mean ± S.D. 
(n≥5 mice). 
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free radiolabel and are not expected to accumulate 125I-Ab/3DNA. On the other hand, 

accumulation of 125I-Ab/3DNA in the liver and spleen significantly increased upon 

correction (1.5-fold increase; Figure 18B) up to values which agree with previous 

reports on Ab/NPs of similar size and ζ-potential (e.g., ~30-50% ID/g; 95). Hence, this 

correction method was able to accurately remove the free 125I confounding signal. 

Logically, in organs where free 125I did not substantially accumulate, (e.g., brain, heart, 

lungs Figure 13B, C and Figure 16B, C), data corrected had less impact on the 

biodistribution results (Figure 18B, C).
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Figure 18. Correction of 125I-Ab/3DNA biodistribution based on empirical free 125I measured within the experiment. 
125I-Ab/3DNA with a known amount of free 125I radiolabel, was I.V. injected in C57BL/6 mice. Blood and organs were collected and weighed at 
the indicated times and measured in a γ-counter. Results were calculated from the total CPM measured and referred to the total CPM of the 
injected dose, or they were corrected to subtract in each tissue the free 125I CPM empirically measured after TCA precipitation of the same samples. 
(A) Circulation and (B) biodistribution are expressed as percentage of the injected dose (% ID). (C) %ID per gram organ (%ID/g) shows organ 
concentration. Data are mean ± S.D. (n≥5 mice). *p < 0.05 by Student's t-test. 
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Finally, to validate this correction method, we injected mice with 125I-

Ab/3DNA containing low free 125I radiolabel (10% of the injected dose) as a control. 

As shown in Figure 19A, the contribution of free 125I CPM to the total CPM found in 

each organ was relatively low, as expected, even very significantly reduced for the 

bladder and thyroid gland which accumulate the free label. This was in contrast with 

the high contribution of free 125I CPM of the free 125I control injection (compare to 

Figure 17B). In addition, the biodistribution of 125I-Ab/3DNA formulation containing 

low radiolabel level was determined and compared to that of 125I-Ab/3DNA with high 

125I radiolabel (40-50%, used in the previous experiments). In both cases, corrected and 

non-corrected data were calculated and the corrected to non-corrected ratio (fold 

difference between these values) was compared. As shown in Figure 19B, there was 

little difference between the corrected and non-corrected biodistribution of the 

formulation carrying low free 125I radiolabel (y≅1 in Figure 19; black symbols and 

bars), unlike the formulation with high level of said radiolabel (y≠1 in Figure 19; white 

symbols and bars). Therefore, this correction method is valid to obtain accurate 

biodistribution of radiolabel attached to a NP even in the presence of free radiolabel 

which may otherwise significantly contribute to the total signal and therefore confound 

the biodistribution results. 
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5.3. Conclusion 

Our results indicate that the presence of any free radiolabel in biodistribution 

samples, which could be generated due to NP degradation or a remnant from the NP 

labeling process, needs to be accounted specifically within the same experiment, for 

each organ or blood sample, in order to obtain accurate biodistribution results. This 

precision can be achieved by implementing TCA precipitation of animal samples, 

 

Figure 19. Free 125I content and corrected to non-corrected ratio of the biodistribution 
of 125I-Ab/3DNA containing no free 125I radiolabel. 
Free 125I content and corrected to non-corrected ratio of the biodistribution of 125I-Ab/3DNA 
containing no free 125I radiolabel. (A) 125I-Ab/3DNA minimal (10%) free 125I radiolabel were 
I.V. injected in C57BL/6 mice. Total CPM and free 125I CPM were measured prior and after 
TCA precipitation, so that the fraction of free 125I over the total CPM in each body 
compartment was calculated. (B) 125I-Ab/3DNA with 10% vs. 45% free 125I radiolabel were 
injected, and organs were collected and weighed at the indicated times and measured in a γ-
counter prior and after TCA precipitation to calculate the biodistribution as the percentage 
of the injected dose (%ID). This was done from non-corrected data (total CPM in tissue / 
total CPM in the injected dose) or corrected values ([total – free 125I CPM in tissue] / [total 
– free 125I CPM in the injected dose]), from where the corrected to non-corrected ratio was 
calculated. Data are mean ± S.D. (n≥5 mice). 
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which permits the accurate classification of signals originating from free radiolabel vs. 

radiolabeled NP. 

The accurate biodistribution characterization achieved with this method may 

provide a vital step in designing and optimizing NP delivery, thereby improving their 

chances for translation to the clinics; in contrast, confounding biodistribution results 

may mislead the research and cause suboptimal performance. It can also help with 

variability in the levels of a free label in formulations to be injected from different 

synthesis batches or labeled with different radiolabeling species. Moreover, it is 

technically possible that the TCA method could be used to detect free label generation 

due to the degradation of NP components. Tracing degradation would be important as 

different organs have different capacities to metabolize the labeled NP components, 

and the sites where degradation occurs also vary. 
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Chapter 6: Unprecedently High and Specific Lung 

Targeting by 3DNA Functionalized with Anti-ICAM-1 

Antibody 

Statement: Selected paragraphs, results, figures, and other components in this 

chapter are from the published manuscript and reproduced with permission: Roki, 

Nikša, Zois Tsinas, Melani Solomon, Jessica Bowers, Robert C. Getts, and Silvia Muro. 

"Unprecedently high targeting specificity toward lung ICAM-1 using 3DNA 

nanocarriers." Journal of Controlled Release 305 (2019): 41-49. These materials have 

been modified to some extent or not, for incorporation into this thesis. 

6.1. Introduction 

As described in the background section, ligand-targeted DNA-NPs hold great 

potential for I.V. drug delivery applications.58,82,83,90,209,211,216 Nevertheless, their 

ligand-specific targeting and quantitative biodistribution measurements have not been 

carefully explored in vivo.19,72 Also, targeting of DNA-NPs to specific sites within the 

body may be hindered due to the several aspects as explained in the Background, 

including clearance via scavenger receptors, degradation and metabolic clearance, 

immunogenicity, etc., all depending on the design of DNA sequence and 

form.28,82,139,220,261 



 

 

98 

 

 

Considering this, our laboratory started exploring Ab/3DNA NCs directed 

toward specific endothelial markers as a strategy to improve targeted drug delivery. 

This strategy can potentially ameliorate some of the aforementioned challenges. As 

explained in the background, targeting ICAM-1 is particularly attractive strategy for 

enhancing site-specific delivery, as shown by many groups, including ours.150,262 Due 

to the high ICAM-1 content and extensive endothelial surface, the full cardiac input, 

and being a first-pass capillary network, the lungs are preferential and practically direct 

target for NPs addressed to ICAM-1.168,237 On the other hand, 3DNA is a particularly 

attractive candidate for this strategy due to its precise multivalent binding abilities.89 

Specifically, multivalent binding has been shown to be very relevant in targeting 

ICAM-1 due to its biological role.152,263,264 

In light of this, a prototype anti-ICAM/3DNA demonstrated highly specific 

targeting in vitro.58 Nevertheless, the targeting in vivo was modest compared to that of 

well characterized model anti-ICAM/NPs.110,237,238,241 Hence, in this chapter, we 

investigated the in vivo biodistribution of a new anti-ICAM/3DNA design I.V. injected 

in mice; this NP design is described in the Innovation section. As explained in the 

Background, similar Ab/3DNA technology has been incorporated in various other 

targeting systems showing encouraging functional results.90–92 Therefore, the 

biodistribution, as well as the targeting potential of ligand-targeted 3DNA in vivo was 

not established for the new design, and was never explored for the delivery via ICAM-

1. Consequently, testing the targetability of anti-ICAM/3DNA in vivo will result in new 
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knowledge that may be applicable to a diverse group of Ab/3DNA and ligand-targeted 

DNA-NPs, and may help advance targeted drug delivery for lung applications. 

6.2. Results and Discussion 

6.2.1. In Vivo Biodistribution of Anti-ICAM Antibody and Anti-ICAM Antibody-

oligonucleotide 

3DNA functionalization technology requires the conjugation of anti-ICAM Abs 

(anti-ICAM) with oligonucleotides (referred to as anti-ICAM-oligo), to allow for their 

hybridization to 3DNA. Hence, we first verified that the in vivo biodistribution and 

specific targeting of anti-ICAM-oligo was as expected, particularly to the lungs. 

Briefly, either the 125I-radiolabeled anti-ICAM-oligo or 125I-radiolabeled anti-ICAM 

were I.V. injected in anesthetized mice, followed by the collection of blood at indicated 

time points until sacrifice at 1 h, and organ collection. These samples were then 

weighted, and their radioactivity was measured to determine blood and organ 

biodistribution using corrections of the free radiolabel as explained in Chapter 5. The 

blood kinetics showed fast initial removal from the blood for both anti-ICAM-oligo 

and anti-ICAM: < 59% of the injected dose (% ID) remained in the blood 1 min 

following administration (Figure 20A). Noteworthy, the anti-ICAM-oligo was 

removed from the blood faster than the anti-ICAM: 4.1% and 49.5% ID by 5 min, 

respectively. The fast removal of the anti-ICAM-oligo from the bloodstream was 
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unexpected considering anti-ICAM’s long circulation in the bloodstream. This fast 

removal of anti-ICAM-oligo may be associated either with anti-ICAM-oligo 

manufacturing steps or the presence of oligonucleotides and linkers, either of which 

could alter the physical, chemical, and biological properties of anti-ICAM.
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Figure 20. Circulation and biodistribution of anti-ICAM-oligo Ab. 
125I-anti-ICAM or 125I-anti-ICAM-oligo were I.V. injected in C5BL/6 mice. (A) Circulation was calculated at the indicated times between injection 
and at sacrifice at 60 min, as the percentage of the injected dose (% ID). (B) Organ biodistribution at sacrifice was calculated as % ID per gram 
(%ID/g) to compare organs of different weight. (C) Organ-to-blood distribution expressed as the localization ratio (LR), was calculated as % ID/g 
in an organ divided by % ID/g in blood. Data are mean ± S.E.M. *Compares anti-ICAM vs. anti-ICAM-oligo (p < 0.05 by Student's t-test). 
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Importantly, biodistribution to the organs showed that the lungs remained the 

primary target for anti-ICAM-oligo as expected, and the targeting was, in fact, 

improved compared to anti-ICAM (Figure 20B and Figure 21A). Specifically, the 

%ID/g for lung delivery was 1.9-fold higher for the anti-ICAM-oligo compared to anti-

ICAM (Figure 20B). Delivery to the clearance organs, such as liver and spleen, also 

increased for the anti-ICAM-oligo compared to the anti-ICAM: e.g., 2.8 and 3.3-fold 

for %ID/g, respectively (Figure 20B and Figure 21A). 

 

Moreover, the localization ratio (LR), which is a measure of the tissue-to-blood 

distribution (i.e., LR is the ratio of the %ID/g in an organ over the %ID/g in the blood), 

showed improved organ retention for the anti-ICAM-oligo compared to the anti-ICAM 

 

Figure 21. Specific targeting of anti-ICAM-oligo Ab. 
125I-anti-ICAM or 125I-anti-ICAM-oligo were I.V. injected in C5BL/6 mice. (A) Organ 
distribution at sacrifice (60 min) was expressed as the percentage of the injected dose (% 
ID). (B) Specificity index (SI) represents the tissue-over-blood accumulation for the targeted 
vs. the non-targeted formulation (see Materials and Methods). Data are mean ± S.E.M. 
*Compares anti-ICAM vs. anti-ICAM-oligo (p < 0.05 by Student's t-test). 
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(Figure 20B). Targeting specificity (SI), which is used to estimate the targeting 

advantage (SI is the LR of a targeted formulation over LR of the non-targeted 

counterpart), showed 375-fold enhancement in lung targeting for the anti-ICAM-oligo 

compared to the non-specific IgG control counterpart (Figure 21B). This level of 

specific lung targeting was drastically improved for the anti-ICAM-oligo by a 23.5-

fold increase compared to the anti-ICAM. In addition, the anti-ICAM-oligo targeting 

was specific for the rest of the organs shown: 9.6-, 32.7-, 25.2-, 5.9-, and 14.2-fold over 

non-specific control for the brain, heart, kidneys, liver, and spleen, respectively (Figure 

21B). Specific targeting to organs other than the lungs was expected since ICAM-1 is 

expressed by the endothelial and other cells found in these organs.7 These results are in 

agreement with other ICAM-1-targeted formulations reported in literature.7,152,241,262 

The increase in lung targeting of anti-ICAM-oligo compared to anti-ICAM may be due 

to the anti-ICAM-oligo manufacturing steps or the presence of oligonucleotides and 

linkers, as mentioned in regards to differences in their circulation profile. Nevertheless, 

the anti-ICAM-oligo is a suitable ligand to test 3DNA targetability to ICAM-1. 

6.2.2. Characterization of Antibody/3DNA 

In order to investigate the biodistribution and targeting specificity of anti-

ICAM/3DNA, we utilized 3DNA and IgG/3DNA formulations as non-specific 

controls. These controls were also used to distinguish the role of the surface properties 

pertaining to the pristine 3DNA, presence of Abs, or presence of targeting moiety. As 
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mentioned in the Background section, these surface properties not only influence 

specific interactions, but also non-specific interactions, degradation, and clearance. 

In the previous chapter, we confirmed efficient Ab-oligo hybridization with 

3DNA as measured by size exclusion filtration (Table 1) using radiolabeled 3DNA and 

anti-ICAM counterparts, which has allowed us to determine the number of Ab-oligo 

molecules per each 3DNA NC (see Materials and Methods). This resulted in an 

increase in the average hydrodynamic size of 3DNA formulations (Table 3): from 170 

nm prior to Ab coupling to ~180 nm after the coupling of oligo-IgG or oligo-anti-

ICAM. Ab/3DNA also showed more negative ζ-potential vs. 3DNA alone (−43 for 

IgG/3DNA and −37 mV for anti-ICAM/3DNA vs −19 mV for 3DNA alone), while all 

formulations had similar PDI ≈ 0.2.
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Table 3. Characterization of 3DNA and PLGA formulation size, surface charge, and polydispersity. 

Formulation 
Size (nm) 

Mean SEM 
 

PDI 

Mean SEM 
 

ζ-potential (mV) 

Mean SEM 
 

3DNA       

Non-coated 170.4 7.5 0.220 0.033 -19.1 0.6 

IgG-coated 181.2 5.1 0.231 0.019 -42.7 0.5 

Anti-ICAM-coated 179.5 5.7 0.251 0.017 -37.5 0.6 

PLGA NP       

Non-coated 154.4 1.4 0.071 0.007 -59.4 0.6 

IgG-coated 196.0 6.6 0.224 0.012 -36.8 0.5 

Anti-ICAM-coated 208.7 1.5 0.174 0.007 -32.3 0.2 
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In addition, we tested the stability of this coupling under physiological-like 

conditions. As explained in the Materials and Methods section, we utilized size 

exclusion filtration with MWCO such as that the free Abs and potentially the degraded 

fragments could pass through the filter, while Ab/3DNA or 3DNA would be retained 

by the filter, allowing us to determine the stability of the Ab/3DNA and 3DNA samples, 

as well as Ab to 3DNA hybridization stability (Chapter 5, Table 1). Incubation for 1 h 

in the presence of serum did not affect size-dependent retention of Ab/3DNA using the 

described filtration assay (Table 4), regardless whether Ab-oligo (86% retention) or 

3DNA (100% retention) were traced. As control, no retention (0%) was detected for 

non-coupled Ab-oligo and, interestingly, retention of non- coupled 3DNA decayed 

from 72% to 33% after serum incubation. This suggests that 3DNA is sensitive to 

serum, likely due to the nuclease degradation. Namely, the nucleases present in the 

serum can cause fractionation of 3DNA into smaller units that can pass through the 

filter. However, when its outer layer displays Abs, the Ab coating seems to protect the 

3DNA core, decreasing its degradation. 

This notion was further validated by an independent assay performed by 

Genisphere® LLC, where the stability of 3DNA, with or without Ab coating, was 

compared in an electrophoretic setting (see Materials and Methods) upon incubation 

with control buffer or serum. Genisphere® LLC showed high stability by 3DNA in 

control buffer regardless of Ab coupling (close to 100% intact formulations even after 

16 h incubation, Figure 22). As expected, they also observed that non-coupled 3DNA 
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decayed over time in serum, with only 11% intact 3DNA observed by 16 h, rendering 

a half-life of ~9.5 h. However, they found that Ab/3DNA appeared 60% intact by 16 h 

with a corresponding half-life of ~26 h, again suggesting a protective role of the Ab 

coat on 3DNA, rendering a ~2.7-fold longer half-life. 

Table 4. Stability of Ab/3DNA in serum. 

Condition Retained (%) Filtered (%) 

Ab/3DNA (track Ab) 86.0 14.0 

Ab/3DNA (track 3DNA) 100.0 0.0 

Ab 0.0 100.0 

3DNA 33.3 66.7 
 

 

 

Figure 22. Stability of 3DNA with and without Ab coat. 
Non-coupled 3DNA and 3DNA coated with control IgG-oligo conjugate (Ab/3DNA) were 
incubated in PBS vs. 75% serum up to 16 h. At the indicated times, 3DNA degradation was 
quantified using gel electrophoresis and imaging. Data are mean ± S.E.M. *Compares serum 
vs. PBS for each formulation; #compares Ab/3DNA vs. 3DNA (p < 0.05, Student's t-test). 
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These data are in agreement with literature showing that engineered DNA 

structures tend to be more stable than natural DNA conformations, and additional 

coatings further enhance stability.142,187,191 For instance, a DNA-based delivery system 

consisting of DNA strands tightly packed on the surface of metal NPs was shown to 

have 4-fold increased resistance to DNase I in vitro vs. naked DNA matching controls 

(from 24 to 100 min half-life).194 This was believed to be mediated by high local salt 

concentrations due to the negatively charged surface of the spherical DNA and the tight 

packing of DNA strands, which either posed steric hindrances for nucleases to reach 

this substrate, and/or high local salt concentration affected the enzyme function.194 In 

addition, fluorescently-labeled DNA origami was also shown to be about 50% stable 

for 24 h upon uptake by cells in culture while regular DNA degraded much faster.195 

Furthermore, the complexation of DNA with other materials, whether intentionally for 

drug delivery application or naturally, further demonstrated protection from fast 

degradation.226,251,265 Hence, it is likely that the 4L structural conformation of 3DNA 

makes it relatively stable and Ab coating further enhances its longevity (Figure 22). 

6.2.3. In Vivo Biodistribution of Anti-ICAM/3DNA 

After this characterization, we examined the biodistribution and specific 

targeting of anti-ICAM/3DNA and corresponding controls in mice. First, their 

circulation was monitored for 60 min (Figure 23A). Anti-ICAM/3DNA was 

redistributed faster from the bloodstream than controls IgG/3DNA and 3DNA alone, 
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e.g. 17.6%, 41.9%, and 53.3% ID in blood at 1 min, respectively (Figure 23A). At 60 

min, however, both 3DNA alone and anti-ICAM/3DNA showed low blood levels, i.e. 

7.3% vs. 3.0% ID respectively, while IgG/3DNA was 28.6% ID. The faster removal of 

3DNA alone vs. IgG/3DNA is in agreement with the increased stability of Ab-coated 

3DNA observed in vitro. On the other hand, the fact that anti-ICAM/3DNA shows 

shorter circulation time pairs well with a phenomenon previously observed for anti-

ICAM NPs, including polystyrene or PLGA formulations, shown to be due to fast 

targeting of endothelial ICAM-1, which is readily accessible from the 

bloodstream.7,152,241 Moreover, the removal of Ab/3DNA from the bloodstream was 

faster compared to prototype 3DNA formulations, also tested in this study by our lab, 

although not shown here.110
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Figure 23. Biodistribution of anti-ICAM/3DNA. 
125I-IgG/3DNA, 125I-anti-ICAM/3DNA, or control 125I-3DNA were I.V. injected in C5BL/6 mice. (A) Circulation was calculated at the indicated 
times between injection and at sacrifice at 60 min, as the percentage of the injected dose (% ID). (B) Organ biodistribution at sacrifice was 
calculated as % ID per gram (%ID/g) to compare organs of different weight. (C) Organ-to-blood distribution expressed as the localization ratio 
(LR), was calculated as % ID/g in an organ divided by % ID/g in blood. Data are mean ± S.E.M. *Compares either Ab/3DNA vs. 3DNA alone; 
#compares anti-ICAM/3DNA vs. IgG/3DNA (p < 0.05 by Student's t-test). 
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In accord with the concept that fast bloodstream removal does not necessarily 

impair binding of readily accessible targets such as ICAM-1, anti-ICAM/3DNA 

remarkably accumulated in the lung, the main ICAM-1 target: 18.0% ID by 60 min 

(Figure 24A) and 124.3% ID/g (Figure 23B), well above lung accumulation of 

IgG/3DNA (0.4% ID and 2.8% ID/g) or prototype anti-ICAM/3DNA.110 Accumulation 

of anti-ICAM/3DNA in the liver (40.2% ID and 35.2% ID/g) was lower than that of 

IgG/3DNA (50.2% ID and 46.5% ID/g). In addition, anti-ICAM/3DNA surpassed 

IgG/3DNA in other organs, including the heart, spleen, etc. (Figure 23B). 3DNA 

without Ab coating was least abundant in the liver (20.8% ID and 15.5% ID/g) and 

most abundant in the kidney (3.2% ID and 8.3% ID/g), which agrees with in vitro 

observations of its lower stability, and may result in faster liver degradation with kidney 

clearance of small degradation products. Ultimately, the localization ratio (LR), which 

is a measure of the tissue-to-blood distribution, showed good organ retention of anti-

ICAM/ 3DNA over control formulations (Figure 23C). Moreover, the lung-to-liver LR 

(not shown) was 3.45 for anti-ICAM/3DNA vs. 0.06 for IgG/ 3DNA, representing a 

remarkable targeting specificity (SI), which is used to estimate the targeting advantage 

(SI is the LR of a targeted formulation over LR of the non-targeted counterpart); the SI 

showed 424- and 88-fold enhancement in lung targeting compared to IgG/ 3DNA and 

3DNA, respectively (Figure 24B). 
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6.2.4. Comparison of Anti-ICAM Ab and Anti-ICAM/3DNA Regarding their In 

Vivo Biodistribution 

We further compared the biodistribution and blood kinetics of anti-

ICAM/3DNA and a control anti-ICAM Ab (anti-ICAM), upon their I.V. administration 

in mice. Although both formulations were rapidly removed from the bloodstream, anti-

ICAM/3DNA was removed much faster than anti-ICAM Ab: 4.0% and 49.5% ID at 5 

min, respectively (Figure 25A). The faster removal of NPs from the bloodstream 

compared to Abs is in agreement with the findings in the literature.152 

 

Figure 24. Biodistribution and specific targeting of anti-ICAM/3DNA. 
125I-IgG/3DNA, 125I-anti-ICAM/3DNA, or control 125I-3DNA were I.V. injected in C5Bl/6 
mice. (A) Organ distribution at sacrifice (60 min) was expressed as the percentage of the 
injected dose (% ID). (B) Specificity index (SI) represents the tissue-over-blood 
accumulation for the targeted vs. the non-targeted formulation (see Materials and Methods). 
Data are mean ± S.E.M. *Compares either Ab/3DNA vs. 3DNA alone; #compares anti-
ICAM/3DNA vs. IgG/3DNA (p < 0.05 by Student’s t-test). 
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Figure 25. Comparative biodistribution of anti-ICAM/3DNA vs. anti-ICAM Ab. 
125I-anti-ICAM/3DNA, or 125I-anti-ICAM Ab were I.V. injected in C5BL/6 mice. (A) Circulation was calculated at the indicated times between 

injection and at sacrifice at 60 min, as the percentage of the injected dose (% ID). (B) Organ biodistribution at sacrifice was calculated as % ID 
per gram (%ID/g) to compare organs of different weight. (C) Organ-to-blood distribution expressed as the localization ratio (LR), was calculated 

as % ID/g in an organ divided by % ID/g in blood. Data are mean ± S.E.M. *p < 0.05 by Student's t-test. 
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The faster removal of anti-ICAM/3DNA from the bloodstream compared to 

anti-ICAM, which was expected due to the larger size and multivalent presentation of 

targeting ligands by anti-ICAM/3DNA, occurred because of enhanced biodistribution 

to the lungs, liver, and spleen (Figure 25B and Figure 26A). In particular, compared 

to anti-ICAM, anti-ICAM/3DNA showed 1.6-, 3.5-, and 2.8-fold greater %ID for the 

lungs, liver, and spleen, respectively, which encompassed a total of 61.8% vs. 24.2%ID 

found in these organs for the anti-ICAM/3DNA vs. anti-ICAM, respectively. Also, the 

biodistribution of the anti-ICAM/3DNA to the kidneys and brain was lower compared 

to the anti-ICAM, with no significant change in the heart: e.g., 0.7-, 0.4-, and 0.7-fold 

difference in the %ID, respectively. Nevertheless, the organ to blood localization ratio 

was enhanced for anti-ICAM/3DNA in all the organs as compared to anti-ICAM 

(Figure 25C). Moreover, anti-ICAM/3DNA specifically targeted all the organs, and 

the specificity of targeting was enhanced compared to anti-ICAM: 26.6-, 5.5-, 9.8-, 

13.0-, 7.8-, and 13.9-fold increase for the lungs, liver, spleen, kidneys, brain, and heart, 

respectively (Figure 26B). 
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6.2.5. Visualization of Anti-ICAM/3DNA Targeting the Lungs In Vivo 

Lung targeting was further verified using fluorescence microscopy to visualize 

anti-ICAM/3DNA in the lungs. For these experiments, 3DNA was labeled with Cy3 

and Abs as indicated. Lung perfusion was performed to remove blood from the lungs, 

followed by organ fixation and processing by the Histoserv company. Dr. Solomon has 

helped with these experiments: we worked together on the injections, animal 

perfusions, and imaging, and Dr. Solomon performed deparaffinization and staining of 

the slides, as well as image processing. Fluorescence images showed profuse presence 

 

Figure 26. Comparative biodistribution and specific targeting of anti-ICAM/3DNA vs. 
anti-ICAM Ab. 
125I-anti-ICAM/3DNA, or 125I-anti-ICAM Ab were I.V. injected in C5BL/6 mice. (A) 

Circulation was calculated at the indicated times between injection and at sacrifice at 60 min, 

as the percentage of the injected dose (% ID). (B) Organ biodistribution at sacrifice was 
calculated as % ID per gram (%ID/g) to compare organs of different weight. (C) Organ-to-

blood distribution expressed as the localization ratio (LR), was calculated as % ID/g in an 

organ divided by % ID/g in blood. Data are mean ± S.E.M. *p < 0.05 by Student's t-test. 
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of anti-ICAM/3DNA, but not IgG/3DNA in the lung tissue (Figure 27A). Moreover, 

anti-ICAM/3DNA formulation colocalized with PECAM-1-positive endothelium 

(Figure 27B), as expected. Anti-ICAM/3DNA seemed to locate on the endothelial 

surface and intracellularly (Figure 27B), although detailed studies to define 

mechanistic aspects will need to compare various time points in appropriate transgenic 

or knockout models. Importantly, dual-color tracing of 3DNA (red) vs. Ab (green) 

counterparts revealed that both components colocalized in the lung tissue (Figure 

27A), further supporting anti-ICAM-mediated targeting of 3DNA. Histological 

examination showed no apparent differences between the lungs of mice injected with 

anti-ICAM/ 3DNA vs. IgG/3DNA. This is despite profuse pulmonary accumulation of 

the anti-ICAM/3DNA, suggesting relative safety which will be examined in detail in 

future studies.
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Figure 27. Visualization of anti-ICAM/3DNA in the lungs and histology. 
Control IgG/Cy3-3DNA or anti-ICAM/Cy3-3DNA were I.V. injected in C57BL/6 mice and lungs were isolated and processed at sacrifice at 60 
min. (A) Confocal microscopy showing Cy3-3DNA (red), while the Ab counterpart was visualized using a FITC- secondary Ab (green). 
Arrowheads show colocalization of the Ab with cy3-3DNA. Cell nuclei were stained blue with DAPI. (B) Confocal microscopy showing anti-
ICAM/Cy3-3DNA (red) and endothelial cells visualized using polyclonal anti-PECAM-1 + FITC-secondary Ab (green). Arrows indicate 
colocalization of cy3-3DNA with PECAM-1. Cell nuclei were stained blue with DAPI. (C) H&E staining. Respective scale bars are shown. Dr. 
Solomon helped with this experiment as described in the text. 
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In addition, to better understand the fast blood clearance of anti-ICAM/3DNA 

as seen in Figure 23A, which may be caused by fast targeting to ICAM-1 on the surface 

of blood vessels, we decided to visualize anti-ICAM/3DNA at an earlier time point. 

Indeed, 5 min after injection, fluorescence microscopy showed abundant anti-

ICAM/3DNA, but not IgG/3DNA colocalization with PECAM-1-positive endothelium 

throughout the lungs (Figure 28). Therefore, lung targeting was rapid and well-

evidenced within 5 min of administration.
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Figure 28 Visualization of anti-ICAM/3DNA in the lungs 5 min post administration. 
Control IgG/Cy3-3DNA (right) or anti-ICAM/Cy3-3DNA (left) were I.V. injected in C57BL/6 mice and lungs were isolated and processed at 
sacrifice at 5 min. Fluorescence microscopy showing colocalization of Cy3-3DNA (red), and endothelial cells visualized using polyclonal anti-
PECAM-1 + FITC-secondary Ab (green). Yellow color indicates colocalization of cy3-3DNA with PECAM-1. Cell nuclei were stained blue 
with DAPI. 50 µm scale bar is shown. Dr. Solomon helped with this experiment as described in the text. 
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6.2.6. Comparison of Anti-ICAM/3DNA and Anti-ICAM/PLGA Nanoparticles 

Regarding their In Vivo Biodistribution 

In retrospect, comparing these results to those previously published for various 

other anti-ICAM NPs, it appears the anti-ICAM/3DNA formulation surpassed previous 

ones in terms of lung-to-blood distribution and specific targeting: e.g., lung LR for anti-

ICAM polystyrene NPs reported by Papademetriou et al.241 was 32 and SI against 

IgG/polystyrene NPs was 18, while here these values were much greater (as described 

above). Although Ab-NP formulations reported by Papademetriou et al.241 are not built 

from Ab-DNA and had not been matched side-by-side with Ab/3DNA in terms of 

targeting valency (the number of Abs on the coat), the reported formulations had 

similar size, PDI, and ζ- potential as Ab/3DNA. Nevertheless, to verify the enhanced 

targeting of 3DNA designs more accurately, we prepared Ab/PLGA NPs and 3DNA 

counterparts with matching parameters. As expected (Section 6.2.2, Table 3), PLGA 

NPs had increased average diameter and PDI upon coating with Abs (from 155 nm to 

≈200 nm, and from 0.07 to ≈0.2 PDI) and less negative ζ-potential (from −59 mV to 

≈−35 mV). In addition, coating PLGA NPs with anti-ICAM or control IgG resulted in 

formulations with similar parameters: 208 vs. 196 nm, 0.17 vs. 0.22 PDI, and −32 vs. 

−37 mV. These values were similar to those observed for 3DNA counterparts; e.g., 

≈180 nm, ≈0.2 PDI, and ≈−40 mV for Ab/3DNA. Importantly, both 3DNA and PLGA 
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displayed similar number of targeting Abs: 78.6 ± 5.6 and 88.6 ± 0.3 Ab molecules per 

particle, respectively. 

Then, biodistribution of Ab/PLGA formulations was tested in vivo. Because the 

lungs, liver, and spleen represented the organs which received the highest %ID of anti-

ICAM/3DNA (Figure 24A), we focused on these organs. Direct comparison of 3DNA 

and PLGA formulations (Figure 29A) showed anti-ICAM/PLGA disappeared from the 

circulation similarly as fast as anti-ICAM/3DNA (e.g., 3.9% and 2.6% ID by 60 min). 

Accumulation of anti-ICAM/PLGA in the intended target, the lungs, was 3.5% ID 

(Figure 30A) and 28.3% ID/g (Figure 29B), which was specific over control 

IgG/PLGA (e.g., SI was 4.6-fold; Figure 30B). While specific, the lung accumulation 

of anti-ICAM/PLGA was markedly lower than that of anti-ICAM/3DNA (6.0-fold and 

5.6-fold lower comparing % ID and %ID/g, respectively). In addition, anti-

ICAM/PLGA showed increased liver and spleen accumulation over anti-ICAM/3DNA: 

i.e., 2.1- and 2.5-fold increase in the %ID/g in the liver and spleen, respectively (Figure 

29B). The tissue-to-blood LR was 9.7-fold greater for anti-ICAM/3DNA counterparts 

(Figure 29C), and the ratio of lung-to-liver LR (not shown) was 11.6-fold higher for 

anti-ICAM/3DNA, which was 144-fold more specific in targeting the lungs than anti-

ICAM/PLGA (compare SI in Figure 30B).
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Figure 29. Comparative in vivo biodistribution of anti-ICAM/3DNA vs. anti-ICAM/PLGA formulations. 
125

I-anti-ICAM/3DNA or 
125

I-anti-ICAM/PLGA I.V. injected in C5BL/6 mice. (A) Circulation was calculated at the indicated times between 

injection and at sacrifice at 60 min, as the percentage of the injected dose (% ID). (B) Organ biodistribution at sacrifice was calculated as % ID 

per gram (%ID/g) to compare organs of different weight. (C) Organ-to-blood distribution expressed as the localization ratio (LR), was calculated 

as % ID/g in an organ divided by % ID/g in blood. Data are mean ± S.E.M. *p < 0.05 by Student's t-test. 
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Figure 30. Comparative in vivo biodistribution of anti-ICAM/3DNA vs. anti-
ICAM/PLGA formulations. 
125I-anti-ICAM/3DNA or 125I-anti-ICAM/PLGA I.V. injected in C5Bl/6 mice. (A) Organ 

distribution at sacrifice (60 min) was expressed as the percentage of the injected dose (% 

ID). (B) Specificity index (SI) represents the tissue-over-blood accumulation for the targeted 

vs. the non-targeted formulation (see Materials and Methods). Data are mean ± S.E.M. * p 

< 0.05 by Student’s t-test. 
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This difference in targeting capacity between Ab/3DNA NC and other 

polymeric NPs was unexpected a priori and could be due to several differences in the 

design. These differences stem from the: 1) difference in Ab modification and 

mechanisms of coupling to the NPs, 2) differences in the control and topography of the 

Ab presentation, 3) differences in the core of the NPs. The first two points may alter 

the binding ability of Abs on the NPs. Although this could be due to the detachment of 

Abs adsorbed on the PLGA surface upon injection, our previous work has shown 

surface adsorption on particles, just as in ELISA applications, is relatively stable: no > 

10–15% of the Ab coat detaches upon incubation with serum.100,266 Another possibility 

is that adsorption restricts movement of the Abs on the NP surface, but also induces 

conformational changes that could affect Ab binding.166 On the other hand, conjugation 

of oligos and linkers onto the Abs could also change the Ab properties, but also 

modulate their availability for binding.128 The difference could also come from the 3D 

topography and uniformity of the Ab presentation, as well as Ab presentation 

dynamics, whereby 3DNA is organized into the branches that may result in highly 

dynamic surface, while PLGA conforms into random coils that may result in the “solid” 

surface that is less dynamic. Aside from the possibility that the surface properties may 

influence targeting via Abs, they can also influence their interactions with scavenger 

receptors and the inherent immunogenicity. Lastly, these surface properties are 

propagated from the cores of these particles; the 3DNA configuration may be 

structurally more flexible than PLGA NPs. This can affect their transport in blood, but 
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also binding kinetics and the stability of Ab binding to the targeted marker (ICAM-1) 

on the endothelial surface, resulting in higher in vivo accumulation in target organs 

(e.g., the lungs). Future studies will examine whether conjugation of anti-ICAM on 

PLGA NPs with appropriate spacers, for a more accurate comparison, may render this 

formulation to be more specific and similar to the anti-ICAM/3DNA formulation. 

6.3. Conclusion 

DNA-built nanostructures are showing promise in the realm of targeted drug 

delivery, yet the behavior of these systems in vivo is still poorly characterized due to 

their relative novelty. In this study, we investigated an Ab-DNA-built and highly 

branched carrier, anti-ICAM/3DNA. We looked at the anti-ICAM/3DNA stability in 

serum, and the biodistribution in mice after an I.V. injection to learn about their relevant 

bio-physicochemical characteristics in a translationally relevant model of pulmonary 

ICAM-1 targeting. Our results demonstrate that, for the similar size, PDI, ζ-potential, 

and number of targeting Abs, anti-ICAM/3DNA largely outperformed anti-

ICAM/PLGA NPs. This was demonstrated by superior anti-ICAM/3DNA 

accumulation in the targeted organ, the lungs, along with reduced accumulation in 

clearance organs: the liver, spleen, and kidneys. To the best of our knowledge, no other 

Ab- and DNA-built NP has demonstrated such a high targeting specificity in vivo; per 

SI, anti-ICAM/3DNA accumulated in the lungs 424-fold over the control IgG/3DNA, 

despite serum proteins, degrading enzymes, and the presence of scavenger receptors 
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throughout the body. This demonstrated that the targeting functionality can be designed 

for DNA NPs, in a similar or greater capacity than for most other targeted 

nanomedicines. Moreover, this confirmed that the level of targeting specificity for 

ICAM-1-targeted NPs is remarkable compared to most other targeted nanomedicines, 

which highlights the fact that active targeting by affinity ligands offers a great 

opportunity to enhance site-specific drug delivery. Nevertheless, as in the case of 

ICAM-1 targeting, the selected targets need to be expressed at specific sites and need 

to be accessible from the bloodstream in order to enhance targeting. Whether a similar 

degree of specificity will be achieved for DNA-NPs by targeting other markers will 

need to be investigated. Furthermore, the role of opsonization and the protein corona 

of the Ab/3DNA will require careful examination, yet it is expected that there would 

be no significant difference between the opsonization of anti-ICAM/3DNA vs. the 

IgG/3DNA due to the similarity between their surface characteristics. Namely, specific 

anti-ICAM and non-specific IgG are similar molecular species and were used at the 

same Ab valency. In this case, the preferential anti-ICAM/3DNA distribution to the 

lungs is due to anti-ICAM targeting, just as what was observed for the control anti-

ICAM and other anti-ICAM-targeted NPs. In addition, while these efforts are highly 

supportive of advancing clinical applications, future work must carefully examine the 

potential side effects of anti-ICAM/3DNA technology, to rationally guide its 

development. Nevertheless, given the high degree of versatility, flexibility, and control 

for anti-ICAM/3DNA design, including the use of nonimmunological DNA sequences, 
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this platform technology is highly attractive and holds great potential to develop into 

valuable therapeutic applications. 
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Chapter 7: Modulating Design Parameters of ICAM-1-

Targeted 3DNA Nanocarriers to Tune Pulmonary 

Targeting for Drug Delivery 

7.1. Introduction 

In Chapter 6, we demonstrated that anti-ICAM/3DNA could provide highly 

specific and efficient targeting to the lungs, which was similar or better compared to 

other ICAM-1-targeted NP systems. In Chapter 7, we explored the role of additional 

anti-ICAM/3DNA properties in targeting. Apart from the selection of the target, other 

NP properties, including NP size,31,68 concentration,82,95,210 and the number of targeting 

ligands,75,217,218 may modulate the delivery of anti-ICAM/3DNA as demonstrated for 

other NP systems.95,127,267 Moreover, DNA-NPs are highly programmable and hold 

promise as precision nanomedicines. This precision may translate into improved 

control over the modulation of their targeting functions. However, only a few studies 

have examined and shown the relevance of these parameters for DNA-

NPs.75,82,21775,217,218 

3DNA represents a good model to study this topic due to its precise and modular 

size, as well as the number and topography of outer arms that can carry various 

molecules.90,91,232 These design parameters are expected to not only influence the 

targeting and biodistribution of anti-ICAM/3DNA, but also influence the delivery of 
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intercalating or arm-linked drugs it may carry. While increasing the number of Abs that 

occupy 3DNA terminal arms (i.e., surface loading) may favor specific targeting, it 

would also reduce the number of therapeutic molecules that can be linked to the 

remaining arms. On the other hand, tuning the targeting valency would not affect the 

inner loading of a drug, but may still influence biodistribution. Furthermore, varying 

the size of anti-ICAM/3DNA would impact the drug carrying capacity for both 

locations (i.e. arm and inner loading), and may impact targeting and biodistribution. 

Due to the simultaneous influence from modulating all of these anti-ICAM/3DNA 

properties, the resulting targeting and biodistribution are difficult to predict and must 

be empirically examined. Hence, we explored the anti-ICAM/3DNA formulations of 

different sizes, targeting valency, and dose concentration to examine the simultaneous 

and hierarchical influence of these parameters on their biodistribution. The 

biodistribution data were then used to predict the influence of these parameters in the 

delivery of inner- vs. surface-loaded drugs (e.g., intercalating vs. arm-linked), 

providing valuable guidance for the future modulation of anti-ICAM/3DNA-mediated 

drug delivery to the lungs, a relevant target for pulmonary conditions, but also delivery 

to other organs for systemic treatment. 
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7.2. Results and Discussion 

7.2.1. Role of Targeting Valency and Dose Concentration on the Biodistribution 

of 4-Layer Anti-ICAM/3DNA 

Moving forward with evaluating anti-ICAM/3DNA targeting properties, we 

first examined the effect of the targeting valency on the biodistribution of 4L anti-

ICAM/3DNA administered via the I.V. route. To obtain specific anti-ICAM/3DNA 

targeting valencies, 3DNA was mixed at various molar ratios with the anti-ICAM-oligo 

(Ab-oligo) conjugate whose sequence is complementary to the 3DNA outer arms, as 

explained in Materials and Methods Section. The prepared anti-ICAM/3DNA 

formulations had 80, 46, 13, or 0 anti-ICAM molecules per NC; this amounted to 

targeting density of 879, 506, 143, or 0 anti-ICAM/µm2 of 3DNA surface (Table 5). 

To clarify, non-specific IgG/3DNA control (505.5 IgG/µm2 of 3DNA surface) was 

used as the anti-ICAM/3DNA targeting valency 0 (i.e., 0 anti-ICAM molecules per 

NC). These formulations showed similar mean hydrodynamic diameter (160-197 nm 

average diameter), polydispersity index (PDI 0.18-0.25), and ζ-potential (-39 to -45 

mV). The change in the size and ζ-potential for the Ab/3DNA as compared to control 

3DNA without Ab-oligo conjugates (170 nm and −19 mV, respectively), indicated 

successful modification of 3DNA surface with Ab-oligo.
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Table 5. Characterization of anti-ICAM/3DNA and control formulations. 

Formulation 

Targeting 
Ab 

Valency 
(Ab/NC) 

Targeting 
Ab Density 
(Ab/ µm2) 

Mean diameter 
(nm) PDI ζ-potential 

(mV) 

4L 3DNA      
     No Ab N/A N/A 170.4±7.5 0.22 -19.1±0.6 

     IgG control(i) 0 0 181.2±5.1 0.23 -42.7±0.5 

     Anti-ICAM1 13 142.8 160.0±3.5 0.18 -39.1±0.8 

     Anti-ICAM2 46 505.5 179.5±5.7 0.25 -43.6±0.1 

     Anti-ICAM3 80 879.1 196.6±3.5 0.20 -45.0±0.1 

2L 3DNA      
     No Ab N/A N/A 84.5±12.1 0.25 -19.24±1.2 

     IgG control(ii) 0 0 114.4±3.1 0.34 -38.6±2.1 

     Anti-ICAM1 6 545.5 113.0±4.4 0.35 -36.9±1.8 

     Anti-ICAM2 14 1272.7 120.4±3.0 0.29 -35.3±0.3 

Ab = antibody; NC = nanocarrier; PDI = polydispersity index. Data are mean ± S.E.M.  

(i) 4L IgG/3DNA control contained 0 anti-ICAM molecules (targeting valency 0) and 46 IgG 

molecules/NC (505.5 Ab/µm2). 

(ii) 2L IgG/3DNA control contained 0 anti-ICAM molecules (targeting valency 0) and 6 IgG molecules/NC 

(545.5 Ab/µm2). 
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As shown in Table 6, all the anti-ICAM/3DNA formulations redistributed rapidly from 

the bloodstream upon their I.V. administration in anesthetized mice. Nevertheless, anti-

ICAM/3DNA formulations with higher valencies were removed faster from the 

bloodstream: e.g., formulations with valency 13, 46, and 80 Abs/NP had 22, 18, and 11 

percent of the injected dose (%ID) remaining in the blood at 1 min after administration, 

respectively. Blood levels of anti-ICAM/3DNA were then lowered even further to 3.1-

4.0 %ID for all targeted formulations by 5 min, after which no main changes occurred. 

In contrast to targeted formulations, the control IgG/3DNA (targeting valency 0) had a 

higher blood level (29 %ID vs. 2-3 %ID for any anti-ICAM/3DNA at 60 min; Table 

6). 
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Table 6. Blood distribution for anti-ICAM/3DNA and control formulations. 

Formulation 
% ID in Blood 

1 min 5 min 15 min 30 min 60 min 
4L 3DNA      
     No Ab 53.3±1.9 4.7±0.7 14.3±0.7 2.2±0.2 7.3±2.1 

     IgG control(i)21.5 41.9±2.9 17.2±0.4 31.2±1.4 23.5±1.0 28.6±2.2 

     Anti-ICAM13
21.5 21.8±1.9 3.1±0.1 1.7±0.3 2.4±0.1 2.3±0.2 

     Anti-ICAM46
21.5 17.6±2.9 4.0±0.3 2.7±0.6 3.3±0.4 3.0±0.2 

     Anti-ICAM80
21.5 11.2±1.0 3.6±0.1 4.3±0.3 3.4±0.5 2.5±0.2 

     Anti-ICAM80
12.9 13.4±1.5 ND 3.5±0.3 3.1±0.4 2.6±0.1 

     Anti-ICAM80
2.2 20.7±4.3 5.3±0.8 3.3±0.6 2.6±0.5 2.7±0.3 

2L 3DNA      
     No Ab 57.8±7.0 28.5±2.6 12.4±1.3 ND 8.2±0.6 

     IgG control(ii)194 55.3±1.9 33.8±0.9 30.6±2.1 ND 34.2±1.4 

     Anti-ICAM6
194 31.2±2.9 4.7±0.9 4.2±0.6 3.1±0.3 2.5±0.3 

     Anti-ICAM14
194 18.1±2.5 6.1±0.3 4.5±0.2 4.0±0.3 3.8±0.1 

     Anti-ICAM14
19.4 25.0±4.1 4.5±0.9 2.7±0.0 2.8±0.5 2.2±0.3 

Ab = antibody; % ID = percentage of the injected dose; ND = not determined. Data are 
mean ± S.E.M. 
The subscript on the Ab name represent the targeting valency (Ab molecules per NC) shown 
in Table 5. 
The superscript is the dose concentration (number of NCs per kg of BW). All values must be 
multiplied by 1012. 
(i) 4L IgG/3DNA control contained 0 anti-ICAM molecules (targeting valency 0) and 46 IgG 
molecules/NC. 
(ii) 2L IgG/3DNA control contained 0 anti-ICAM molecules (targeting valency 0) and 6 IgG 
molecules/NC. 

 

The observed kinetic profile differences, which were caused by the increase in 

formulation valency, may be explained by faster targeting to ICAM-1 on the surface of 
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blood vessels. The similar concept was demonstrated in the Chapter 6, where fast 

removal from the bloodstream was due to the targeting to the lungs and other organs. 

Indeed, at 60 min post administration, we observed the trend that increasing the valency 

of anti-ICAM/3DNA led to the higher lung targeting (Figure 31A): 113, 124, 138 %ID 

per gram of tissue (%ID/g, a concentration-like parameter to compare among organs of 

very different mass within the same animal or animals with the same organ masses) for 

valency 13, 46, and 80 formulations. The lung targeting for all the anti-ICAM/3DNA 

formulations was specific compared to control IgG/3DNA (targeting valency 0), which 

only had 3 %ID/g in the lungs. In contrast, increasing the targeting valency of anti-

ICAM/3DNA resulted in lower concentrations in the clearance organs, liver and spleen: 

from 39 to 29 %ID/g and from 65 to 39 %ID/g, respectively; (Figure 31A). This may 

be explained by the redistribution of anti-ICAM/3DNA targeting to the lungs. 

Interestingly, the comparison with IgG/3DNA formulation showed that spleen 

biodistribution of the anti-ICAM/3DNA formulations (all valencies) was contributed 

in part by ICAM-1 targeting (24 vs. 39-65 %ID/g for IgG/3DNA), though increasing 

valency lowered spleen levels most likely due to the increased lung uptake. The level 

of the accumulation of the control IgG/3DNA in the spleen (24 %ID/g) may indicate 

the approximate contribution of the anti-ICAM/3DNA accumulation in the spleen 

which is due to the clearance mechanisms, indicating a combination of targeting and 

clearance for the anti-ICAM/3DNA in this organ. Moreover, the reduction in spleen 

targeting with the increased anti-ICAM/3DNA valency indicates that spleen targeting 
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may be either a direct function of valency or may be a function of a first-pass lung 

targeting, and therefore, indirectly a function of valency. However, ICAM-1 targeting 

was not apparent in the liver (47 vs. 39 %ID/g for IgG/3DNA), despite this organ being 

reported to have a considerable ICAM-1 content.99,268 Furthermore, the heart and 

kidneys received increasing levels of targeted formulations with increasing valencies. 

This was expected since ICAM-1 is expressed on the endothelium in these organs.99 

Notably, the kidneys are a filtration organ for smaller objects and degradation 

fragments, and may contain some degradation products that are being filtered to the 

bladder. Moreover, although anti-ICAM/3DNA levels in heart and kidneys were much 

lower than in the lungs, liver and spleen (4 and 9 %ID/g for the heart and kidneys at 

the highest targeting valency; Figure 31A), these organs had 117 and 155 % increase 

in the %ID/g delivery for the highest targeting valency compared to the lowest targeting 

valency, while the lungs had 22% increase in the %ID/g delivery for the same 

comparison. The %ID in organsn for all the tested formulations is shown in the Table 

7.

 

n Note that the %ID in organs does not account for the different organ weights 

in each animal, and unlike the %ID/g, it can be used to compare the same organs of 

different sized animals, provided they have the same anatomy and physiology. 
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Figure 31. Role of targeting valency and dose concentration in the biodistribution of 4L anti-ICAM/3DNA. 
(A, B, C) Mice were injected with 4L 125I-anti-ICAM/3DNA bearing different targeting valencies (valency 0 = IgG/3DNA control), or (D, E, F) at different 
dose concentrations. Radioactive content and weight of the organs were determined at 60 min to calculate: (A, D) % injected dose per gram of organ (% ID/g); 
(B, E) the number of NCs per gram of organ; and (C, F) the Ab mass per gram of organ. Data are mean ± S.E.M. * Compares each condition with the condition 
of lowest parametric value, # compares remaining conditions with the condition of second lowest parametric value, $ compares remaining conditions with the 
condition of third lowest parametric value; (n ≥ 3; p < 0.05 by Student’s t-test). 
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Next, we looked at the additional performance metrics for the valency and dose 

response: the concentration of anti-ICAM/3DNA (i.e., NC component) and the 

concentration of the Ab component of the anti-ICAM/3DNA, both shown per gram of 

Table 7. Organ distribution for anti-ICAM/3DNA and control formulations. 

Formulation 
% ID in Organ 

Brain Heart Kidneys Liver Lungs Spleen 

4L 3DNA       
     No Ab 0.2±0.1 0.2±0.0 3.2±0.7 20.8±1.3 0.5±0.1 1.0±0.1 

     IgG control(i)21.5 0.2±0.0 0.1±0.0 1.1±0.1 50.2±2.0 0.4±0.1 2.2±0.1 

     Anti-ICAM13
21.5 0.1±0.0 0.2±0.0 1.3±0.1 45.8±1.3 14.5±1.1 4.7±0.4 

     Anti-ICAM46
21.5 0.1±0.0 0.4±0.0 2.6±0.3 40.2±1.7 18±1.0 3.5±0.3 

     Anti-ICAM80
21.5 0.2±0.0 0.5±0.0 3.2±0.3 35.5±0.8 18.6±0.5 3.0±0.2 

     Anti-ICAM80
12.9 0.2±0.0 0.5±0.0 2.8±0.2 32.7±2.4 21.1±1.4 3.5±0.6 

     Anti-ICAM80
2.2 0.1±0.0 0.3±0.0 1.9±0.0 39.2±1.1 18.4±0.8 3.6±0.3 

2L 3DNA       
     No Ab 0.1±0.0 0.2±0.0 2.4±0.2 20.6±1.1 0.5±0.1 1.3±0.1 

     IgG control(ii)194 0.3±0.0 0.2±0.1 1.6±0.2 46.2±1.2 0.6±0.0 1.8±0.2 

     Anti-ICAM6
194 0.1±0.0 0.4±0.0 2.2±0.1 37.5±1.1 18.4±0.7 4.6±0.2 

     Anti-ICAM14
194 0.2±0.0 0.5±0.0 4.3±0.2 39.2±2.3 13±0.3 3.5±0.1 

     Anti-ICAM14
19.4 0.1±0.0 0.3±0.0 1.9±0.1 34.3±2.3 19.6±1.3 3.3±0.6 

Ab = antibody; % ID = percentage of the injected dose; ND = not determined. Data are 
mean ± S.E.M. 
The subscript on the Ab name represent the targeting valency (Ab molecules per NC) shown 
in Table 5. 
The superscript is the dose concentration (number of NCs per kg of BW). All values must be 
multiplied by 1012. 
(i) 4L IgG/3DNA control contained 0 anti-ICAM molecules (targeting valency 0) and 46 IgG 
molecules/NC. 
(ii) 2L IgG/3DNA control contained 0 anti-ICAM molecules (targeting valency 0) and 6 IgG 
molecules/NC. 
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organ. As expected from the %ID/g analysis, increasing the targeting valency of anti-

ICAM/3DNA increased the concentration of the NC component in the lungs, while 

decreasing it in the liver and spleen (Figure 31B). The change in the lung delivery was 

not large at the tested conditions (6x1011-7x1011 NCs/g), which amounted to 22% 

increase in lung delivery as already mentioned. Increasing the targeting valency more 

acutely affected the concentration of the Ab component in the lungs: from 2 to 14 µg 

of Ab/g, which amounted to 634% increase (Figure 31C). Unlike the NC 

concentration, which decreased in the liver and spleen with increasing valency, anti-

ICAM concentration increased in these organs by 342% and 266%, respectively. This 

can be explained as increasing valency from 13 to 80 only modestly reduced the %ID/g 

in these clearance organs (Figure 31A), yet each NC carried a very different number 

of anti-ICAM molecules (from 13 to 80). In addition, the delivery of anti-ICAM was 

increased by 1207 and 1432% in the heart and kidneys, respectively. 

Next, we explored the role of the concentration (referred to as dose 

concentration) of anti-ICAM/3DNA injected I.V. in mice. For these experiments, the 

concentration of the anti-ICAM/3DNA was varied, while keeping the injection volume 

constant. Increasing the dose concentration from 2.2x1012 to 1.3x1013 and to 2.2x1013 

NCs/kg of BW affected the circulating levels, e.g., 20.7 vs. 11.2 %ID for the lowest 

and highest dose at 1 min after injection (Table 6). Yet, by 5 min no differences were 

observed (3.6-5.3 %ID), suggesting that targeting may have been achieved, as 

demonstrated in Chapter 6. We next looked at the organ biodistribution. Varying the 
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dose concentration did not impact the proportion of the injected dose reached per gram 

of lung (Figure 31D), neither did it impact the clearance organs, liver and spleen. 

Nevertheless, increasing the dose concentration enhanced the concentration of both 

NCs and Ab reaching the lungs by 941% (from 7x1010 to 7x1011 NCs/g and from 1 to 

14 Ab/g; Figure 31E and F). This also enhanced the NC and Ab concentration in the 

liver and spleen (e.g., from 0.3 to 3 and 0.4 to 4 Ab/g, respectively). In addition, 

increasing the dose concentration enhanced the proportion of the injected dose reached 

per gram of the brain (not shown), heart, and kidneys by 33, 57, and 80%, respectively. 

In summary, increasing the targeting valency of anti-ICAM/3DNA increased 

biodistribution to the lungs (target) and decreased biodistribution to the liver and spleen 

(off-target) based on the %ID/g (Figure 31A), while varying the dose concentration 

(Figure 31D) did not seem to change biodistribution in a similar manner under the 

tested conditions. Therefore, compared to dose concentration, changing targeting 

valency seemed advantageous for lung specificity and modulation of biodistribution. 

Nevertheless, NC concentration found in organs revealed that changing the dose 

concentration was advantageous for this measurement compared to targeting valency 

as it greatly impacted delivery to lungs, but also the other organs (Figure 31B vs. E). 

On the other hand, the Ab concentration (Figure 31C vs. F) revealed a similar trend of 

increased delivery to all the organs, regardless of whether targeting valency or dose 

concentration were increased. Hence, when increasing the targeting valency or dose 

concentration one must consider whether the increase in formulation uptake by the 
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target organ, the lungs, compensates for the higher liver-spleen uptake of the Ab 

component. Depending on the application intended, these adjustments may cause side 

effects in clearance organs (e.g., if anti-ICAM would prevent the positive influence of 

ICAM-1 in certain conditions) or beneficial effects (e.g., if anti-ICAM would block the 

negative influence of ICAM-1 in other conditions), as both are possible based on 

literature.268,269 

7.2.2. Role of Targeting Valency and Dose Concentration of 4-Layer Anti-

ICAM/3DNA for Intercalating vs. Arm-Linked Drugs 

Next, we estimated how the biodistribution of anti-ICAM/3DNA would impact 

the biodistribution of drugs that 3DNA can potentially carry within the 3DNA construct 

or on the surface of 3DNA. We assumed the absence of degradation, the absence of 

premature release, and no effects on the biodistribution due to the presence of the drugs. 

As described in the Background section, loading of an intercalating drug in 3DNA 

(inner loading) depends on the DNA content. Genisphere® LLC estimates a loading 

capacity of 550 doxorubicin molecules per 2L 3DNA and 4950 doxorubicin molecules 

per 4L 3DNA (unpublished). Hence, we used this factor to plot the biodistribution of 

an intercalating drug, expressed as the number of effective intercalation sites per gram 

of tissue (Figure 32A). On the other hand, loading of an arm-linked drugs (surface 

loading) depends on the number of 3DNA arms available for coupling (not occupied 

with targeting Ab) with absolute efficiency of oligo annealing using substoichiometric 
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ratios. Thus, we used this factor to plot the biodistribution of an arm-linked drug 

(Figure 32B). As expected, increasing the targeting valency of anti-ICAM/3DNA 

enhanced lung concentration of drug-intercalating sites and decreased that in the liver 

and spleen (Figure 32A). However, increasing the targeting valency of anti-

ICAM/3DNA resulted in a decrease in the concentration of free arms available for drug 

loading in the lungs, liver and spleen (Figure 32B), suggesting that the targeting/non-

targeting gain obtained from increasing valency within this range may not compensate 

for the loss of NC arms available for drug coupling. In contrast, increasing the 

concentration of anti-ICAM/3DNA in the injected dose enhanced the concentration of 

both drug-intercalating sites and drug-coupling arms in the lungs, liver, and spleen 

(Figure 32C-D). Furthermore, increasing the dose concentration caused the 941% 

increase in lung delivery of both drug types, while modulation of the targeting valency 

resulted in 22% increase in lung delivery of drug-intercalating sites and 8% decrease 

of drug-coupling arms. Therefore, within the range tested, the advantage of increasing 

anti-ICAM/3DNA valency seems more valuable for lung delivery of intercalating 

compared to arm-linked drugs, while increasing the dose concentration impacts both 

drug types similarly and with greater impact on total drug delivery as compared to the 

valency response. 
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Figure 32. Effect of 4L anti-ICAM/3DNA targeting valency and dose concentration on 
the potential biodistribution of intercalating and arm-coupling drugs. 
4L 125I-anti-ICAM/3DNA were I.V. injected in C57BL/6 mice at (A, B) different targeting 
valencies, or (C, D) different dose concentrations. Organs radioactive content and weight 
were determined at 60 min to calculate: (A, C) the number of DNA drug-intercalating sites 
per gram of organ; and (B, D) the number of outer arms free for drug coupling per gram of 
organ. Data are mean ± S.E.M. * Compares each condition with the condition of lowest 
parametric value, # compares remaining conditions with the condition of second lowest 
parametric value, $ compares remaining conditions with the condition of third lowest 
parametric value; (n ≥ 3; p < 0.05 by Student’s t-test). 
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7.2.3. Role of Targeting Valency and Dose Concentration on the Biodistribution 

of 2-Layer Anti-ICAM/3DNA 

In order to verify that the valency and dose findings are applicable across 

different formulation sizes, we focused on evaluating the valency and dose responses 

for the smaller 2L 3DNA formulations. First, as shown in (Table 5), we characterized 

the 2L formulations similarly as for the 4L. Coupling IgG or anti-ICAM to 2L 3DNA 

increased the mean hydrodynamic diameter from 85 nm (uncoated 3DNA) to 120 nm 

and changed the ζ-potential from -19 to -39, while the PDI stayed similar at ~0.3. 

Before testing the valency and dose responses of 2L anti-ICAM/3DNA, we first 

verified lung targeting as we did for the 4L counterparts in the Chapter 6. As for the 

4L, the 2L anti-ICAM/3DNA was removed fast from the bloodstream (Figure 33A): 

only 31 %ID was found in blood by 1 min vs. 55.3 and 57.8 % ID observed for 

IgG/3DNA or 3DNA, and by 5 min the respective blood biodistributions were 5, 33.8, 

and 22.8 %ID. This slightly higher blood level for the 2L formulations as compared to 

4L formulations (Table 6) seemed due to size-related properties, since it was observed 

for both anti-ICAM/3DNA and IgG/3DNA. Nevertheless, the lower blood level for 

targeted vs. untargeted counterparts followed the 4L trend, which is likely due to fast 

lung targeting as already seen for the 4L. Indeed, by 60 min, 2L anti-ICAM/3DNA 

rendered 147 %ID/g in the lungs, which was specific compared to the IgG/3DNA or 

3DNA controls: 5 and 4 %ID/g, respectively (Figure 33B). The liver and spleen 

biodistribution of 2L anti-ICAM/3DNA were 34 and 70 %ID/g, respectively. The 2L 
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anti-ICAM/3DNA also had lower blood levels and higher lung distribution compared 

to its Ab alone (not shown), which is expected due to the role of size in clearance and 

increased avidity of multivalent NCs.110 The specificity index of 2L anti-ICAM/3DNA, 

which takes into account the tissue-over-circulation levels for the targeted-over-

untargeted formulations (see Materials and Methods Section) was 501 or 129 for anti-

ICAM/3DNA over IgG/3DNA or 3DNA (Figure 33C), similar to values reported for 

4L counterparts.110 In addition, targeting in the lungs was verified by fluorescence 

microscopy, which indicated a high accumulation of 2L anti-ICAM/3DNA in the lungs, 

but not IgG/3DNA (Figure 33D). Furthermore, 2L anti-ICAM/3DNA colocalized with 

PECAM-1-positive endothelium. This result was similar to the 4L counterparts 

(Chapter 6).
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Figure 33. Biodistribution of 2L anti-ICAM/3DNA. 
125I-anti-ICAM/3DNA, control 125I-IgG/3DNA, or control 125I-3DNA were I.V. injected in C57BL/6 mice. (A) Circulation was calculated at the indicated 
times between injection and at sacrifice at 60 min, as the percentage of the injected dose (% ID). (B) Organ biodistribution at sacrifice was calculated as % 
ID per gram (%ID/g) to compare organs of different weight. (C) Specificity index (SI) represents the tissue-over-blood accumulation for the targeted vs. the 
non-targeted formulation (see Materials and Methods). (D) Control IgG/Cy3-3DNA (right) or anti-ICAM/Cy3-3DNA (left) were I.V. injected in C57BL/6 
mice and lungs were isolated and processed at sacrifice at 60 min. Fluorescence microscopy showing colocalization of Cy3-3DNA (red), and endothelial 
cells visualized using polyclonal anti-PECAM-1 + FITC-secondary Ab (green). Yellow color indicates colocalization of cy3-3DNA with PECAM-1. Cell 
nuclei were stained blue with DAPI. 50 µm scale bar is shown. Data are mean ± S.E.M. * Compares either Ab/3DNA vs. 3DNA alone; # compares anti-
ICAM/3DNA vs. IgG/3DNA; (p < 0.05 by Student's t-test). Dr. Solomon has helped with the fluorescence imaging experiments: we worked together on the 
injections, animal perfusions, and imaging, and Dr. Solomon performed deparaffinization and staining of the slides, as well as image processing. 
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After verifying the efficient and specific targeting for 2L anti-ICAM/3DNA, 

we tested the valency response for the 2L anti-ICAM/3DNA. Under the tested 

conditions for the 2L anti-ICAM/3DNA (targeting valencies of 6 vs. 14 Ab/NC 

corresponding to 545.5 vs. 1272.7 Ab/µm2 of 3DNA surface; Table 5), we observed 

that increasing valency decreased lung and spleen %ID/g by 32 and 28% without 

statistically significant change in the liver: from 34 to 37 %ID/g (Figure 34A). 

Nevertheless, the %ID/g increased in the brain, heart, and kidneys by 23, 21, and 84%. 

These biodistribution shifts for the 2L anti-ICAM/3DNA valency response was 

different than the ones recorded for the 4L counterparts. For example, with the 

increased valency, the biodistribution to lungs increased for the 4L anti-ICAM/3DNA 

formulations, while it decreased for the 2L anti-ICAM/3DNA formulations (Figure 

34A). Interestingly, although kidneys increased for both 2L and 4L anti-ICAM/3DNA 

formulations with increasing valency, the 2L formulation increased by 84%, while 4L 

increased by 39% when comparing medium valency with the highest valency (please 

note, the 2L was not tested at the lowest valency Table 5). In contrast, for the same 

comparison, the heart had greater increase for the 4L formulation compared to the 2L 

formulation (39 vs 21% increase). This dynamic interplay between organ distribution 

and the role of different parameters is further analyzed after the next section which 

evaluates the modulation of drug delivery by 2L anti-ICAM/3DNA valency and dose.
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Figure 34. Role of targeting valency and dose concentration in the biodistribution of 2L anti-ICAM/3DNA. 
C57BL/6 mice were I.V. injected with 2L 125I-anti-ICAM/3DNA at (A, B, C) different valencies (valency 0 = IgG/3DNA control), or (D, E, F) different dose 

concentrations. Organs radioactive content and weight were determined at 60 min to calculate: (A, D) % injected dose per gram of organ (% ID/g); (B, E) the 

number of NCs per gram of organ; and (C, F) the Ab mass per gram of organ. Control 125I-IgG/3DNA is represented as targeting valency 0. Data are mean ± 

S.E.M. * Compares each condition with the condition of lowest parametric value, # compares remaining conditions with the condition of second lowest 

parametric value; (n ≥ 3; p < 0.05 by Student’s t-test). 
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Next, we looked at how the valency modulated concentration of NCs in organs. 

As expected, the NC concentration in these organs correlated with the biodistribution 

results, and hence, showed similar behavior (Figure 34B). In contrast, the Ab 

concentration increased for increasing valencies in all organs (Figure 34C). As 

explained for the 4L formulations, the Ab delivery results were possible since the effect 

of increased Ab valency and associated increased Ab delivery dominated over the 

effect of decreased biodistribution in all the organs (Figure 31A-C). 

Next, we looked at the dose response of 2L anti-ICAM/3DNA biodistribution. 

Increasing the dose concentration of 2L anti-ICAM/3DNA from 1.9x1013 to 1.9x1014 

NCs/kg BW (Table 8) decreased lung targeting by 33% (from 150 to 100 %ID/g), 

without statistically significant differences in liver and spleen distribution (Figure 

34D). Nevertheless, the %ID/g increased in the brain, heart, and kidneys by 66, 75, and 

147%. As seen with the valency response, these biodistribution shifts for the 2L anti-

ICAM/3DNA dose concentration response was different than the ones recorded for the 

4L counterparts. For example, with the increased dose, the biodistribution to lungs did 

not change for the 4L anti-ICAM/3DNA formulations, while it decreased for the 2L 

anti-ICAM/3DNA formulations (Figure 34D). This revealed that the dose 

concentration affected biodistribution to lungs with similar magnitude as the valency 

response (33% vs 32% difference, respectively for the 2L conditions, and 22% 

difference for the 4L valency response). Compared to valency response, the increased 

dose not only caused the greater increase for the 2L as compared to 4L anti-
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ICAM/3DNA formulations in the kidneys: the 2L increased by 147%, while 4L 

increased by 80%, but also in the heart: the 2L increased by 75%, while 4L increased 

by 57%. As for the impact in the concentration of NCs (Figure 34E) and Ab (Figure 

34F), increasing the dose concentration of 2L anti-ICAM/3DNA augmented these 

parameters for all organs.  
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Table 8. Parametric values of all anti-ICAM/3DNA injections. 

Formulation 

Properties & Parameters 

Valency 
(Ab/NC) 

Valency 
density 

(Ab/µm2 
NC) 

Ab dose 
(µg/kg 
BW) 

DNA 
dose 

(µg/kg 
BW) 

Total 
3DNA 
surface 
(µm2/kg 

BW) 

Number of 
NCs/kg BW 

Intercalation 
Sites 

per kg BW 

Free Arms 
per BW 

4L 3DNA         
     Anti-ICAM (a) 13 142.8 69 400 19E+11 21.5E+12 1.1E+17 6.6E+15 
     Anti-ICAM (b) 46 505.5 249 400 19E+11 21.5E+12 1.1E+17 5.8E+15 
     Anti-ICAM (c) 80 879.1 415 400 19E+11 21.5E+12 1.1E+17 5.0E+15 
     Anti-ICAM (d) 80 879.1 249 240 12E+11 12.9E+12 6.4E+16 3.0E+15 
     Anti-ICAM (e) 80 879.1 42 40 1.9E+11 2.2E+12 1.1E+16 5.0E+14 
2L 3DNA         
     Anti-ICAM (a) 6 545.5 250 400 22E+11 194E+12 1.1E+17 5.8E+15 
     Anti-ICAM (b) 14 1272.7 625 400 22E+11 194E+12 1.1E+17 4.1E+15 
     Anti-ICAM (c) 14 1272.7 63 40 2.2E+11 19.4E+12 1.1E+16 4.1E+14 

Ab = antibody; BW = body weight, NC = nanocarrier. 
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Interestingly, we observed different behavior for 2L formulations as compared 

to 4L formulations regarding the impact of targeting valency and dose concentration. 

The trend was opposite for the lung biodistribution (compare Figure 31A&D to Figure 

34A&D) and varied greatly in the direction and magnitude of the response for all the 

organs. This outcome may be due to NC size and its ability to access the target. 

Alternatively, perhaps the valency and dose operate within different parametric ranges 

and have different responsiveness for the anti-ICAM/3DNA of distinct sizes. To note 

is that under various experimental conditions that were tested, the range of lung 

responses was similar for both (14.5-21.1 %ID for 4L and 13.0-19.6 %ID for 2L; Table 

7). Notably, organs which received a small fraction of the 2L formulations (i.e., organs 

with small blood supply and located behind the first pass capillary network of the lungs) 

experience enhanced accumulation with increasing valencies and dose concentrations. 

Nevertheless, as discussed, the magnitudes of the valency and the dose responses varied 

greatly for these organs for the 4L vs. 2L. Overall, this suggest that the role of valency 

and dose may be similar for 2L and 4L formulations, but the role may depend on 

complex interplay between the tested parameters and the interactions with biological 

environment, including the anatomical distribution of organs along the cardiovascular 

network in relation to administration route, expression profiles of target markers, blood 

flow, etc. For example, it is possible that a saturation point along the path of blood 

redistribution was exceeded for 2L anti-ICAM/3DNA in some organs that are 

preferentially supplied by the vascular system (at valency 14 and dose 1.9x1014 NCs/kg 
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BW), while the parametric ranges tested for the 4L may have been at sub-saturation 

levels, as suspected from the data. Saturating cell surface receptors in a concentration-

dependent manner is a common finding for receptor targeted NPs, but saturation due 

to valency has been detected with more scarcity.66,163 It is possible that this saturation 

was reached for the lungs but not the other ICAM-1-expressing organs such as the 

heart, due to lungs acting as a sink for targeted NPs. One reason for this is the high 

ICAM-1 content and/or extensive endothelial surface for binding in the lungs99 as 

reflected by high lung capacity to uptake anti-ICAM/3DNA (≈20 %ID vs. 0.5 %ID for 

the heart; Table 7). Since there are other organs with high ICAM-1 content (e.g., liver), 

the second reason why lungs could act as a sink is that the lungs receive full cardiac 

output and are the first pass capillary network after I.V. injection, before any other 

organ can bind NPs regardless of the capacity of the organ to act as a sink. Hence, the 

lungs can saturate first, while further increase in targeting valency or dose 

concentration would be needed to saturate other organs. Since formulations have to be 

distributed somewhere in the body upon injection, saturation concept could be used to 

shift the parametric range to selectively modulate the efficiency of targeting to each 

organ or group of organs depending on the organ targeting selectivity in each range. 

Hence, the different behavior observed for 2L vs. 4L may not be due to size but rather 

due to different saturating capacities of the parametric values studied, further described 

in Section 7.2.5. Furthermore, these kinds of responses to valency, dose, and size were 

new, as they were never reported for other types of anti-ICAM/NPs. 
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7.2.4. Role of Targeting Valency and Dose Concentration of 2-Layer Anti-

ICAM/3DNA for Intercalating vs. Arm-Linked Drugs 

We then evaluated the modulation of drug biodistribution that 2L anti-

ICAM/3DNA valency and dose variation could potentially provide. As for the 4L, we 

assumed the absence of degradation, premature release, and no effects on the 

biodistribution due to the presence of the drugs (Figure 35). Increasing the targeting 

valency resulted in decreased delivery of both intercalating sites and free arms to the 

lungs, liver and spleen, while increasing in the kidney. In addition, the heart delivery 

of intercalating sites increased. In contrast, increasing the dose concentration enhanced 

the delivery for both drug carrying modalities in all organs. Compared to 4L 

formulations, the main differences for the 2L were in the lung concentration response 

to valency modulation for intercalating sites, as well as the magnitude of the 

concentration responses among organs, most likely due to the different saturating levels 

among the organs in different conditions tested. For example, while the delivery to the 

heart was responsive for the 4L valency modulation among all the formulations, it only 

made the significant difference between the highest valency and the control valency 0 

in the case of 2L, indicating that it is possible that even the heart was getting saturated 

(compare Figure 32A to Figure 35A). Hence, the decrease in NC free arm delivery 

was more acute for 2L formulations most likely due to the greater extent of saturation 

compared to 4L. Therefore, the overall role of targeting valency and dose concentration 

in terms of drug biodistribution by 2L and 4L anti-ICAM/3DNA may be similar in the 
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absence of oversaturation conditions, which will be explored in more detail in the 

future. Nevertheless, we made additional comparisons among 4L and 2L conditions, as 

described below, in order to better understand these unexpected differences in their 

behavior. 

 

Figure 35. Effect of 2L anti-ICAM/3DNA targeting valency and dose concentration on 
the potential biodistribution of intercalating and arm-coupling drugs. 
2L 125I-anti-ICAM/3DNA were I.V. injected in C57BL/6 mice at (A, B) different targeting 
valencies, or (C, D) different dose concentrations. Organs radioactive content and weight 
were determined at 60 min to calculate: (A, C) the number of DNA drug-intercalating sites 
per gram of organ; and (B, D) the number of outer arms free for drug coupling per gram of 
organ. Data are mean ± S.E.M. * Compares each condition with the condition of lowest 
parametric value, # compares remaining conditions with the condition of second lowest 
parametric value; (n ≥ 3; p < 0.05 by Student’s t-test). 
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7.2.5. Multiparametric Comparison Regarding the Biodistribution of 2-Layer 

and 4-Layer Anti-ICAM/3DNA  

To further understand the potential factors, that could cause differences 

between 2L and 4L anti-ICAM/3DNA, besides the NP size, we made comparisons 

where some parameters were kept constant, while changing others. For example, if the 

same number of NCs and same Ab surface density were used for 4L and 2L structures, 

then the total number of Abs per injection would vary between these formulations, or 

if the same number of Abs per NC were used then the Ab density on the NC surface 

would vary, etc. Accordingly, we compared 2L and 4L formulations side-by-side by 

varying certain parameters while fixing others (Figure 36). 
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Figure 36. Multiparametric comparison between 2L and 4L anti-ICAM/3DNA 
biodistribution. 
125I-anti-ICAM/3DNA were I.V. injected in C57BL/6 mice at different sizes, targeting 
valencies, and/or dose concentrations, so that for each comparison certain parameters were 
keep similar while others changed, to infer their impact hierarchy on lung targeting and 
biodistribution. Organs radioactive content and weight were determined at 60 min to 
calculate the % injected dose per gram of organ (% ID/g). All formulations and parametric 
values are in Table 8. (A) Similar valency density, Ab dose, DNA dose, and total carrier 
surface, but different valency and number of NCs. (B) Similar Ab dose, greater valency 
density for 4L(d), and lower DNA dose, total carrier surface, and number of carriers for 
4L(d). (C) Similar Ab dose, greater valency density for 4L, lower DNA dose, total carrier 
surface, and number of NCs for 4L, potentially close to a saturating condition for 4L(d). (D) 
Similar Ab dose, valency and number of NCs, greater valency density for 2L(c), and lower 
DNA dose, total carrier surface. (E) Greater valency density, Ab dose, DNA dose, total 
carrier surface, and number of NC for 2L(b), an oversaturating condition for 2L(b). (F) 
Similar valency, DNA dose and total carrier surface, although still greater Ab dose and 
number of NCs for 2L(b), an oversaturating condition for 2L(b). Data are mean ± S.E.M. n 
≥ 5; * p < 0.05 by Student’s t-test. 
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First, we compared valency 46 for 4L formulation to valency 6 for 2L 

counterpart (comparison 2L(a) vs. 4L(b) in Table 8), both at 400 µg DNA/kg BW dose 

concentration, using similar Ab per NC surface (valency density; 506-546 Ab/µm2), 

similar Ab dose (250 µg/kg BW), and similar NC surface area (19-22 µm2/kg BW). 

Differences were in the Ab/NC valency (6 for 2L vs. 46 for 4L) and number of NCs 

administered (9-fold lower for 4L). These formulations seemed to be at or below 

saturation in previous tests. These formulations had statistically similar targeting to the 

lungs and biodistribution to all other organs, except the spleen where 2L anti-

ICAM/3DNA was enhanced (Figure 36A). This finding indicated that within the tested 

ranges, size, absolute valency, and NC concentration may not be predominant 

properties for biodistribution, in agreement with cell culture studies using other NCs.163 

However, it is also possible that this particular combination of size, absolute valency, 

and NC concentration caused no difference between the 2L and 4L formulations by 

serendipity. For example, although a higher valency of the 4L could lead to an increase 

in targeting for the 4L, a larger size of the 4L could lead to decrease in targeting, thereby 

causing the targeting effects for the two properties (i.e., valency and size) to cancel 

each other, resulting in no change overall. Hence, it is important to realize, that the 

aforementioned properties (size, valency, and NC concentration) did not affect the 

targeting in this particular combination, but their individual effects may not be 

distinguishable or known. Nevertheless, the remaining properties that could affect 

targeting were those among the group of valency density (density of Abs on the NP 
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surface), Ab dose administered, 3DNA dose administered, and total surface of the NCs 

injected, which were kept constant in this comparison. Yet, previous data had shown 

that valency density modulated biodistribution without varying the 3DNA dose 

administered or the total surface of all NCs injected (Figure 31 or Figure 34); hence, 

these properties may be less predominant than valency density and Ab dose injected. 

Next comparison was 4L(b) vs. 4L(d) (Figure 36B), which had similar Ab dose 

injected (249 µg/kg BW) but different valency density (506 vs. 879 Ab/µm2; Table 8). 

This comparison showed enhanced lung targeting and lower liver distribution for the 

formulation carrying higher valency density, although this formulation was 

administered at lower DNA dose, NC concentration, and total NC surface per injection. 

A similar trend was observed when comparing 2L(a) vs. 4L(d) formulations (Figure 

36C), which had similar Ab dose injected (249-250 µg/kg BW) but different valency 

density (546 vs. 879 Ab/µm2; Table 8), although this was not statistically significant 

in the lungs likely because of the interplay of other parameters; 2L(a) had smaller size, 

greater DNA dose, greater NC concentration, and greater total NC surface per injection, 

which in this specific combination may have compensated for the lower valency 

density. In fact, comparing formulations 2L(c) vs. 4L(a) which also had similar Ab 

dose injected (63-69 µg/kg BW), 2L(c) resulted in greater lung targeting and lower 

liver distribution, in agreement with its greater valency density (1273 vs. 143 Ab/µm2 

for 4L), although the 2L formulation had lower DNA dose, lower total NC surface 

injected, and again smaller size (Figure 36D).  
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Altogether, these valency density comparisons suggest that within the 

appropriate parametric range, the valency density could drive targeting; yet, other 

properties and/or their combinations could be responsible for the valency density 

response since it is not possible to vary only one property at the time while keeping the 

others constant. Namely, along the variation in valency density, at least one other 

property is being varied. As seen, it is possible that other properties and/or their 

combinations can affect the proposed valency density response (compare Figure 

36C&D). In addition, 2L(b) formulation with the same valency density as 2L(c) from 

the previous comparison (1273 Ab/µm2) but administered at 10-times higher Ab and 

DNA dose than 2L(c), had lower lung targeting and higher liver distribution than either 

the 2L(c) or the 4L(d) which had 879 Ab/µm2 (Figure 36E). This would suggest that 

either the Ab dose or DNA dose for 2L(b) or the combination of the valency density, 

Ab dose and DNA dose for 2L(b) rendered oversaturation in the main target (lung), 

seen in Figure 34A. This was not observed for organs which received lower NC levels, 

the heart and kidneys, where biodistribution was enhanced for 2L(b). Hence, since 

these organs (i.e., heart and kidneys) would receive the 2L(b) formulation with the 

same valency density (under the assumption of no degradation), but would receive 

different DNA and Ab dose due to the lungs acting as a first pass sink, the valency 

density could not be the reason for saturation as it was kept constant for the lungs vs. 

kidneys and heart. Nevertheless, it is possible that within the timeframe of the 

formulation transport from the lungs to the heart and the kidneys, some degradation 
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and Ab detachment may reduce the valency density by the time formulations reach 

other organs after passing the lungs. Hence, it is plausible that either valency density 

or Ab dose and DNA dose, or the combination of these parameters cause saturation. 

The comparison of 2L(a) vs. 2L(b) vs. 2L(c) however indicates that the saturation seen 

with the increase in valency density (from 2L(a) to 2L(b)) was resolved upon simply 

reducing the dose (from 2L(b) to 2L(c)). Hence, it is most likely that either the Ab dose 

or DNA dose caused saturation. Finally, comparing the 2L(b) (saturating condition) to 

4L(a) formulation (low valency density condition) showed similar lung, liver, and 

spleen distribution. Since these formulations had the least desirable biodistribution 

regarding target to off-target delivery, this demonstrates that any property that is 

outside of the optimal parametric range, could hinder the targeting performance 

(Figure 36F). 

Based on the results, it appears that the valency density response depended on 

the combination of other properties, as evidenced by the presence and absence of the 

correlation between the improved targeting and increased valency density (compare 

Figure 36C&D). Again, this could either be because the parametric range response 

curves for targeting are different or because the points of comparison are at different 

positions within the curves for the 2L vs. 4L, thereby preventing accurate comparisons 

of their responses. Besides the size difference, another confounding effect in the 2L vs. 

4L comparisons may be due to the disparity in the density between the two 3DNA sizes 

(i.e., 2L is denser than 4L), which complicates the comparisons even further. Namely, 
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since each 3DNA branch propagates freely as a double stranded DNA from the core of 

3DNA, and since, for the formulations tested in this thesis, the density of the outer arms 

decreases upon growing additional layers (i.e., from 2L to 4L), it is logical to assume 

that the third and the fourth layer of the 4L have more room for thermal motion than 

the second layer of the 2L. But this density difference may or may not play as important 

of a role depending on how the persistence length of double stranded DNA in 3DNA 

is affected with two-way branching with each new layer, as well as the crosslinking of 

3DNA. Nevertheless, the free standing double stranded DNA has the approximate 

persistence length of 50 nm, which is the approximate diameter of the 2L and well 

below the diameter of the 4L (~170 nm). This overall indicates that 2L may have more 

defined surface, while 4L diameter falls in the range (170 nm) where the surface may 

no longer be as ordered as for the 2L. Hence, thermodynamics of surface interactions 

for these two 3DNA sizes may be very different and one of the 3DNA sizes may fall 

closer to the optimum. This parameter could then indeed introduce confounding effects 

when trying to establish the valency density response. 

7.2.6. Comparative Drug Delivery Capacity for 2-Layer and 4-Layer Anti-

ICAM/3DNA 

Finally, we looked at the same comparisons as in previous section to examine 

the impact of all the tested properties on drug delivery. 2L and 4L formulations which 

had similar targeting in most organs (i.e., 2L(a) and 4L(b)) except the spleen, and had 
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equivalent parameters that are relevant in drug delivery, were logically equivalent in 

terms of biodistribution of drug-intercalating sites and arm-linked drugs, except for the 

spleen (Figure 37A). This simply reflected the biodistribution of these formulations 

(Figure 36A). Hence, the differences in size between 2L and 4L 3DNA did not play a 

major role in targeting/biodistribution at the organ level in this specific combination of 

parameters for the two formulations. Hence, both 3DNA sizes had similar drug delivery 

performance at the organ level under the assumption they can similarly protect the 

drugs from degradation.  

Comparisons of 4L(b) vs. 4L(d) (Figure 37B), 4L(d) vs. 2L(a) (Figure 37C), 

and 4L(a) vs. 2L(c) (Figure 37D), which had shown increased lung targeting with 

increased valency density (Figure 36B,C&D), rendered enhanced drug-intercalating 

sites and drug-linking arms depending on the injected dose concentration. This is 

because although valency density more acutely ruled the proportion of the injected dose 

that reached the target (lungs) vs. clearance organs in the absence of saturating Ab dose 

or DNA dose concentrations, the injected dose concentration more directly modified 

the absolute amount of a drug reaching said tissues despite dose concentration being in 

the saturation range in terms of the biodistribution. This phenomenon did not depend 

on size, as the same trend was observed comparing formulations with same or different 

sizes (e.g., Figure 37B,C&D). In all cases, the biodistribution of drug-linking arms 

appeared slightly more sensitive to parametric variations than the biodistribution of 

drug-intercalating sites. 
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For the comparison where the 2L formulation was oversaturating (2L(b) vs. 

4L(d); Figure 37E) and had lowered lung targeting (Figure 36E), the greater dose 

concentration employed compensated for this saturation and resulted in a similar lung 

biodistribution for drug-intercalating sites and drug-linking arms as the 4L formulation. 

However, the greater dose concentration caused the 2L formulation to render much 

higher drug biodistribution in the liver and spleen. Comparing the same 2L(b) 

formulation to 4L(a), so that other parametric differences were less acute, still showed 

a greater ratio for the lung over other organs for the 4L formulation in terms of drug-

intercalating sites and drug-linking arms (Figure 37F). Hence, increasing the 

administered dose beyond the saturation point may not be ideal way to increase the 

delivery if the goal is lung targeting.
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Figure 37. Comparative drug biodistribution capacity for 2L and 4L anti-ICAM/3DNA. 
125I-anti-ICAM/3DNA were I.V. injected in C57BL/6 mice at different sizes, targeting valencies, and/or dose concentrations, so that for each comparison 

certain parameters were kept similar while others changed, to infer their impact hierarchy on lung targeting and biodistribution. Organs radioactive 

content and weight were determined at 60 min to calculate the number of DNA drug-intercalating sites per gram of organ (left plot); and the number of 
outer arms free for drug coupling per gram of organ (right plot). All formulations and parametric values are in Table 8 and relative comparisons are 

described in Figure 36. Data are mean ± S.E.M. n ≥ 5; * p < 0.05 by Student’s t-test. 
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7.3. Conclusion 

Both 2L and 4L anti-ICAM/3DNA formulations showed good lung specificity 

compared to IgG/3DNA and 3DNA controls.110 The lungs clearly received higher 

concentrations of anti-ICAM/3DNA than the liver and spleen, while organs like the 

heart and kidneys received low, but specific concentrations of these carriers, resulting 

in a biodistribution profile similar to what has been observed for polystyrene or 

poly(lactic-co-glycolic acid) NPs coated with anti-ICAM Abs.95,152 Noticeably, lung 

targeting was achieved at valencies much lower than previously observed for other 

polymeric carriers (only 6 Ab/2L-3DNA or 545 Ab/µm2), which may be due to the way 

in which Ab was displayed on 3DNA. While anti-ICAM had previously been surface-

adsorbed on polymer NPs, here it was annealed on the outer arms of 3DNA free-

standing branches that propagate from the core of the 3DNA. This flexible attachment 

and the overall 3DNA flexibility may provide greater accessibility to the target, and a 

“liquid-like” Ab behavior on the 3DNA surface due to its freedom of movement. In 

contrast, many adsorbed Abs may not be able to bind the target. This difference in 

targeting efficiency would explain why an oversaturating anti-ICAM formulation was 

found here at 1273 Ab/µm2 corresponding to Ab dose of 600 µg/kg BW, while this 

phenomenon had not been observed before for polymer NPs, even at ≈7,000 Ab/µm2.95 

Thus, this analysis has allowed us to identify that the anti-ICAM/3DNA most likely 

utilizes a higher percentage of surface Abs, which can in return occupy more ICAM-1 



 

 

166 

 

 

molecules in the organs, causing saturation. The Ab dose delivered by anti-

ICAM/3DNA where this saturation may occur was around 600 µg/kg BW and utilizing 

valency density of 1273 Ab/µm2. Lowering the Ab dose to 60 µg/kg BW at valency 

density of 1273 Ab/µm2 led to the recovery in targeting, indicating below saturation 

condition was obtained. Alternatively, the saturation could have been due to the DNA 

dose; although the same DNA doses did not have the same effect for the 4L, the 2L 

size could have caused the saturation for the DNA dose to be reached sooner by shifting 

the DNA dose response, or making the response range narrower. This will guide our 

future formulations and prompt the comparison of the anti-ICAM/3DNA vs. anti-

ICAM Ab within their whole parametric range for dose concentration to further 

understand the relationship between the valency density and Ab dose of anti-

ICAM/3DNA. 

The difference in size between 2L and 4L did not seem to render any major 

differences in anti-ICAM/3DNA biodistribution, although multiple properties could 

have affected the size comparisons in different ways. When we kept constant 

parameters such as valency density, Ab dose, DNA dose, etc., to obtain a similar 

biodistribution and drug-loading capacity, the absolute number of NCs arriving to the 

target organ was greater for 2L formulations, as expected given their smaller size. The 

size of 2L and 4L formulations is important to consider with respect to the capacity of 

internalization within cells. In the framework of ICAM-1 targeting, such size-

dependency on cellular uptake has not been shown due to special properties of its 
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endocytic pathway.130 When targeting receptors associated to size-sensitive routes, 

such as clathrin- or caveolae-mediated pathways,113,270,271 2L 3DNA formulations may 

be beneficial. Also, 2L formulations may be advantageous if the absolute number of 

NCs per cell would be relevant for intracellular effects. While this is not important for 

drugs that could diffuse through cells, like doxorubicin, it is key when therapeutics 

need to be delivered to subcellular compartments, such as replacement enzymes for 

lysosomal disorders.272 Finally, taking into account that 2L synthesis is simpler than 

4L, 2L 3DNA may be preferred. 

We demonstrated that anti-ICAM valency density (number of Abs per NC 

surface) is a more relevant parameter than absolute valency (number of Abs per NC 

molecule) for targeting, as observed from multiple comparisons between 2L and 4L 

formulations. This finding is in agreement with our previous study showing that 

valency density drove binding, signaling, and internalization of anti-ICAM NCs in 

endothelial cells in culture,163 and provides in vivo validation of our earlier observation. 

Since this phenomenon had been observed using polymer NCs bearing adsorbed anti-

ICAM, while here the Ab was annealed to 3DNA, the prominent role of valency density 

stands across carriers and coupling modes.  

In this system, targeting valency is a more relevant parameter than dose 

concentration for acutely targeting the lungs. Although both parameters caused changes 

in biodistribution, valency simultaneously lowered delivery to clearance organs while 

increasing delivery to the lungs. In addition, dose concentration could only modulate 
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biodistribution due to the oversaturation. Hence, it remains to be explored whether 

concentrations that are much lower than the ones tested could affect the biodistribution; 

nevertheless, such concentrations may not be therapeutically relevant. Furthermore, 

parameters such as the number of carriers injected or their total surface seemed less 

relevant. Parameters such as the total Ab dose, which is interdependent with dose 

concentration, size, valency density, and valency, could have also impacted lung 

targeting, but it is unclear which property had the greatest impact since none can be 

singled out as the only variable in each test due to the limitations of empirical studies. 

In the context of drug delivery, targeting valency may be considered the primary 

parameter to modulate site-specific delivery of drugs which can be highly toxic at off-

target sites, as is the case for harsh chemotherapeutics used for lung cancer.273 This 

parameter is less relevant in cases where patients may benefit from lung treatment and 

systemic delivery, such as enzyme replacement for type B Niemann-Pick disease, 

where the lung is the predominant but not the only organ involved.237 Ultimately, 

valency and dose concentration could be adjusted to achieve the required level of lung 

specificity and absolute dose delivered to the lungs. In this regard, it would be relevant 

to take the saturation conditions into account, which should not be surpassed if side 

effects in off-target tissues are a concern. For instance, increasing the valency density 

of anti-ICAM/3DNA over the saturating point for a 2L formulation resulted in 

enhanced distribution to the heart and kidneys while lowering lung distribution, which 
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can be an advantage or disadvantage depending whether lung targeting alone or lung 

targeting and systemic biodistribution are required. 

In general, data showed that the biodistribution of arm-linked drugs would be 

more sensitive to tuning anti-ICAM/3DNAvalency than intercalating drugs would be. 

Different drugs would differently benefit from varying valency parameters, but the 

delivery for all drugs and to all the organs would increase with increasing the 

administered dose. For instance, a consideration of increasing the targeting valency is 

that the number of arms free for drug coupling would be reduced, which would not be 

the case for intercalating drugs. Hence, valency must be balanced more carefully for 

arm-linked drugs to achieve sufficient lung specificity required while bringing 

adequate molecules of a therapeutic load. A possible solution to overcome this caveat 

is attaching multiple drug molecules to the same arm, which can be easily achieved by 

design of the DNA oligonucleotide used for drug conjugation. 

In summary, the knowledge obtained is relevant in selecting which parameter(s) 

of anti-ICAM/3DNA to vary depending on the drug and application pursued. 
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Chapter 8: Final Remarks and Future Directions 

8.1. Final Remarks 

DNA-NPs hold promise in nanomedicine due to their precise, controllable, and 

versatile functionalities and bio-physicochemical characteristics that are compatible 

with the biological environment in the body.19,57,71,72,200,204,214 Many of these 

functionalities, particularly the delivery of drugs and other cargos, may be enhanced 

and benefit from the accumulation of DNA-NPs within specific locations in the 

body.1,2,75,81,196 Targeting accessible cell surface markers represents a viable option 

towards achieving this goal, but it is still poorly explored for DNA-NPs due to the 

novelty of the field.274 

In this dissertation, we focus on ICAM-1 targeting as a clinically relevant 

therapeutic target that is readily available for binding from the bloodstream and 

primarily located in the lungs due to high ICAM-1 content and vascular density of this 

organ.2,7,237,262,275–277 Due to these and other biological properties of ICAM-1,95–97,170,276 

our laboratory, among others, has been extensively exploring, characterizing, and 

applying ICAM-1 functionality towards site-specific localization of therapeutic 

interventions, many of which utilize multivalent binding.14,49,95,237,275,278 Advancements 

of ICAM-1 applications have recently accelerated among research groups and our 
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laboratory has revealed much of the potential for this receptor, particularly for lung 

targeting.152,242,279 

In light of this, our laboratory has started exploring ICAM-1 targeting of DNA 

NCs, particularly 3DNA.58 3DNA holds promise and is advancing towards various 

clinical applications across several laboratories.19,89–93 3DNA, a DNA-made branched 

structure of precise architecture and size, has promising cargo carrying capacity.89 Our 

laboratory has demonstrated the highly efficient and ligand-specific targeting of 

various prototype multivalent Ab/3DNA NCs in endothelial and other cells.58 

Furthermore, our lab has shown that Ab/3DNA NCs can mediate intracellular drug 

delivery, including delivery to the cytosolic compartment.58 However, the translation 

of targeting functionality in vivo, although promising, was modest for this prototype 

design,110 which prompted us to test a new Ab/3DNA design.89–91,93,110 To evaluate 

anti-ICAM/3DNA performance and bio-physicochemical properties, we studied the 

biodistribution and specific lung targeting of various anti-ICAM/3DNA formulations 

and the corresponding controls upon in vivo I.V. injection in mice, as well as compared 

these results with the PLGA counterparts of similar valency, size, and surface ζ-

potential. 

As a first step towards exploring anti-ICAM/3DNA targetability, we focused in 

the Chapter 5 of this dissertation on evaluating the accuracy of a radiotracing-based 

biodistribution method that we planned to utilize for the rest of our project; namely, 

despite being one of the most sensitive and quantitative methods,236,254 radiotracing can 
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suffer from the uncertainty of whether the labeled samples or the free label are/is being 

traced. This is especially relevant when handling biodegradable samples as is in the 

case with anti-ICAM/3DNA. 

Not surprisingly, we detected the generation of low but measurable levels of 

free radiolabel upon incubation of the Ab/3DNA samples in tissue homogenates and 

blood samples at the physiological temperature of 37 °C and confirmed that the TCA 

assay can be used to distinguish the free radiolabel from the radiolabeled samples 

despite the presence of tissue homogenates. The presence of free radiolabel in the 

injection and organ samples was assumed to confound the biodistribution results due 

to the expected differences in the biodistribution of the radiolabeled samples vs. free 

radiolabel, as well as the potential metabolic accumulation of free radiolabel in vivo. 

This has prompted us to modify the radiotracing-based biodistribution method, such 

that the signal originating exclusively from the label attached to the NP can be 

distinguished from the signal originating from the free label present in the samples. 

This would allow for a more robust quantification and tracing of NP biodistribution. 

To accomplish this, we tested two methods for correcting the presence of free 

radiolabel and compared the results. First, in the indirect method, we measured the free 

radiolabel biodistribution upon injection of 100% free radiolabel and used this 

information to correct for the free radiolabel in the independent biodistribution 

experiment that encompassed the injection of the radiolabeled Ab/3DNA along with 

some free radiolabel. We compared this indirect method to a direct method where the 
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presence of free radiolabel was directly determined from the biodistribution samples 

(i.e. blood and organs) within the same experiment, encompassing the injection of 

radiolabeled Ab/3DNA along with some free radiolabel. Our results indicated that the 

presence of any free radiolabel in the biodistribution samples needs to be accounted 

specifically within the same experiment, for each organ or blood sample, in order to 

obtain accurate biodistribution results, rather than indirectly applying the corrections 

from the known biodistribution of free radiolabel. Overall, the TCA precipitation of 

animal samples permitted the accurate classification of signals originating from the free 

radiolabel vs. radiolabeled NP. The accurate biodistribution characterization achieved 

with this method may provide a vital step in designing and optimizing NP delivery. 

In Chapter 6 of this dissertation, we investigated the biodistribution and lung 

targeting of a new anti-ICAM/3DNA design I.V. administered in mice, to learn about 

their bio-physicochemical characteristics from the aspect of a translationally relevant 

model of pulmonary ICAM-1 targeting. Since the new anti-ICAM/3DNA design 

requires that the anti-ICAM Abs be conjugated to oligonucleotides to allow for Ab 

hybridization to 3DNA, we first confirmed that the modification of the Ab with 

oligonucleotides did not impair their targeting compared to unmodified anti-ICAM Ab. 

Furthermore, compared to anti-ICAM Ab, the anti-ICAM-oligo Ab showed improved 

targeting to the lungs, although also had enhanced accumulation in the liver and spleen. 

Next, we verified the efficient coupling of 3DNA with anti-ICAM-oligo Abs. 

Also, anti-ICAM/3DNA had a uniform size and surface charge suitable for in vivo 
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applications (~180 nm hydrodynamic diameter and ~-38 mV ζ-potential). Then, we 

demonstrated the stability of this efficient Ab to 3DNA functionalization, under 

degradation conditions, in a serum at the physiological temperature of 37 °C. 

Moreover, our results are in agreement with Genisphere® LLC’s observation that 

3DNA exhibited amenable resistance to degradation in the serum (~9.5 h half-life), 

which was further improved upon by coating Abs on the 3DNA surface (~26 h half-

life), thereby suggesting the protective role of Abs linked to the 3DNA surface. 

Most importantly, anti-ICAM/3DNA had efficient and specific accumulation in 

the targeted organ, the lungs, along with reduced accumulation in the clearance organs 

such as the liver, spleen, and kidneys. To the best of our knowledge, no other report 

has demonstrated such high targeting specificity for an Ab-DNA-built NP in vivo; per 

the specificity index, anti-ICAM/3DNA accumulated in the lungs 424-fold over control 

IgG/3DNA, despite serum proteins, degrading enzymes, and the presence of scavenger 

receptors throughout the body. Indeed, ICAM-1-targeted systems have been reported 

by our lab and others to be capable of highly specific and efficient targeting to the lungs 

and other organs.7,96,107 The targeting specificity for ICAM-1-targeted NPs is 

remarkable compared to most other targeted NPs, which highlights the fact that active 

targeting by Abs and perhaps other affinity ligands offers a great opportunity to 

enhance site-specific drug delivery; the enhanced site-specific drug delivery should be 

possible if the selected targets are expressed at specific sites and are accessible from 

the bloodstream, as in the case of ICAM-1 targeting. In addition, by comparing anti-
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ICAM/3DNA to anti-ICAM Ab, we demonstrated enhanced targeting for anti-

ICAM/3DNA due to its size and multivalent binding interactions to the lungs. We 

further demonstrated the relevance of anti-ICAM/3DNA for clinical applications of 

lung targeting by outperforming an anti-ICAM/PLGA NP of similar size, PDI, ζ-

potential, and number of targeting Abs; PLGA is widely used in clinical applications, 

including drug delivery. 

In Chapter 7 of this dissertation, we further explored anti-ICAM/3DNA 

properties. We evaluated their targeting Ab valency, their dose concentration of 

targeted formulations, and their size to better understand the role of these properties in 

the parametric modulation of anti-ICAM/3DNA biodistribution and drug delivery. We 

specifically looked at the potential of anti-ICAM/3DNA to deliver drugs that can be 

loaded on the inner core of 3DNA (e.g., intercalating drugs) or loaded on the surface 

of 3DNA (e.g., DNA hybridization of peripheral arms). We have shown that within the 

tested parametric ranges, all three properties could play a role in kinetics and 

biodistribution, perhaps via different mechanisms. As an example, the modulation of 

valency density had the most important role in lung targeting (the major target), while 

the formulation size seemed to affect spleen targeting. On the other hand, the dose 

concentration did not seem to affect lung targeting, unless saturating conditions were 

exceeded. This was possible since the lungs were found to act as a sink for targeted 

formulations, most likely due to the high ICAM-1 content and being the first capillary 

network to be supplied upon I.V. injection, before any other organ would have a chance 



 

 

176 

 

 

to accumulate NPs. This phenomenon has allowed for the reduced accumulation to 

clearance organs despite the presence of ICAM-1 in these organs. Furthermore, this 

sink phenomenon which could get saturate in combination with the valency density or 

dose concentration, or the combination of the aforementioned factors and other 

properties such as Ab dose, 3DNA size, DNA dose, etc. could have contributed to the 

modulation of targeting to other organs as well as their saturation, as demonstrated by 

the lack of response in the heart under certain tested conditions. In fact, all organs 

demonstrated variable biodistribution responsiveness to the parametric modulations 

tested, indicating a complex interplay between the parameters and the biological 

environment. This was the first time that the saturating condition was found for the 

ICAM-1 targeted formulations in vivo. 

The absolute delivery of anti-ICAM/3DNA was greatly affected by modulating 

the dose concentration, but other properties had an effect as well. Nevertheless, as 

mentioned, the dose concentration seemed to affect organ delivery without much 

influence on lung targeting. Looking at how the aforementioned anti-ICAM/3DNA 

properties affected drug delivery, we found that the delivery of surface loaded drugs 

was sensitive to valency modulation. Namely, although increased valency density 

could lead to improved targeting, it also reduces the number of free arms available for 

drug coupling. In this manner, the effect of the decreased drug loading capacity was 

greater than the effect of improved targeted delivery, causing an overall reduction in 

the delivery of surface drugs to the lungs. In contrast, the drugs incorporated within the 
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inner core of the 3DNA were not affected by valency modulation and their delivery 

resembled the absolute delivery and biodistribution trends obtained for the respective 

anti-ICAM/3DNA formulations. 

Overall, given the tunability and versatility of DNA-NP properties that allow 

for precise control in numerous applications, the success of many of these applications 

will ultimately be limited by the accessibility and expression profile of biological 

targets (e.g., disease markers) in vivo, for which we currently may have very limited 

control over. Hence, this is going to require the incorporation of additional 

functionalities (e.g., various targeting modalities) in future DNA-NP designs. From this 

aspect, anti-ICAM/3DNA represents a promising approach to improve site-specific 

drug delivery due to ICAM-1 accessibility and overexpression at the diseased sites.7 

Indeed, it has been found that the behavior of DNA-NCs utilized in this work, namely 

3DNA®, depends on the surface molecules functionalized on 3DNA, and not the 

3DNA itself. Hence, 3DNA seems like a highly adequate NC for targeted drug delivery 

and is intensively being explored across academia and big pharma companies.19,58,89–

93,280,281 

8.2. Future Directions 

As summarized above, the findings in this dissertation have shown high 

potential for the utilization of DNA-NPs and targeting ligands as tools to direct drug 

delivery to specific sites within the body, particularly utilizing anti-ICAM/3DNA as an 
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example of a lung targeting application. The modification of a radiotracing-based 

biodistribution method with TCA precipitation assay was found to be particularly 

useful in accurately evaluating anti-ICAM/3DNA targeting in vivo. However, several 

characterization aspects and design parameters pertaining to the translation of this 

technology remain to be evaluated. 

The TCA assay modification of the biodistribution method allowed for the 

accurate tracing of presumably intact radiolabeled samples. Nevertheless, future work 

must verify the degradation state of radiolabeled NPs and determine conditions under 

which the degradation fractions of radiolabeled NPs can still be found in the TCA 

precipitate fraction vs supernatant fraction. Future work must also determine the origins 

of the difference between free radiolabel biodistribution vs. the biodistribution of free 

radiolabel co-injected with radiolabeled NPs, to determine whether the difference is 

due to metabolic degradation, the concentration dependency of free radiolabel 

administered, or the influence of the presence of NPs. In case the difference is due to 

metabolic degradation, future work will focus on developing a TCA method that can 

be used to detect free label generation to help measure/trace the degradation of NPs in 

vivo. This is important as different organs have different capacities to accumulate and 

metabolize the labeled NP components and the sites where degradation occurs also 

vary. Testing the free label content in each organ at different time points may provide 

valuable information that will reveal the potential interdependency between NP 

accumulation and NP degradation processes in a particular organ. 
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While we show the efficient and ICAM-1-specific targeted delivery of anti-

ICAM/3DNA in this dissertation, future work must also focus on expanding our 

understanding of the obtained results, with a focus on its mechanistic aspects. This 

improved understanding can then allow for a rational design in the future. For example, 

the focus in this dissertation was on tracing the Ab component of anti-ICAM/3DNA. 

Currently, we are working on directly confirming the delivery of the 3DNA component 

of anti-ICAM/3DNA to the blood and organs. Our preliminary results show that tracing 

the 3DNA component of anti-ICAM/3DNA also results in lung-specific targeting, yet 

some biodistribution values vary. To rationally improve the anti-ICAM/3DNA design, 

it is necessary to first understand the mechanisms driving the observed outcomes, 

which may be due to different tissue processing of Ab vs. 3DNA components prior or 

after targeting, or after uptake by tissue cells. Hence this will require a detailed 

investigation in the future. For instance, preliminary examination of the bladder 

accumulation of degraded fractions shows a higher degradation rate for the 3DNA 

component compared to the Ab component of anti-ICAM/3DNA. This is in accord with 

the fact that Ab degradation rates are known to be slower compared to most DNA 

structures.3,19,187,251 

Furthermore, anti-ICAM/3DNA interactions with biological environment and 

how this affects each stage of transport and targeting requires detailed evaluation. This 

includes interactions with blood components (e.g., opsonins), the response to ICAM-1 

binding due to activation of acidification mechanisms via NHE pump, ICAM-1 
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clustering and mobility, etc. The binding and intracellular transport needs to be 

evaluated in major cell types including endothelial cells, immune cells, hepatocytes, 

etc.47,71,72 In this regard, we have started quantitative and qualitative characterization 

of anti-ICAM/3DNA of different sizes and conjugated with a model cargo (e.g., biotin) 

in endothelial cells in vitro. Furthermore, the behavior of anti-ICAM/3DNA and 

recognition by cell machinery in each cellular compartment needs to be characterized 

in detail. For example, lysosomal fractions may be degraded due to lysosomal 

degrading enzymes, while cytosolic fractions may not only be degraded enzymatically, 

but also be recognized by an acid sensing DNA sensor, which is sequence independent 

but cell dependent.282,283 Potential utilization of anti-ICAM/3DNA by the cells as 

building blocks also needs to be evaluated. Particular focus should be given to 

understanding the ability of DNA-NPs to saturate the metabolic capacity and NP uptake 

abilities in the clearance organs (e.g., liver), compared to the stiffer and less 

biodegradable NPs. Namely, the accumulation and storage of NPs in lysosomes can 

affect autophagy and drastically affect the cell function.284 Hence, intracellular 

transport, which may be different for 3DNA compared to other NP systems, may play 

a role in target vs. off-target accumulation in vivo. The comprehensive knowledge of 

anti-ICAM/3DNA binding interactions and transport can then be utilized to optimize 

the design parameters for each of the transport stages and enhance the overall site-

specific drug delivery. 
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Future work must also focus on the better understanding of in vivo targeting 

differences between anti-ICAM/3DNA and anti-ICAM/PLGA NPs, by evaluating their 

binding aspects and deciphering the role of different Ab functionalization strategies for 

the anti-ICAM/3DNA vs. anti-ICAM/PLGA NPs. To further understand the 

differences in the results between the anti-ICAM/3DNA and anti-ICAM/PLGA tested 

formulations, it is necessary to better understand whether the differences were solely 

due to the material which most often arises from different opsonization profiles, or due 

to the different overall flexibility of the formulations. Moreover, to improve our 

understanding of anti-ICAM targeted DNA-NPs, different DNA designs should be 

tested (e.g., different geometries, structures, sequences etc.). In addition, to better 

understand the interplay between NP material and architecture (3DNA vs. PLGA NPs), 

the role of functionalization methodology (Ab surface adsorption vs. direct Ab 

hybridization via oligos vs. Ab based affinity coupling), the presence of flexible linkers, 

and the blood flow in endothelial targeting, flow chamber studies may be used to reveal 

additional mechanistic aspects of the observed results in vivo. 

As mentioned, the role of opsonization of Ab/3DNA, including the potential 

synergetic effects on ICAM-1 targeting, will require careful examination. It is expected 

that opsonization would be similar for anti-ICAM/3DNA and IgG/3DNA due to the 

similarity between their surface characteristics. Namely, specific anti-ICAM and non-

specific IgG are a similar molecular species and were used at the same Ab valency and 

on the same nanoconstruct (i.e. 3DNA). Nevertheless, synergetic effects between the 
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opsonins or other blood components (e.g., ions, DNA degrading enzymes, DNA 

binding proteins, cells, etc.) and ICAM-1 targeting cannot be disregarded. In addition, 

the surface of immune cells in the blood, liver, etc. that have the presence of the ICAM-

1 receptor can express scavenger receptors, Fc receptors, and TLR9 which is present in 

endothelial cells internally.107,285,286 This is relevant since anti-ICAM/3DNA NCs 

contain ICAM-1 targeting regions, Fc targeting regions, and TLR9 targeting regions 

even in the absence of CpG sequences. How TLR9 activation and the potential ICAM-

1 overexpression by anti-ICAM/3DNA would influence targeting is another question 

to be explored.285 Hence, both components, anti-ICAM and 3DNA, may interact with 

various species and cells in the blood, besides the endothelium, and could potentially 

generate synergetic targeting mechanisms to ICAM-1. Moreover, to measure DNA NPs 

ability to avoid scavenger receptor clearance, future work must employ targeting 

ligands that do not target Fc receptors on cells that simultaneously express scavenger 

receptors. Various knock out models will need to be employed to test these differences 

(e.g., ICAM-1, TLR-9, nucleic acid sensing knock outs, as well as immunodeficient 

mice). Whichever interactions are found to be the case in future studies, it still does not 

change the fact that the presence of ICAM-1 targeting functionality is necessary for the 

preferential anti-ICAM/3DNA distribution to the lungs, as observed for the control 

anti-ICAM and other anti-ICAM-targeted NPs. 

Future work must also examine the cause of the differences in behavior between 

the anti-ICAM that was conjugated to the oligo vs. the one that was not. Potential 
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reasons that could alter targeting and need to be explored are: 1) the manufacturing and 

purification process of anti-ICAM-oligo 2) the conjugation that could cause an Ab 

conformation with increased affinity 3) a site-specific charge alteration due to the DNA 

oligonucleotides presence that could affect binding with blood components, transport 

and binding with targets 4) DNA oligonucleotides could alter the state of the cell, such 

as causing stimulation of ICAM-1 overexpression which may or may not be relevant 

within the timeframes used in this work, but may be important for other targeted 

delivery applications.282,285 

While the work in this dissertation started exploring the parametric range for 

anti-ICAM/3DNA valency, dose, and size, the evaluation of additional parametric 

points in vivo and a detailed study in vitro are necessary to complete our understanding 

of anti-ICAM/3DNA’s role and hierarchy. It is important to evaluate additional 

parametric points because each property could become the most important at a 

particular parametric value. For example, administering NPs that are too large would 

lead them to be mechanically trapped before reaching any major organs and therefore 

would automatically classify this size parameter as the most important. Alternatively, 

administering the dose close to zero would give this property the most importance, 

similar to driving the targeting valency to zero condition.31,43,115,117,130,161 The interplay 

between parameters and hierarchy ranking shifts can be understood from the complete 

response curves obtained for each of the properties. The practical significance of the 

optimal parametric range for each property and the relevance of its hierarchy can then 
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be evaluated from the aspect of relevant drug delivery dosages necessary to induce an 

optimal therapeutic effect, while achieving optimal biodistribution. To optimize dosage 

schedule and frequency for clinical use, the optimal therapeutic performance needs to 

be balanced with the cost and convenience of treatment. In addition, the role of 3DNA 

flexibility and density and the properties that are different between 2L vs. 4L 3DNA 

formulations needs to be better understood. 

Due to the high targeting efficiency of anti-ICAM/3DNA, the parametric range 

for their valency and dose was probably narrow in the in vivo healthy model, which 

lacks ICAM-1 overexpression (yet the expression of ICAM-1 in healthy animals is 

sufficient for targeting). To broaden the parametric ranges and demonstrate clinical 

relevance, future studies should explore these properties in diseased models associated 

to ICAM-1 overexpression. Our preliminary results show that similar to other ICAM-

1-targeted formulations,262 anti-ICAM/3DNA targeting could increase by 22% in the 

lungs (the target organ) of the LPS induced, systemic inflammation mouse-model. 

Nevertheless, due to the systemic inflammation in this particular model, which is not 

lung specific, the targeting in other organs increased up to 160%. Hence, the future 

studies will focus on lung-specific inflammation models, such as intratracheal LPS 

administration. Each intended application often requires a unique combination of 

targeting parameters that are specific to the formulation, the targeted marker/s, the 

biological environment, and the drug to be delivered.7,10,33 For example, tumor 

targeting may require a low number of targeting moieties (targeting valency) per NP to 
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maximize the EPR effects and minimize targeting to healthy cells that have a basal 

expression of the targeted receptors.33 Targeting diseased sites while avoiding healthy 

tissues may require a particular targeting avidity for each application to allow for 

preferential targeting.107 Hence, future studies must explore the potential of the anti-

ICAM/3DNA system for site specific drug delivery in specific applications, such as 

targeting to disease sites in lung cancer, as well as for applications requiring systemic 

organ delivery for the treatment of genetic diseases. Most importantly, to allow for 

comparisons with other DNA-NP targeting systems reported in literature and to 

determine the role of EPR in ICAM-1 targeting, anti-ICAM/3DNA would need to be 

tested in cancer models other than lung cancer, with and without the presence of EPR-

associated pathology. 

Moreover, the ability of anti-ICAM/3DNA to carry and deliver drugs needs to 

be verified for a variety of cargos in in vitro and in vivo models. While in this 

dissertation we have estimated the delivery of drug types carried within the 3DNA core 

or carried on the 3DNA surface, it is not known how different parameters would affect 

the protection of the drug, or whether the drugs would affect the targeting of anti-

ICAM/3DNA. For example, while higher targeting valency of anti-ICAM/3DNA may 

allow lower drug loading on the surface, the higher valency may also contribute to the 

greater degree of protection to both the drug and the 3DNA. Our results in this 

dissertation did show that Abs can potentially protect Ab/3DNA formulations. In 
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addition, it remains to be measured whether all the free arms that are not occupied with 

Abs could be loaded with a drug. 

Furthermore, most therapeutics require cytosolic access to execute their 

functions.10,46,58,70,143,282 The exploration of DNA-NP properties and endocytic 

receptors that support cytosolic delivery phenomena is another very novel and active 

area of research, as unrestrained access to target sites at the subcellular level is 

considered the holy grail of targeted drug delivery. Moreover, the influence of design 

parameters on cell uptake and the overall intracellular transport beyond the cytosolic 

compartment must be evaluated. It is interesting to note that the cytosolic delivery 

function of 3DNA in vitro is possible without the need to load the cargo on 3DNA, and 

hence this function is independent of the 3DNA cargo carrying ability, as demonstrated 

by early in vitro work in our lab. Therefore, future work must test the cytosolic delivery 

function of in vivo anti-ICAM/3DNA independently of the drug carriage function, since 

the targeted localization of the cell uptake and cytosolic delivery functions has the 

potential to create a site-specific sink condition for the therapeutics that are co-

administered along with the anti-ICAM/3DNA, and hence concomitantly contribute to 

drug accumulation in a site-specific manner. It is not known whether the attachment of 

drugs onto 3DNA may potentially reduce the efficiency of cytosolic delivery, despite 

increasing the site-specific accumulation. The best strategy needs to be validated in 

vitro and in vivo and will depend on the requirements of the application, particularly 

pertaining to the therapeutic side effects, stability of the therapeutics in blood, and 
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financial costs. Currently, we are exploring the anti-ICAM/3DNA-mediated targeted 

cytosolic delivery of a model siRNA for the treatment of a model lung disease. 

While the work presented here is highly supportive of advancing preclinical 

testing toward focused clinical applications, future work must carefully examine 

aspects regarding the potential side effects of the anti-ICAM/3DNA platform. The 

clearance, toxicity, immune response, long term safety, and dose responses all need to 

be evaluated. Current research points to DNA-NPs being safe in general. However, the 

high versatility of DNA-NP designs, and the known influence of DNA sequences, size, 

flexibility, degradation rates, surface topography, etc. demand detailed evaluations of 

DNA-NPs on their individual bases. Furthermore, to evaluate the anti-ICAM/3DNA 

safety, more relevant materials need to be utilized for clinical applications, such as 

targeting moieties that are not recognized by immune cells (e.g., peptides, antigen-

binding fragments, aptamers, etc.) Due to anti-ICAM/3DNA’s highly efficient 

targeting requiring only 15 or less Abs for highly specific targeting, this technology 

may work well with aptamers that have much lower binding affinities. This would 

allow for the tuning of the design to avoid healthy tissues, similarly to the effect of 

decreased valency, which has been shown to result in improved selectivity, thereby 

contributing to the overall therapeutic safety. While PEG functionalization may 

improve selectivity by balancing the targeting avidity initially, the long term safety and 

Ab generation need to be considered.287 As shown by our lab, CD47, a self-recognition 

signal molecule, may be a better choice to balance targeting functions.238 Future work 
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will also explore whether a similar degree of specificity will be achieved by targeting 

3DNA to other markers that engage various sizes and valencies of binding, and how 

the selection of biological targets and other design properties affect DNA-NP safety. 

8.3. Overall Conclusion 

Overall, the work in this dissertation has significantly contributed to the 

advancement of the anti-ICAM/3DNA targeting platform towards effective lung 

targeting. Using a modified radiotracing-based biodistribution method, we obtained a 

detailed, accurate, and quantitative biodistribution characterization of anti-

ICAM/3DNA in vivo, evaluated anti-ICAM/3DNA targeting specificity to the lungs 

and other organs, and tested the response of biodistribution, specific targeting, and 

hypothetical drug delivery to the parametric modulation of anti-ICAM/3DNA targeting 

valency, dose, and size. The results demonstrate the high tunability of the anti-

ICAM/3DNA system for efficient and specific delivery, showing promise for lung 

therapy. 
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The text, data, and figures are from the following publications and prepared 

manuscripts: 
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Silvia Muro. "Unprecedently high targeting specificity toward lung ICAM-1 using 

3DNA nanocarriers." Journal of Controlled Release 305 (2019): 41-49. 

 

2) Nikša Roki, Lou Casta, Melani Solomon, Jessica Bowers, Robert C. Getts, and 

Silvia Muro, A Method to Improve Quantitative Radiotracing-Based Analysis of the In 

Vivo Biodistribution of Drug Carriers, Pharmaceutical Research, 2020, (invited and 

awaiting submission) 

 

3) Nikša Roki, Melani Solomon, Jessica Bowers, Robert C. Getts, and Silvia Muro, 

Modulating Design Parameters of ICAM-1-Targeted 3DNA Nanocarriers to Tune 

Pulmonary Targeting for Drug Delivery, Advanced Functional Materials, 2020, (in 

preparation) 

 

Abstracts 

1) Nikša Roki, Jessica Bowers, Robert C. Getts, Silvia Muro. “ICAM-1 Targeting In 

Vivo Using a DNA-Built Nanodevice”. Abstract for the NanoDDS Symposium, 15th 

International Nanomedicine & Drug Delivery Symposium, 2017 *poster 
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Therapeutics and Translational Nanomedicine Symposium. Philadelphia, PA (2017). 

*poster 
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