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11CHAPTER 1General Introduction 1CHAPTER 1
More effective medicines are needed for the treatment of cardiovascular 

diseases. The objective of this thesis was to rationally explore, develop, and 
apply novel targeted therapeutics in experimental atherosclerosis based on 

the current understanding of the disease pathophysiology.

ATHEROSCLEROSIS AND INFLAMMATION
Atherosclerosis is a chronic progressive vascular disease [1]. The major 

complications of atherosclerosis are acute myocardial infarction, stroke, and 
ischemic limbs, the three top cardiovascular diseases which account for most 
noncommunicable deaths globally (17.7 million people/year, according to the 
World Health Organization) [2]. Despite the advancements in diagnosis and medical 
therapies, the incidence of atherosclerosis-associated life-threating conditions 
remains high under the current standard of care. Thus, the arena of atherosclerosis 
aspires for clinically viable novel therapeutics.

For the most of the 20th century, atherosclerosis was considered as merely a lipid-
driven disorder, characterized by cholesterol accumulation and thrombotic debris 
in the arterial wall [3]. Due to recent insights in immunology, the inflammatory 
component of atherosclerosis is now more appreciated as a primary driving 
factor in the initiation, progression, and complication of the disease [4,5]. At early 
stages of atherosclerosis, risk factors such as hypertension and elevated levels of 
apolipoprotein B-containing lipoproteins activate endothelial NF-κB and induce 
focal expression of adhesion molecules, including vascular cell adhesion molecule 1 
(VCAM-1) and intercellular adhesion molecules (ICAMs) [6,7]. The focal expression 
of these adhesion molecules in areas that are predisposed to develop atherosclerotic 
lesions (e.g. aortic root and arches) facilitates the engagement of circulating 
immune cells, in particular, monocytes which differentiate into lesion-associated 
macrophages, one of the most abundant immune cells in atherosclerotic lesions 
[8–10]. The progression and instability of atherosclerotic plaques - the focal buildup 
results from the accumulation of lipoproteins, calcium and other immune cells in 
the vessel wall - are primarily affected by plaque-associated macrophages [11,12]. 
In the early stages of atherosclerosis, plaque macrophages, derived from recruited 
monocytes, secrete apoB-lipoprotein binding proteoglycans increasing apoB and 
lipid retention in the subendothelial space [13]. Furthermore, macrophages produce 
reactive oxygen and nitrogen species inducing lipoprotein modifications, mainly 
through peroxidation [14]. These changes cause additional inflammatory processes 
that result in recruitment of more monocytes into the arterial intima. Additionally, 
macrophages engulf oxidized lipoproteins leading to the formation of foam cells, 
a hallmark of early atherosclerotic lesions [15]. Over the course of the disease, a 
complex interplay of maladaptive responses, including secretion of proinflammatory 



12 CHAPTER 1 General Introduction1 cytokines, unbalanced oxidative stress, impaired cholesterol efflux and local 
macrophage proliferation, contributes to atherosclerotic plaque remodeling and 
instability [16–18]. Therefore, designing and applying novel therapeutics targeting 
macrophage activity in atherosclerotic plaques may improve disease outcome and 
reduce its deadly consequences.

NANOMEDICINES FOR ATHEROSCLEROSIS
Targeted nanomedicines are nanosized drug delivery systems designed to 

enhance the accumulation of therapeutic molecules at pathological lesions, and 
thereby therapeutic efficacy. The preferential extravasation of nanoparticles, upon 
their systemic administration, at diseased tissue is mainly driven by associated 
pathophysiological changes, such as locally increased vascular permeability. Such 
a phenomenon, commonly denoted the enhanced permeability and retention (EPR) 
effect, results in the passive accumulation of drugs associated with nanocarriers 
and other macromolecules. Also important, nanocarriers can lower the exposure 
of non-target tissues to the drug as the local blood vessels do not show increased 
permeability (i.e. improving safety).

A myriad of nanoparticles, such as liposomes, polymeric micelles, and lipid-
based nanoparticles, have been employed for the development of nanomedicines, 
especially for targeting highly toxic antitumor drugs to solid tumors [19,20]. A classic 
example is the PEGylated liposomal formulation of doxorubicin (Doxil®), which 
demonstrated an improved safety profile (i.e. lower cardiotoxicity) in comparison 
to the free drug regimen in multiple oncological indications (e.g. breast cancer, 
ovarian cancer, and multiple myeloma) [21,22]. Despite a growing list of clinically 
available examples, the majority of nanomedicines under development remain at the 
preclinical stage. Furthermore, research in the nanomedicine field primarily focuses 
on oncological applications [23,24].

Although cancer and atherosclerosis have different phenotypic characteristics, 
both diseases possess several common pathophysiological features in which 
inflammation and enhanced vascular permeability play critical roles [25–28]. Thus, 
tailoring nanomedicines for drug targeting in atherosclerosis, learning from the 
lessons in oncological applications, is a valid strategy. Moreover, due to monocytes/
macrophages’ high uptake capacity, nanomedicines are attractive candidates for 
targeted drug delivery to these critical effector cells to modulate their function in 
atherosclerosis (discussed above).

 



13CHAPTER 1General Introduction 1CHALLENGES IN DEVELOPING 
NANOMEDICINES FOR A THEROSCLEROSIS

Several challenges and opportunities need to be carefully considered to optimally 
exploit nanomedicines and promote their clinical translation in atherosclerosis, So far, 
the field of nanomedicines has witnessed an increase in the number of nanomaterials 
of different compositions, shapes, and sizes. However, these nanomaterials are 
usually not fully characterized in vivo [29]. Moreover, sufficient investment and 
focus on understanding the disease itself, in which nanomedicines will be applied, 
are lacking.

Assessment of drug candidates’ effects on the different pathways in atherosclerosis 
can improve our selection of the drug to target. An example of the importance of 
selecting the right therapeutic molecules is manifested in a pioneering clinical trial 
in atherosclerosis [37, Clinical Trials Identifier: NCT01601106]. The trial has been 
conducted using liposomal prednisolone phosphate, a potent anti-inflammatory 
glucocorticoid, to silence plaque inflammation. Through analyzing the isolated 
iliofemoral plaques, the study has demonstrated that nanomedicines can accumulate 
in atherosclerotic plaque macrophages in humans. However, the treatment did not 
reduce the arterial wall inflammation. Moreover, a follow-up study showed that 
prednisolone might accelerate atherosclerosis by promoting macrophage lipotoxicity 
and may not be an ideal candidate for targeted drug delivery [31]. Hence, careful 
selection of the therapeutic molecules is crucial.

Also, the selection of a proper nanoparticle type is a major factor. Beyond 
the size, shape, and composition of nanoparticles, which are important factors, 
assessment of the nanomaterial’s biological performance (e.g. pharmacokinetics, 
tissue distribution, atherosclerotic plaque targeting and efficacy) is essential. 
Systematic approaches for assessing the behavior of different types of nanoparticles 
under (patho-)physiological conditions is often lacking. Such assessment can yield 
valuable information facilitating the further development of clinically relevant and 
efficacious nanotherapeutics. Also, adopting head-to-head approaches by comparing 
nanoparticles to each other can facilitate repurposing of nanomaterials, instead 
of inventing more new ones, to deliver compounds in maladaptive inflammatory 
diseases (e.g. atherosclerosis) beyond cancer.



14 CHAPTER 1 General Introduction1 OBJECTIVE AND OUTLINE
The aim of this thesis is to investigate the utility of different types of nanomedicines 

for targeting macrophages in inflammatory atherosclerotic plaques. Following this 
introduction, in Chapter 2, this thesis continues with a literature overview on the 
systematic application of nanomedicines to target monocytes and macrophages in 
maladaptive inflammatory diseases, including atherosclerosis. In Chapter 3, the 
characteristics and in vitro evaluation of a naturally-inspired strategy to incorporate 
ω3 polyunsaturated fatty acids in PEGylated liposomes were studied. Such ω3 
liposomes are expected to exert anti-inflammatory, antioxidant, and antiproliferative 
activities which were evaluated using macrophages in vitro. Since the majority of 
nanomedicine-mediated drug delivery strategies exploit small molecules, Chapter 
4 is focused on the screening and selection of a range of potential drug candidates 
for targeted delivery in atherosclerosis. The effects of drug molecules were assessed 
using macrophages in vitro cultures macrophages, rating their overall performance 
with respect to proinflammatory cytokine release, oxidative stress, lipid handling, 
endoplasmic reticulum (ER) stress, and cell proliferation, which are critical processes 
in plaque macrophages. Following the selection of drug candidates, Chapter 5 deals 
with the implementation and evaluation of a combinatorial library of nanomaterials, 
based on endogenous high-density lipoprotein, in the apolipoprotein E-deficient 
(Apoe—/—) mouse model of atherosclerosis. We quantitatively evaluated nanoparticle 
uptake by immune cells. Based on the outcome of this immune cell screening, we 
incorporated a liver X receptor agonist (LXR), a drug category that was rated highly 
anti-atherogenic in Chapter 4, into two nanocarriers: one showing favorable uptake 
by plaque-associated macrophages (HDL) whereas the other does not (PLGA-HDL). 
The therapeutic effects of the LXR nanomedicines and their ability to modulate the 
liver toxicity of the compound were further explored in vivo. Chapter 6 investigates 
the pharmaceutical characteristics and the in vivo performance of three different 
types of targeted nanomedicines loaded with simvastatin, a clinically available 
drug, which was also rated high in our in vitro screening in Chapter 4. Drug 
stability/association with the nanoparticles, the biodistribution, target cell uptake, 
and efficacy to reduce the number of plaque macrophages of the simvastatin-
loaded nanocarriers were evaluated in Apoe—/— mice with advanced atherosclerosis. 
Chapter 7 presents an alternative and innovative strategy in which nanoparticles 
were prepared from hyaluronan, a biologically active polymer, which can target 
hyaluronan-binding receptors expressed on macrophages in atherosclerotic plaques. 
The in vivo performance of the hyaluronan nanoparticles was investigated in 
atherosclerotic mouse and rabbit models. Chapter 8 summarizes the results of the 
thesis and provides perspectives for the future application of nanomedicines to treat 
chronic inflammatory diseases, with particular emphasis on atherosclerosis.



15CHAPTER 1General Introduction 1REFERENCES
[1] P. Libby, P.M. Ridker, G.K. Hansson, Progress and challenges in translating the biology of 

atherosclerosis, Nature. 473 (2011) 317–325. doi:10.1038/nature10146 [doi].
[2] The World Health Organization, Cardiovascular diseases (CVDs)-Fact sheet, (n.d.). http://

www.who.int/mediacentre/factsheets/fs317/en/.
[3] P. Libby, History of Discovery : Inflammation in Atherosclerosis, Arter. Thromb Vasc Biol. 

32 (2012) 2045– 2051. doi:10.1161/ATVBAHA.108.179705.History.
[4] A.R. Tall, L. Yvan-Charvet, Cholesterol, inflammation and innate immunity, Nat. Rev. 15 

(2015) 104–116. doi:10.1038/nri3793 [doi].
[5] P. Libby, Y. Okamoto, V.Z. Rocha, E. Folco, Inflammation in atherosclerosis: transition from 

theory to practice, Circ. J. 74 (2010) 213–220. doi:JST.JSTAGE/circj/CJ-09-0706 [pii].
[6] R. Gareus, E. Kotsaki, S. Xanthoulea, I. van der Made, M.J. Gijbels, R. Kardakaris, A. 

Polykratis, G. Kollias, M.P. de Winther, M. Pasparakis, Endothelial cell-specific NF-kappaB 
inhibition protects mice from atherosclerosis, Cell Metab. 8 (2008) 372–383. doi:10.1016/j.
cmet.2008.08.016 [doi].

[7] P. Libby, M. DiCarli, R. Weissleder, The vascular biology of atherosclerosis and imaging 
targets, J Nucl Med. 51 Suppl 1 (2010) 33S–37S. doi:jnumed.109.069633 [pii]\r10.2967/
jnumed.109.069633.

[8] Z. Mallat, S. Taleb, H. Ait-Oufella, A. Tedgui, The role of adaptive T cell immunity in 
atherosclerosis., J. Lipid Res. 50 Suppl (2009) S364-9. doi:10.1194/jlr.R800092-JLR200.

[9] K.J. Moore, F.J. Sheedy, E.A. Fisher, Macrophages in atherosclerosis: a dynamic balance, 
Nat. Rev. 13 (2013) 709–721. doi:10.1038/nri3520 [doi].

[10] M. Nahrendorf, F.K. Swirski, Immunology. Neutrophil-macrophage communication in 
inflammation and atherosclerosis, Immunol. Commun. Inflamm. Atheroscler. 349 (2015) 
237–238. doi:10.1126/science.aac7801 [doi].

[11] A.C. Van Der Wal, A.E. Becker, Atherosclerotic plaque rupture - Pathologic basis of 
plaque stability and instability, Cardiovasc. Res. 41 (1999) 334–344. doi:10.1016/S0008-
6363(98)00276-4.

[12] C.L. Lendon, M.J. Davies, G.V.R. Born, P.D. Richardson, Atherosclerotic plaque caps are 
locally weakened when macrophages density is increased, Atherosclerosis. 87 (1991) 87–
90. doi:10.1016/0021- 9150(91)90235-U.

[13] K.J. Moore, I. Tabas, Macrophages in the pathogenesis of atherosclerosis, Cell. 145 (2011) 
341–355. doi:10.1016/j.cell.2011.04.005.

[14] H. Li, S. Horke, U. Forstermann, Vascular oxidative stress, nitric oxide and atherosclerosis, 
Atherosclerosis. 237 (2014) 208–219. doi:10.1016/j.atherosclerosis.2014.09.001 [doi].

[15] I. Hilgendorf, F.K. Swirski, C.S. Robbins, Monocyte fate in atherosclerosis, Arterioscler. 
Thromb. Vasc. Biol. 35 (2015) 272–279. doi:10.1161/ATVBAHA.114.303565.

[16] C.S. Robbins, I. Hilgendorf, G.F. Weber, I. Theurl, Y. Iwamoto, J.L. Figueiredo, R. Gorbatov, 
G.K. Sukhova, L.M. Gerhardt, D. Smyth, C.C. Zavitz, E.A. Shikatani, M. Parsons, N. van 
Rooijen, H.Y. Lin, M. Husain, P. Libby, M. Nahrendorf, R. Weissleder, F.K. Swirski, Local 
proliferation dominates lesional macrophage accumulation in atherosclerosis, Nat. Med. 
19 (2013) 1166–1172. doi:10.1038/nm.3258 [doi].

[17] I. Tabas, Macrophage death and defective inflammation resolution in atherosclerosis., 
Nat. Rev. Immunol. 10 (2010) 36–46. doi:10.1038/nri2675.

[18] W.V. Brown, A.T. Remaley, P.M. Ridker, JCL Roundtable: Is inflammation a future target 
in preventing arteriosclerotic cardiovascular disease, J. Clin. Lipidol. 9 (2015) 119–128. 
doi:10.1016/j.jacl.2015.01.007.



16 CHAPTER 1 General Introduction1 [19] V.P. Torchilin, Targeted pharmaceutical nanocarriers for cancer therapy and imaging., 
AAPS J. 9 (2007) E128-47. doi:10.1208/aapsj0902015.

[20] E.K. Chow, D. Ho, Cancer nanomedicine: from drug delivery to imaging, Sci. Transl. 
Med. 5 (2013) 216rv4. doi:10.1126/scitranslmed.3005872 [doi].

[21] S.M. Moghimi, A.C. Hunter, J.C. Murray, Nanomedicine: current status and future 
prospects, FASEB J. 19 (2005) 311–330. doi:19/3/311 [pii].

[22] T. Lammers, F. Kiessling, W.E. Hennink, G. Storm, Drug targeting to tumors: principles, 
pitfalls and (pre-) clinical progress, J. Control. Release. 161 (2012) 175–187. doi:10.1016/j.
jconrel.2011.09.063 [doi].

[23] J.I. Hare, T. Lammers, M.B. Ashford, S. Puri, G. Storm, S.T. Barry, Challenges and 
strategies in anti-cancer nanomedicine development: An industry perspective, Adv. Drug 
Deliv. Rev. 108 (2017) 25–38. doi:10.1016/j.addr.2016.04.025.

[24] R. van der Meel, T. Lammers, W.E. Hennink, Cancer nanomedicines: oversold or 
underappreciated?, Expert Opin. Drug Deliv. 14 (2017) 1–5. doi:10.1080/17425247.2017.
1262346.

[25] J.J. Li, R.L. Gao, Should atherosclerosis be considered a cancer of the vascular wall?, Med. 
Hypotheses. 64 (2005) 694–698. doi:10.1016/j.mehy.2004.11.043.

[26] J.S. Ross, N.E. Stagliano, M.J. Donovan, R.E. Breitbart, G.S. Ginsburg, Atherosclerosis: 
a cancer of the blood vessels?, Am. J. Clin. Pathol. 116 Suppl (2001) 97–107. doi:10.1309/
YNCK-9R19-5JA3-K2K9.

[27] M. Morganti, A. Carpi, A. Nicolini, I. Gorini, B. Glaviano, M. Fini, G. Giavaresi, C. 
Mittermayer, R. Giardino, Atherosclerosis and cancer: Common pathways on the vascular 
endothelium, Biomed. Pharmacother. 56 (2002) 317–324. doi:10.1016/S0753-3322(02)00242-
1.

[28] M.E. Lobatto, V. Fuster, Z.A. Fayad, W.J. Mulder, Perspectives and opportunities for 
nanomedicine in the management of atherosclerosis, Nat. Rev. Discov. 10 (2011) 835–852. 
doi:10.1038/nrd3578 [doi].

[29] S. Mitragotri, T. Lammers, Y.H. Bae, S. Schwendeman, S. De Smedt, J.-C. Leroux, D. Peer, 
I.C. Kwon, H. Harashima, A. Kikuchi, Y.-K. Oh, V. Torchilin, W. Hennink, J. Hanes, K. 
Park, Drug Delivery Research for the Future: Expanding the Nano Horizons and Beyond, 
J. Control. Release. 246 (2017) 183–184. doi:10.1016/j.jconrel.2017.01.011.

[30] F.M. van der Valk, D.F. van Wijk, M.E. Lobatto, H.J. Verberne, G. Storm, M.C.M. Willems, 
D.A. Legemate, A.J. Nederveen, C. Calcagno, V. Mani, S. Ramachandran, M.P.M. 
Paridaans, M.J. Otten, G.M. Dallinga-Thie, Z.A. Fayad, M. Nieuwdorp, D.M. Schulte, J.M. 
Metselaar, W.J.M. Mulder, E.S. Stroes, Prednisolone-containing liposomes accumulate in 
human atherosclerotic macrophages upon intravenous administration., Nanomedicine. 11 
(2015) 1039–46. doi:10.1016/j.nano.2015.02.021.

[31] F.M. van der Valk, D.M. Schulte, S. Meiler, J. Tang, K.H. Zheng, J. Van den Bossche, T. 
Seijkens, M. Laudes, M. de Winther, E. Lutgens, A. Alaarg, J.M. Metselaar, G.M. Dallinga-
Thie, W.J.M. Mulder, E.S.G. Stroes, A.A.J. Hamers, Liposomal prednisolone promotes 
macrophage lipotoxicity in experimental atherosclerosis, Nanomedicine Nanotechnology, 
Biol. Med. 12 (2016) 1463–1470. doi:10.1016/j.nano.2016.02.022.







19CHAPTER 2Applying Nanomedicine in Maladaptive Inflammation and Angiogenesis

2
CHAPTER 2 
Applying Nanomedicine in Maladaptive 
Inflammation and Angiogenesis*

 
ABSTRACT

Inflammation and angiogenesis drive the development and progression of 
multiple devastating diseases such as atherosclerosis, cancer, rheumatoid arthritis, 
and inflammatory bowel disease. Though these diseases have very different 

phenotypic consequences, they possess several common pathophysiological features 
in which monocyte recruitment, macrophage polarization, and enhanced vascular 
permeability play critical roles. Thus, developing rational targeting strategies 
tailored to the different stages of the journey of monocytes, from bone marrow 
to local lesions, and their extravasation from the vasculature in diseased tissues 
will advance nanomedicine. The integration of in vivo imaging uniquely allows 
studying nanoparticle kinetics, accumulation, clearance, and biological activity, at 
levels ranging from subcellular to an entire organism, and will shed light on the 
fate of intravenously administered nanomedicines. We anticipate that convergence 
of nanomedicines, biomedical engineering, and life sciences will help to advance 
clinically relevant therapeutics and diagnostic agents for patients with chronic 
inflammatory diseases.

*Published in Advanced Drug Delivery Systems (2017), doi: 10.1016/j.addr.2017.05.009.
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1. INTRODUCTION

Inflammation is a key underlying process in several disorders, including cancer, 
cardiovascular diseases, rheumatoid arthritis, and inflammatory bowel disease 
(IBD). The aforementioned maladies are leading causes of morbidity and mortality 
worldwide and impose a substantial socioeconomic burden [1,2]. Although new 
therapeutics are being developed, the incidence of complications remains high 
under the current standard of care [3,4]. This is in part because conventional 
therapies are not specific to the diseased tissue, and therefore cause considerable off-
target adverse effects [5]. Equally important, disease heterogeneity is not taken into 
account. Current diagnostic approaches do not allow identification of those patients 
who would benefit the most from a given therapy or those who would likely suffer 
from complications [6–8]. Additionally, therapeutic strategies are often disease-
specific, disregarding the common denominator: inflammation. Seemingly diverse, 
the diseases mentioned above possess common pathophysiological features driven 
– or aggravated – by inflammation, including leukocytosis, tissue remodeling, local 
cell proliferation and angiogenesis [9–11].

Extensive research of different pathophysiological processes has unveiled the 
role of multiple immune cells in diseased tissues that drive the development and 
progression of inflammatory disorders. One of the most effector cells in inflammatory 
lesions is a monocyte-derived macrophage, which is a key component of innate 
immunity [12–16]. Monocytes and macrophages not only contribute to the local 
inflammatory milieu of chronic inflammatory diseases but also modulate endothelial 
permeability and recruitment of supplementary immune cells, thereby driving 
disease progression [17,18]. Elucidating and understanding macrophage dynamics 
over the course of inflammatory disease progression offer unique opportunities 
for designing more specific and efficacious diagnostic and therapeutic agents. 
For example, our increased knowledge of the inflammatory process has yielded 
powerful immunotherapies [19], including anti-tumor necrosis factor alpha (TNF-α) 
antibodies [20], interleukin 6 (IL-6) inhibitors [21], and bifunctional antibodies [22], 
which modulate the immune response to achieve remission of chronic inflammation.

Simultaneously, nanomedicine – defined as “the application of nanotechnology 
for treatment, diagnosis, monitoring, and control of biological systems” [23] – has 
experienced unprecedented growth in the past decade. In addition to improving the 
therapeutic index of drugs, monocyte/macrophage-targeted nanomedicine can be 
implemented as a cell-specific drug delivery strategy to pharmacologically modulate 
inflammation. Such ‘immunomodulatory nanoplatforms’ can also be adopted for 
diagnostic and imaging purposes, not only at the level of local inflammatory lesions 
and organs involved in monocytosis but also to visualize macrophage dynamics 
systemically [24,25].
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This review discusses the interplay between advances in nanomedicine and 

our understanding of chronic inflammatory disorders. This vantage point allows 
exploiting the commonalities of monocyte/macrophage dynamics across diseases for 
targeted therapy and diagnosis. We will highlight how nanomedicine can be applied 
at the inflammatory process’ different stages, in progressing disease. In addition, we 
will share our perspective on inflammation-oriented nanomedicine design and how 
it will facilitate developing improved therapies and diagnostic tools for patients. 
Although this review focuses on monocytes and macrophages as key effector cells 
in chronic inflammation and most prone to take up nanomedicines, other immune 
cells, such as T and B cells, have vital roles in complex paracrine signaling between 
macrophages and other cells in the inflammatory lesions, discussed in detail in other 
reviews [26–29].

2. INFLAMMATION AND 
ANGIOGENESIS IN DISEASE

Inflammation is a vital protective process in host defense against infections 
and injuries, which ultimately – through a resolution process – restores 
homeostatic conditions in the affected tissue [30]. However, persistent unresolved 
inflammation can contribute to the initiation and progression of several chronic 
diseases, including cancer [27], atherosclerosis [31], rheumatoid arthritis [29], and 
IBD [32]. The inflammatory response consists of interplay between innate and 
adaptive immunity [33,34]. This cross-talk modifies the function of other cells, 
such as epithelial cells (e.g. endothelial cells) and mesenchymal cells (e.g. smooth 
muscle cells) over time, leading to different disease stages [35,36]. Macrophages 
are key players that intercommunicate with adaptive immune T and B cells, and 
also directly affect the inflammatory milieu through secretion of inflammatory 
mediators [10,37]. Inflammatory macrophages differentiate from lesion infiltrating 
monocytes and express a set of pattern recognition receptors (e.g. Toll-like 
receptors and scavenger receptors) that can sense pathogen-associated molecular 
patterns (PAMPs) and endogenous tissue damage-associated molecular patterns 
(DAMPs) [38]. Engagement of these receptors results in activation of nuclear factor-
kappa B (NF-κB), and production of proinflammatory cytokines, reactive oxygen 
and nitrogen species, and other mediators that can intensify the inflammatory 
response [39,40]. Moreover, due to elevated metabolic activity, inflamed tissues are 
notoriously hypoxic, activating macrophages, fibroblasts, and endothelial cells to 
produce hypoxia-inducible factors (HIFs) [41–43] and vascular endothelial growth 
factor (VEGF). Note that VEGF was originally denoted vascular permeability factor 
(VPF). Chronic exposure to HIF 1 and 2, VEGF, and inflammatory cytokines results 
in degradation of endothelial cell adherens junctions, dissolution of the basement 
membrane, and dramatic destabilization of existing microvessels [44–46]. Moreover, 
these factors facilitate endothelial cells’ proliferation and migration, inducing the 
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growth of new blood vessels from existing ones, a process known as angiogenesis. 
Angiogenesis and chronic inflammation, long treated as two distinct processes, are 
thus codependent [47–49]. In the next sections, we will provide an overview of the 
involvement of monocytes and macrophages in the pathogenesis of several chronic 
inflammatory diseases, and discuss the common aberrant endothelial function and 
pathological angiogenesis, which are affected by the local inflammatory milieu.

2.1. Cancer
Cancer is a multifaceted malady in which cells are no longer completely 

responsive to the signals that regulate cellular differentiation, growth, proliferation, 
and death. As a result, these cancerous cells accumulate within the tissue, causing 
local damage and inflammation [27]. Rudolf Virchow established the first link 
between cancer and inflammation in the 19th century when he observed the 
infiltration of leukocytes in neoplastic tissues [50]. In the last twenty years, our 
understanding of carcinogenesis and the tumor microenvironment has supported 
Virchow’s hypothesis, substantiating the role of inflammation in the initiation, 
promotion, and metastatic progression of cancer [51,52]. Moreover, increasing 
epidemiological evidence suggests that several chronic inflammatory diseases (e.g. 
IBD and hepatitis), associated or not with infectious agents, predispose individuals to 
several types of cancer [51,53]. Tumor-associated macrophages (TAMs) are the most 
abundant immune cells in the tumor microenvironment [54]. They are derived from 
circulating inflammatory monocytes, which are preferentially attracted to lesions 
by tumor-derived chemotactic factors, like C-C motif chemokine ligand 2 (CCL-2; 
also known as monocyte chemoattractant protein 1, MCP-1) [55]. TAM density is 
positively correlated with the levels of tumor-derived CCL-2, and usually associated 
with poor prognosis in various types of cancer [56–58]. The protumorigenic activities 
of TAMs can be appreciated in cancer initiation, tumor cell invasion and migration, 
and metastasis [59]. Inflammatory macrophages are key producers of reactive 
nitrogen and oxygen species that can generate oncogenic mutations and lead to 
tumor initiation [60]. These reactive species also cause activation of epithelial cells 
and the consequent recruitment of more monocytes [61]. In addition to the initiation 
phase, most invasive tumors demonstrate collective intravasation, in which groups 
of tumor cells invade the blood vessels while maintaining cell-cell contacts [62,63]. 
Tumor cell intravasation is shown to occur upon physical contact with macrophages, 
which induces RhoA GTPase activity in tumor cells, regulates actin cytoskeleton, 
and triggers the formation of invadopodia [64,65]. The combined effect of improved 
RhoA GTPase activity and proteolytic enzymes (e.g. MMPs), secreted by TAMs 
and cancer-associated fibroblasts (CAFs), enables tumor cells to degrade and break 
through matrix barriers in the course of tumor cell transendothelial migration [66–68]. 
Moreover, the paracrine signaling between tumor cells and stromal cells (e.g. CAFs 
and TAMs), through epidermal growth factor (EGF) and colony stimulating factor-1 
(CSF-1), can activate tumor cell growth, and enhance migration and extravasation 
[69,70]. In most tumors, malignant switch and tumor propagation require an 
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adequate supply of oxygen and nutrients, and an effective way to remove waste 
products, which is achieved through the development of a dense vessel network 
that connects the tumor to host circulation. Tumor vasculature development, also 
known as the angiogenic switch, is profoundly dependent on TAMs and other 
stromal cells (e.g. endothelial cells, smooth muscle cells, fibroblasts), which secrete 
several angiogenic growth factors and proteinases, including VEGFs [71,72] and 
matrix metalloproteinases [73]. The developed tumor vasculature is usually chaotic 
and leaky (i.e. with large inter-endothelial cell fenestrations), facilitating tumor cell 
intravasation and metastatic dissemination [74]. These migrating cells establish 
themselves at metastatic niches where they recruit monocytes and macrophages, 
mainly via CCL-2. Metastasis-associated macrophages (MAMs) secrete another 
chemokine, CCL-3, which affects MAM retention and interaction with tumor cells, 
enhancing metastatic seeding and growth [57].

2.2. Atherosclerotic cardiovascular diseases
Atherosclerosis is a chronic inflammatory disease of the large and medium-sized 

arteries [37]. Although atherosclerotic cardiovascular diseases are as old as ancient 
Egyptian mummies [75], they remain the leading cause of mortality worldwide, 
accounting for most deaths among non-communicable diseases. According to 
the World Health Organization, 17.7 million deaths per year, an estimated 31% 
of all deaths worldwide, can be attributed to atherosclerotic diseases [76]. Due to 
recent advances in immunology, the inflammatory component of atherosclerosis 
is now more appreciated, and the disease is no longer thought to be only due to 
aberrant lipid deposition. Inflammation plays a prominent role at different stages 
of atherosclerosis and contributes to its complications [40,77]. At early stages, 
risk factors such as smoking, hypertension, and elevated levels of apolipoprotein 
B-containing lipoproteins can induce, partially via activating NF-κB, focal expression 
of endothelial adhesion molecules, including vascular cell adhesion molecule 1 
(VCAM-1) and intercellular adhesion molecules (ICAMs) [78,79]. The focal expression 
of these adhesion molecules in areas that are prone to develop atherosclerotic lesions 
(e.g. aortic root and arches) facilitates the binding and adherence of circulating 
immune cells, such as monocytes. Once adhered, monocytes transmigrate to the 
subendothelial space and mature into resident macrophages under the influence of 
a complex mix of vascular wall- derived chemokines, such as macrophage colony-
stimulating factor (M-CSF) [80]. The accumulation of lipoproteins, calcium, and 
immune cells within the vessel wall leads to the development of focal lesions, 
known as atherosclerotic plaques. This buildup is mainly affected by plaque-
resident macrophages, which secrete apoB-lipoprotein binding proteoglycans 
increasing apoB retention in the subendothelial space [81]. Moreover, macrophages 
produce reactive oxygen and nitrogen species inducing lipoprotein modifications, 
mainly through peroxidation. These modifications fuel further inflammatory 
processes that result in recruitment of more monocytes into the arterial intima [82]. 
Additionally, macrophages engulf the native and modified lipoproteins leading to 



24 CHAPTER 2 Applying Nanomedicine in Maladaptive Inflammation and Angiogenesis

2
the formation of foam cells, which further amplify lipoprotein oxidation, uptake, 
retention, and modification through expression of scavenger receptors, such as 
type A scavenger receptor (SRA) and a member of the type B family, namely CD36 
[83,84]. These receptors can also cooperate with toll-like receptors and promote 
inflammasome activation and secretion of proinflammatory cytokines in response to 
modified lipoproteins [85,86]. Moreover, macrophages secrete proteolytic enzymes, 
including MMPs, which may contribute to atherosclerotic plaque remodeling and 
instability [87]. Similar to tumor angiogenesis, atherosclerotic plaques also undergo 
neovascularization under the influence of macrophage- derived angiogenic factors 
[88]. Neovascularization contributes to advanced plaques instability by facilitating 
the infiltration of additional inflammatory immune cells and/or acting as a source 
of intraplaque hemorrhage [89,90]. Furthermore, perturbed lipid efflux may increase 
macrophage cell death in advanced stages, aggravating the inflammatory burden 
and decreasing plaque stability [91].

2.3. Rheumatoid arthritis
Rheumatoid arthritis (RA) is an immune-mediated, chronic inflammatory 

disease that primarily affects synovial membranes, cartilages, and bones [29]. 
The prevalence of the disease is around 1% globally and usually associated with 
progressive disability, severe morbidity and systemic complications, such as 
accelerated atherosclerosis [92]. The cause of RA is unknown [93]. However, the 
increasing understanding of RA pathophysiology underscores the role of immune 
cells in the initiation and progression of the disease [94]. The cross-talk between 
immune cells and skeletal systems, the two key components of RA osteoimmunology, 
results in the production of autoantibodies, infiltration of immune cells into the 
affected joints, and ultimately joint destruction [95]. Macrophages are key effectors 
in these processes, as evidenced by their abundance in the synovial lining and the 
strong correlation between macrophage number and the extent of joint destruction 
[96,97]. The crosstalk between macrophages and T cells plays a crucial role in disease 
initiation. Macrophages activate naïve T cells, likely by acting as antigen presenting 
cells and/or through T cell-monocyte/macrophage interaction [98,99]. Once 
activated, naïve T cells enter a proliferative state and secrete cytokines, including 
interferon-gamma (IFN-γ) and IL-17, which further skew macrophages towards an 
inflammatory state [100]. Immunohistological studies of isolated synovium have 
shown that activated macrophages are the main producers of proinflammatory 
cytokines, including IL-1, IL-6, and TNF-α [101,102]. These cytokines trigger synovial 
fibroblast activation, leading to hypertrophied synovium (also called pannus) which 
is a tumor-like tissue that invades and destroys the local articular tissue [102,103]. 
Furthermore, macrophage-derived granulocyte-macrophage colony stimulating 
factor (GM-CSF) and other cytokines stimulate the maturation of innate immune 
cells, their efflux from bone marrow, and their migration into the synovium [104]. 
In addition to the inflammatory component, RA progression is usually associated 
with pathophysiological angiogenesis. The infiltration of immune cells and the 
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highly inflammatory milieu results in local hypoxia, secretion of HIFs and growth 
factors (mainly by macrophages and fibroblasts), increased vascular permeability, 
and formation of new blood vessels to supply nutrients and oxygen [105,106]. Such 
a complex microenvironment of proinflammatory cytokines and immune cells 
stimulate osteoclasts – multinucleated cells of the monocytic lineage – to degrade 
bone matrix and solubilize bone calcium, leading to inflammation-driven bone 
erosion in advanced stages [107,108].

2.4. Inflammatory bowel disease
Inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) 

and ulcerative colitis (UC), are chronic, relapsing inflammatory diseases of the 
gastrointestinal (GI) tract [109]. In these diseases, inflammation impairs the ability 
of the affected GI to function properly, resulting in persistent diarrhea, abdominal 
pain, cramping, and rectal bleeding. As most chronic inflammatory diseases, 
genetic predispositions, environmental triggers, and immune cells contribute 
to IBD pathogenesis and progression [109,110]. Under normal physiological 
conditions, the main function of intestinal immune cells is to maintain the integrity 
of the epithelial barrier along the GI tract against external stimuli – e.g. food and 
the microflora – without eliciting a strong inflammatory reaction [111]. Intestinal 
macrophages, strategically located in the intestinal lamina propria, represent the 
largest macrophage population in the body [112]. During an IBD flare, this tolerance 
is lost either by a change in the microflora or a defect in the immune response to 
the existing flora [113,114]. Such a change leads to imbalance in the number of T 
cells and recruitment of blood monocyte and their differentiation into activated 
macrophages, which are phenotypically different from resident macrophages [115]. 
The activated macrophages secrete proinflammatory cytokines, including IL-23 
and TNF-α [116,117]. In addition to their inflammatory actions, these cytokines 
modulate epithelial cell growth, T cell activity, intestinal and vascular permeability, 
and the production of reactive oxygen species [118,119]. The active phase of IBD is 
usually accompanied by increased microvascular density and permeability, which 
facilitate the infiltration of more proinflammatory immune cells [120]. Ultimately, 
these inflammation-driven changes lead to barrier dysfunction, tissue damage, and 
fibrosis [121,122].
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3. APPLYING NANOMEDICINE IN 
INFLAMMATION DYNAMICS

There are strong associations and comorbidities between different types of 
chronic inflammatory disorders [123–125]. Also, striking similarities in the dynamics 
of the aforementioned diseases and other chronic inflammatory disorders exist. 
The diseases are usually initiated by a persistent local tissue insult or injury that 
activates the (extra) medullar hematopoiesis and attracts inflammatory monocytes 
to the lesions. Infiltrating monocytes and lesion-associated macrophages affect other 
cells in the microenvironment and induce pathological angiogenesis and local tissue 
remodeling. Such holistic  understanding of chronic inflammation dynamics offers 
opportunities to develop therapeutics and diagnostic agents that can be applied 
to multiple diseases. Employing nanomedicines in chronic inflammatory diseases 
can advance, revive, and repurpose efficacious therapeutics and diagnostic agents. 
Nanomaterials are highly tunable and can be designed to exhibit different sizes, 
shapes, and surface chemistry, which can be exploited to modulate nanoparticles’ 
in vivo behavior (e.g. circulation kinetics, cell uptake, and tissue penetration) [126]. 
Moreover, nanoparticles can be used as carriers for different therapeutic cargos such 
as small molecule drugs (hydrophilic and hydrophobic) [127], peptides [128], and 
nucleic acids [129]. Nanoparticles can also be used to solubilize poorly water-soluble 
compounds that are intended for parental use [130]. Additionally, nanomedicine 
approaches may lead to a drug’s improved therapeutic index through increasing the 
on-target efficacy, while reducing the off-target toxicity [131]. As diagnostic probes, 
nanoparticles are highly amenable and can be labeled for optical, magnetic resonance 
imaging (MRI), computed tomography (CT) and nuclear imaging approaches 
[24,132,133]. In addition, due to the high phagocytic activities of monocytes and 
macrophages, nanoparticles are suitable for imaging not only inflammatory lesions, 
but also the dynamics of inflammatory cells in disease [24,134]. Thus, applying 
nanomedicine at the different stages of monocyte/macrophage dynamics can foster 
our understanding of inflammation and can be used to modulate these processes. An 
overview of these processes that can be tackled by nanomedicine on a systemic level 
is depicted in Figure 1. In subsequent sections, we will zoom in the exploitation of 
nanomedicine and the processes that monocytes and macrophages modulate during 
chronic inflammation in their corresponding compartments. In this context, we will 
share lessons learned and challenges faced, followed by our outlook on the future.
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Figure 1| Applying nanomedicine along the journey of monocytes in inflammatory disorders. (A) 
Several processes that contribute to monocyte/macrophage dynamics in maladaptive inflammation and 
angiogenesis can be exploited for imaging and therapeutic purposes at the systems level. In (i) and (ii), 
tackling HSC proliferation and monocyte migration from the bone marrow and spleen by nanomedicines 
can be an upstream approach to control inflammation. In (iii), trafficking of inflammatory monocytes 
in the circulation and their adhesion to activated endothelial cells can be exploited for cell-mediated 
therapies and diagnosis. (iv) Applying nanomedicines at the lesion level can be realized by tackling 
the enhanced vascular permeability, local macrophage proliferation and activity, and the secretion of 
proteases or cytokines. Examples of nanomedicines targeting (B) the spleen, (C) tumor-associated 
macrophages, (D) monocyte migration, and (E) other diseased tissues. Graphs and images in Bi and Bii 
are adapted, with permission, from [1]. PET/CT in Ci and histological images in Cii are reproduced, with 
permission, from [2]. MRI images in Di were adapted, with permission, from [3] while histological images 
in Dii are adapted, with permission, from [4] (left) and [5] (right). Scintigraphic images of rabbits in Ei 
and Eii are reproduced, with permission, from [6] and [7], respectively. HSC: hematopoietic stem cell, MI: 
myocardial infarction, RA: rheumatoid arthritis, TAM: tumor-associated macrophages.
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3.1. Bone marrow activation

Under homeostatic conditions, the bone marrow contains self-renewing, 
quiescent hematopoietic stem cells (HSCs), which maintain the blood levels of 
monocytes and other immune cells within normal physiological values. However, 
chronic inflammatory diseases are associated with elevated systemic levels of 
proinflammatory cytokines, such as IL-1, IL-6, and TNF-α [142–144], and TLR 
agonists, like heat-shock proteins, and saturated and unsaturated fatty acids [145]. 
Furthermore, stress, which results in increased sympathetic activity and release of 
noradrenaline, is often associated with chronic inflammatory diseases [146–148]. 
Such biochemical changes can lead to HSC proliferation and overproduction 
of inflammatory monocytes, which ultimately accumulate in lesions [146,149]. 
The mobilization/ egression of inflammatory monocytes from the bone marrow 
is enhanced by the CCL-2/CCR-2 interaction and the increased permeability 
of blood vessels in the bone marrow [150]. Moreover, bone marrow components 
and inflammation contribute to the local angiogenic processes. A classic example 
is bone marrow angiogenesis in patients with multiple myeloma [151] and breast 
cancer [152]. Metastatic breast cancer and myeloma plasma cells induce activation 
of inflammatory cells, including macrophages, to secrete angiogenic factors such as 
VEGF, fibroblast growth factor-2, and granulocyte macrophage-colony stimulating 
factor [153], which activate endothelial cells and accelerate angiogenesis in the 
bone marrow. Moreover, bone marrow macrophages, under the influence of 
fibroblast and plasma cells-secreted factors, can acquire endothelial cell markers 
and transform into cells that are functionally and phenotypically similar to bone 
marrow endothelial cells [154]. Thus, they participate in the development of the 
bone marrow microvascular system (i.e. vasculogenic mimicry). Bone marrow also 
is the main source of endothelial progenitor cells (EPCs) and other myeloid cells 
which contribute to the angiogenic processes at distant inflammatory lesions [155].

Nanomedicine’s application at different stages of bone marrow activation 
holds promise for the diagnosis and treatment of inflammatory diseases (Figure 
2). Nanoparticle delivery of anti-inflammatory drugs (e.g. corticosteroids) [156] 
or CCR-2 siRNA [135] can modulate the bone marrow response to circulating 
proinflammatory cytokines. The enhanced permeability of bone marrow blood 
vessels and the increased nanoparticle uptake by activated macrophages can 
facilitate their accumulation and retention [157–159]. Nanoparticles, including 
liposomes and reconstituted high-density lipoprotein (rHDL), have been shown 
to accumulate in the bone marrow of animals with inflammatory conditions, such 
as osteomyelitis [160] and atherosclerosis [161], to a greater extent than in non-
diseased counterparts. Moreover, nanoparticle accumulation in the bone marrow 
can be further enhanced through active targeting. For example, conjugation of 
bisphosphonates (or alendronate) to poly(lactic-co-glycolic acid) (PLGA) polymeric 
nanoparticles increases their affinity to hydroxyapatite, a major mineral component 
of the bone [162,163]. Alternatively, incorporation of certain synthetic substances 
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has been shown to relatively reduce nanoparticle accumulation in the liver while, 
concomitantly, increase their accumulation in the bone. Two of such materials are 
the hydrophilic non-ionic surfactant poloxamer 407 and the anionic amphiphilic 
lipid L-glutamic acid N-(3-carboxy-1- oxopropyl)-1,5-dihexadecyl ester which have 
been used as integral components of bone marrow-targeted nanospheres [164] and 
liposomes [141], respectively. The use of bone marrow-targeted nanomedicines 
can improve the therapeutic efficacy of small molecules, such as bortezomib in 
myeloma [162]. Tackling the hyper-proliferative state and/or the egression of 
HSCs and inflammatory monocytes has been shown to be an upstream approach 
for managing inflammatory diseases [135]. In addition, combining bone marrow- 
targeted nanomedicines with molecular imaging can be used to assess the effect of 
this therapeutic approach on bone marrow activation. For instance, the proliferation 
of bone marrow macrophages and HSCs can be quantified noninvasively with 
molecular imaging using 18F-3′-fluoro-3′-deoxythymidine (18F–FLT) positron 
emission tomography–computed tomography (PET/CT) [165–167]. Furthermore, 
their activation can be evaluated by 18F– fluorodeoxyglucose (18F–FDG) PET/CT 
[168].
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Figure 2| Bone marrow activation. Inflammatory disorders are characterized by elevated levels of 
circulating cytokines, growth factors, and damage-associated molecules. The stress and pain associated 
with the disease increase sympathetic nervous activity. Both biochemical and neuronal changes increase 
proliferation and migration of both HSCs and inflammatory monocytes (Ly6Chi) from bone marrow 
niches. (A) Nanomedicine can be used to target different features of bone marrow activation, including 
(i) circulating bone marrow activators, (ii) bone marrow permeability, (iii) HSC proliferation, and (iv) 
monocyte egress. Combining nanomedicines with molecular imaging at the medullar level can advance 
our understanding of disease progress. For example, (B) ischemic stroke increases the sympathetic nervous 
activity, which regulates the proliferation and cell cycle of HSCs, as shown by immunofluorescence 
staining of tyrosine hydroxylase rich nerve fibers of the sternal bone marrow. (C) Myocardial infarction 
(MI) increases HSC proliferation in the bone marrow, a process that can be quantified by BrdU staining, 
and imaged by 18F-FLT positron emission tomography/computed tomography (PET/CT). Panel B 
is modified, with permission, from [8]. Panel C is modified, with permission, from [9]. TLR: toll-like 
receptor, CCL-2: C-C motif chemokine 2, VEGF: vascular endothelial growth factor, GM-CSF: granulocyte-
macrophage colony-stimulating factor, HSC: hematopoietic stem cell, MDP: monocyte and dendritic cell 
progenitor, SUV: standardized uptake value, BrdU: bromodeoxyuridine.
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3.2. Monocyte mobilization and recruitment

In the course of chronic inflammation, recruitment and trafficking of inflammatory 
monocytes are driven by a gradient of circulating chemokines. Although bone 
marrow is the major source of blood monocytes, extramedullar hematopoiesis (i.e. 
outside the bone marrow), especially in the spleen, is also driven by inflammation 
[170,171] (Figure 3). After fetal development, splenic hematopoiesis remains 
dormant, and the spleen acts as a reservoir seeded with HSCs mobilized from the 
bone marrow. However, these spleen-resident HSCs are highly responsive, and they 
regain their proliferative capacity upon exposure to hormonal and inflammatory 
cues [170,172,173]. For example, inflammatory conditions, such as atherosclerosis-
triggered ischemic events, can activate splenic hematopoiesis and result in 
overproduction and deployment of splenic inflammatory monocytes into the 
circulation [172]. Hence, imaging splenic activity in such pathological conditions, for 
example by 18F-FDG-PET, can be useful to monitor therapeutic response and has been 
shown to serve as a good predictor of future complications by Tawakol and colleagues 
[174]. The accelerated hematopoiesis and rapid egress of inflammatory monocytes 
from splenic niches rely in part on CCL-2/CCR-2 interaction and angiotensin II 
(Ang II)-Ang type I and II receptors [14,175,176]. Applying nanomedicine to target 
splenic inflammatory monocytes is compelling due to the high accumulation of 
systemically administered nanoparticles in the spleen [177]. Leuschner et al. have 
used CCR-2 siRNA-loaded nanoparticles to selectively knock down the expression 
of CCR-2 in splenic inflammatory monocytes without affecting the patrolling, non-
inflammatory subset [135]. Such a treatment led to a monocyte reduction in lesions 
and was shown a viable therapeutic approach in multiple conditions such as acute 
myocardial infarction (AMI), pancreatic islet transplantation, and cancer [135]. 
Similarly, irbesartan-loaded PLGA nanoparticles have been used to block Ang II 
type 1 receptor, inhibiting the recruitment of inflammatory monocytes and reducing 
infarct size in a myocardial ischemia-reperfusion (IR) injury model [178].

Noninvasive monitoring of the journey of inflammatory monocytes through the 
circulation could provide insights into their homing, tissue adhesion, and tissue 
penetration characteristics. Such understanding would not only allow evaluating 
disease progression and response to treatment but could also help to design 
immunomodulatory therapeutics which have monocyte-like features to increase 
their tissue/lesion penetration. Several imaging techniques combined with or 
without nanomedicines have been used to monitor monocytes on the move. For 
example, intravital microscopy (IVM) can be used to detect fluorescent cells (e.g. 
GFP+ monocytes) in live organisms and to study their behavior in the circulation, in 
hematopoietic tissues, and in healthy and diseased tissues with a single-cell resolution 
[175,181–183]. Moreover, the exclusive uptake of certain fluorescently labeled 
nanoparticles, such as single-walled carbon nanotube (SWNT), by inflammatory 
monocytes allows studying both nanoparticle and monocyte trafficking in tumor 
models using IVM [179]. Alternatively, monocyte dynamics can be studied in 
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deeper tissues with excellent spatial resolution using magnetic resonance imaging 
(MRI). Contrast MRI uses exogenous cell labels, such as superparamagnetic iron 
oxide (SPIOs) nanoparticles or Fluorine-19 (19F)-based perfluorocarbon (PFC) 
nanoemulsions [184]. Iron oxide nanoparticles have already been used to image 
monocyte dynamics in a rodent model of glioblastoma [185] and in patients with 
myocardial infarction [186]. Alternatively, 19F-MRI allows direct detection and 
imaging of labeled cells for unambiguous identification and quantification unlike 
iron oxide- based MRI [187]. Therefore, the detected signal can be derived directly 
from the injected PFC nanoemulsion engulfed by monocytes, for example after 
myocardial infarction [188].
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Figure 3| Monocyte mobilization and recruitment (A) In response to inflammation, the spleen, in addition 
to the bone marrow, overproduces monocytes that enter the circulation. The inflammatory monocytes 
are guided by a gradient of chemokines in their journey to the inflamed lesions. The adhesion and the 
preferential accumulation of monocytes in lesions are driven by overexpression of certain receptors by the 
inflamed endothelium, including vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion 
molecule 1 (ICAM-1). Nanomedicines can be exploited for imaging and therapeutic purposes at different 
stages of the monocyte journey in the circulation, starting from (i) monocyte egress from bone marrow, 
(ii) monocyte production and release from the spleen, (iii) monocyte trafficking in the blood stream, (iv) 
adhesion of monocytes to the inflamed endothelium, and (v) monocyte accumulation in the lesions. 
(B) Ischemic myocardial injury induces rapid deployment of splenic monocytes, which can be imaged 
by intravital microscopy of green fluorescent protein (GFP+) monocytes. (C) The preferential uptake 
of nanoparticles by Ly6Chi monocytes allows studying both monocyte and nanoparticle trafficking in 
the circulation using intravital microscopy. (D) Labeling monocytes with a radiotracer (e.g. [111Indium] 
oxyquinoline, 111In-oxine) enables noninvasive tracking and visualization of monocyte accumulation 
in atherosclerotic plaques and other inflammatory lesions using single photon emission/computed 
tomography (SPECT/CT). Panel B is adapted, with permission, from [10]. Panel C is reproduced, with 
permission, from [11]. Panel D is adapted, with permission, from [12].
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Nuclear imaging with PET or single-photon-emission-computed-tomography 

(SPECT), which are highly sensitive and quantitative methods, could be another 
method to evaluate monocyte trafficking in vivo. SPECT with Technetium-99m 
tagged autologous monocytes – radiolabeled ex vivo and reinjected in the same 
patients – has been used to visualize the continuous migration of monocytes into 
the inflamed synovial tissue of RA patients [189]. The same approach has been used 
to monitor monocyte recruitment in live atherosclerotic apolipoprotein E knockout 
(Apoe—/—) mice for up to 7 days with Indium-111 (111In)-tagged monocytes and micro-
SPECT/CT [180]. Moreover, the use of Zirconium-89 (89Zr)-feraheme nanoparticles, 
which are specifically taken up by blood monocytes, can enable studying monocyte 
dynamics by PET [190].

The homing features of circulating monocytes can be exploited to advance targeted 
therapeutics and diagnostic agents in inflammatory diseases. Such an approach has 
been realized by designing monocyte-mimicking nanoparticles as drug delivery 
systems to prolong their circulation times and achieve specific tissue targeting. 
Nanoporous silicon nanoparticles coated with leukocyte membranes possess cell-
like functions and exert their targeting through receptor-ligand interaction, evading 
opsonization and clearance by the immune system [191]. In a similar approach, Cao 
et al. have prepared camouflaged liposomes with isolated macrophage membranes, 
which homed to lung metastasis and improved the delivery of an anti-cancer drug 
[192]. Furthermore, incorporating lipid and protein components extracted from 
leukocytes into a liposomal formulation has been shown to improve their targeting 
to inflamed vasculature, enabling selective and effective delivery of dexamethasone 
[193].

An alternative approach is hitchhiking/backpacking with monocytes, which can 
be achieved by designing polymeric nanoparticles that strongly attach to the surface 
of monocytes [194]. These cellular backpacks were shown to evade monocyte 
phagocytosis (due to size, disk-like shape, and flexibility) without affecting 
monocytes’ ability to target inflamed tissues in vivo [195,196].

The interactions between circulating inflammatory monocytes and the adhesion 
molecules expressed on the activated endothelium are inherently linked to lesion 
inflammation, and, therefore, also represent a potential therapeutic target. Knocking 
down multiple cell adhesion molecules using targeted delivery of siRNA-loaded 
nanoparticles has been shown to decrease monocyte recruitment in atherosclerotic 
plaques and ischemic myocardium, thereby reducing inflammation of infarcted 
myocardium and improving recovery after ischemia in mice [197]. Additionally, 
targeting adhesion molecules, like VCAM-1, P-selectin, or ICAM-1, with 
nanoparticles can be used for molecular imaging of the activated endothelium in 
atherosclerosis [198,199], cancer [200], and arthritis [201]. For example, echogenic 
nanoparticles can be applied for molecular ultrasound imaging of vascular markers 
in inflammatory lesions. Lee et al. demonstrated a positive correlation between in vivo 
ultrasound imaging of VEGF receptor-2 (VEGFR-2)-targeted microbubbles and the 
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VEGFR-2 expression on endothelial cells of breast cancer tumors [202]. Furthermore, 
echogenic immunoliposomes targeting ICAM-1, VCAM-1, and tissue factor have 
been applied for atherosclerosis imaging [203].

3.3. Enhanced microvascular permeability
Local macrophage activity and lesion growth (e.g. tumors, atherosclerotic 

plaque, or RA pannus) drive the generation of blood vessels to meet the increased 
demand for oxygen and nutrients. Angiogenic neovessels in chronic inflammation 
are phenotypically heterogeneous and characterized by excessive branching, chaotic 
patterns and enhanced permeability to macromolecules and nanomedicines [45]. 
Therefore, applying nanomedicine to target the processes governing angiogenesis 
is an attractive approach to delivering therapeutic and imaging agents [204]. The 
formation of neovessels is intricately controlled by angiogenic factors, including 
VEGFs and VEGFRs (Figure 4). Inhibition of angiogenesis using polymeric 
nanoparticles loaded with angiogenesis inhibitors such as the fumagillin analog 
TNP-470 has been shown to 1) suppress tumor growth in melanoma [205], Lewis 
lung carcinoma [205], and ovarian cancer mouse models [206]; 2) reduce plaque 
angiogenesis and inhibit advanced atherosclerosis in Apoe—/— mice [207,208]; and 3) 
suppress arthritis and protect from bone destruction in mice [209]. Alternatively, 
inhibiting the secretion of proinflammatory cytokines and proteases, which affect 
the proliferation and migration behavior of the preexisting endothelial cells, can be a 
complementary strategy to direct anti- angiogenic therapies. For example, liposomal 
delivery of anti-inflammatory compounds such as glucocorticoids has been shown to 
suppress tumor growth in mice, partially through inhibition of tumor angiogenesis 
[210].

Angiogenic neovessels are also characterized by overexpression of certain 
receptors like αvβ3 integrin adhesion receptors compared to quiescent vessels 
[214–217]. Attaching ligands (e.g. antibodies, nanobodies, and peptides) to the 
nanoparticles can allow better distribution in the vascular bed of the lesion and 
increase their internalization by target endothelial cells [218,219]. For example, αvβ3 
integrin-targeted delivery of an anti-angiogenic gene has been shown to selectively 
increase apoptosis of tumor endothelial cells, which subsequently led to tumor cell 
apoptosis and regression of primary and metastatic tumors [220]. Additionally, αvβ3 
integrin-targeted ligands and nanoparticles have been used to image angiogenesis 
in cancer [221–223], atherosclerosis [224,225], and arthritis [226], using different 
imaging modalities such as ultrasound, MRI, PET, and SPECT. These αvβ3-targeted 
imaging strategies can also be used to monitor the therapeutic response [207,208].
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3.4. The proinflammatory milieu and local cell 
proliferation

Tackling the adhesion of circulating monocytes to the lesion vasculature 
can yield favorable therapeutic outcomes in chronic inflammatory diseases as 
mentioned before. However, once monocytes adhere, they infiltrate into the lesions 
and differentiate into macrophages, which possess an inflammatory phenotype 
and secrete large amounts of proteases, inflammatory cytokines, reactive radicals, 
and auto- and paracrine signaling molecules [227–229]. These “flaring” molecules 
drive lesion remodeling, invasiveness (and metastasis in the case of cancer), and 
can induce a phenotypical change in preexisting macrophages and other cells [230–
232]. Thus, preventing macrophage activation and dampening local inflammation 
by using nanomedicines to deliver anti-inflammatory drugs can induce a favorable 
phenotype [233]. Glucocorticoids are potent anti-inflammatory drugs, which, 
however, generally come with severe side effects upon prolonged use [234]. 
Alternatively, glucocorticoid nanomedicines have been shown to silence local 
inflammation and halt the progression of several chronic inflammatory diseases, 
including atherosclerosis [235], cancer [236], and RA [212,237] while minimizing side 
effects. Another approach is to activate inflammation-resolution pathways through 
delivering proresolving mediators to lesions (e.g. annexin A1 and resolving D1). Such 
an approach can result not only in anti-inflammatory effects but also in tissue repair 
and restoration of homeostatic conditions [238]. Nanoparticle delivery of an annexin 
A1-mimicking peptide to atherosclerotic lesions results in a marked improvement in 
key advanced plaque features, including an increase in the protective collagen layer, 
a decrease in protease activity, suppression of oxidative stress, and reduced plaque 
necrosis [239].
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Figure 4| Enhanced microvascular permeability and local inflammation. (A) Inflammatory monocytes 
accumulate in inflamed lesions and differentiate into tissue resident macrophages. A cascade of events 
ensues such as local macrophage proliferation, release of proinflammatory cytokines, proteases and 
cellular vesicles, which can aggravate the inflammatory condition and recruit more inflammatory cells. In 
addition, the release of vascular endothelial growth factors and other cytokines induce angiogenesis and 
increase microvascular permeability to macromolecules. Diagnostic and therapeutic nanoparticles can 
be used to tackle (i) pathological angiogenesis and enhanced permeability, (ii) local cell proliferation, (iii) 
monocyte differentiation, (iv) cytokine and chemokine release (v) and monocyte infiltration. (B) Cancer-
associated angiogenesis and response to anti-angiogenic therapies can be monitored in vivo using optical 
frequency domain imaging. (C) Anti-inflammatory effect of prednisolone phosphate (PLP) liposomes in 
rheumatoid arthritis can noninvasively be assessed by 18F-FDG PET/CT. (D) Protease activity in response 
to simvastatin rHDL nanoparticles can be monitored in vivo using fluorescence molecular tomography/
computed tomography (FMT/CT). Panel B is adapted, with permission, from [13]. Panel C is reproduced, 
with permission, from [14]. Panel D is adapted, with permission, from [15].
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Although monocyte recruitment is a key process driving the settlement of lesion- 

associated macrophages, the expansion of the macrophage population can also be 
driven by local proliferation [240–243]. Tackling monocyte recruitment alone may 
not be sufficient to reduce local inflammation, especially in advanced stages [244–
246]. Consequently, restricting the expansion of the macrophage population can 
reduce the burden of local inflammation. For example, depletion of TAMs using 
clodronate liposomes slows down tumor growth in vivo and increases the efficacy 
of other anti-cancer drugs [247,248]. Additionally, clodronate liposomes have been 
used to deplete synovial macrophages, which resulted in reduced inflammation and 
prevented joint destruction [249,250]. Furthermore, simvastatin reconstituted HDL 
nanoparticles have been applied to reduce atherosclerotic plaque inflammation [213] 
by inhibiting local macrophage proliferation [251] in Apoe—/— mice with advanced 
atherosclerotic plaques. Methotrexate, a folate inhibitor with anti-proliferative 
activities, conjugated to dendrimer nanoparticles has been shown to reduce arthritis-
induced inflammatory parameters such as ankle swelling, paw volume, cartilage 
damage, and bone resorption in a rat model of collagen-induced arthritis [252]. 
The same group has also demonstrated that methotrexate nanoparticles improve 
the therapeutic response in an animal model of human epithelial cancer [253]. Of 
note, low-dose of methotrexate is currently being studied in the Cardiovascular 
Inflammation Reduction Trial (CIRT) to test if it can reduce vascular inflammation 
and decrease rates of myocardial infarction, stroke, and cardiovascular death 
(Clinical Trial Identifier: NCT01594333).

The increased macrophage activity drives changes in the inflammatory milieu, 
which include elevated protease activity, abnormal glucose metabolism, and 
decreased pH [227,254,255]. Such changes can be exploited to develop “smart” probes 
and nanomedicines that are responsive to the changes inherent to inflammatory 
lesions. An attractive approach is to design nanomedicines with bioactive domains 
that can be activated by the increased activity of proteases like caspases, MMPs, 
and proteinases [256–259]. For example, Boeneman et al. have developed caspase 
3-sensitive quantum dot-fluorescent protein nanoparticles [260]. Similarly, cathepsin 
B-sensitive fluorogenic chitosan nanoparticles have been used to discriminate 
metastases in vivo in three metastatic mouse models [261]. Also, Ferber et al. have 
adopted a nanotheranostic approach by developing two cathepsin B-sensitive 
N-(2- hydroxypropyl)methacrylamide (HPMA) copolymer-based systems for 
noninvasive imaging of breast cancer progression and drug release [262]. MMP-
sensitive dual 64Cu-labeled fluorescent chitosan nanoparticles have also been used 
to visualize tumors in vivo by PET and near-infrared fluorescence imaging [263]. 
Moreover, active targeting of MMP sensitive dendrimer nanoparticles designed 
for dual MRI/optical imaging improves MRI-guided clinical staging, presurgical 
planning, and intraoperative fluorescence-guided surgery [264]. In addition to the 
biochemical changes, lesion-associated macrophages overexpress certain receptors 
such as major histocompatibility complex class II (Class II MHC) and surface integrin 
CD11b, which can also be exploited for imaging purposes [265]. Rashidian et al. have 
developed nanobodies labeled with 18F targeting MHC II+ and CD11b+ cells, which 
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allow specific, noninvasive imaging of immune responses by PET/CT, showing 
higher specificity over the clinically used 18F-FDG PET/CT [266]. Alternatively, we 
have developed 89Zr-labeled rHDL to image TAM by PET [136] specifically.

4. LESSONS, CHALLENGES, AND 
PERSPECTIVES

Chronic inflammatory diseases and associated angiogenesis share common 
pathophysiological features in which monocytes and macrophages are key effector 
cells. Understanding and exploiting monocyte dynamics and functions can lead to 
the development of improved therapeutic and diagnostic agents that are clinically 
useful in multiple diseases and disease settings. Nanomedicines can be engineered, 
developed, and customized in numerous ways to tackle the different features of 
maladaptive inflammation and angiogenesis, for therapeutic and diagnostics 
endeavors. Additionally, due to monocytes and macrophages’ high uptake capacity, 
nanomedicines can also enable us to study these cells’ dynamics in disease and 
decipher different pathophysiological features. Therefore, it stands out as a promising 
approach to modulate monocyte/macrophage function and to also visualize and 
quantitate their dynamics. However, to broaden our exploitation of nanomedicine 
and reinvigorate clinical translation, several challenges and opportunities need to be 
taken into consideration:

•  First, the application of nanomedicine, especially for drug delivery, needs to 
be rigorously assessed. Traditionally, nanomedicine’s main application was 
improving a drug’s therapeutic index by increasing the concentration in the 
target tissue, while simultaneously minimizing the off-site effects. Today, the 
community is concerned about the small quantities of injected nanomaterial that 
reaches target lesions (e.g. tumor) in patients, and if nanomedicines provide real 
benefits [267–269]. These debates are mainly fueled by limited clinical experience 
with nanomedicines and undermine a rational discourse.

•  Second, research groups are often inclined to apply their nanomedicine in a 
single disease, such as cancer, overlooking the potential application in other 
diseases. A holistic understanding of the pathophysiological processes in chronic 
inflammation would allow repurposing, reviving and reapplying nanomedicines 
across a range of maladies without the need to create novel nanomedicines. 
Patient/ disease-centric approaches for applying nanomedicines are more 
valuable than material-based approaches [270,271].

•     Additionally, we have witnessed an expansion in the development of new materials 
for nanomedicine, but these are rarely fully evaluated under biologically relevant 
conditions. Implementing screening procedures to evaluate new and preexisting 
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nanomaterials with regards to their compatibility with different drugs, their 
biological behavior and tissue/cell specificity and their toxicity profile is the key 
to developing clinically relevant nanotherapeutics and diagnostic agents [272–
274].

•  Applying nanomedicines in maladaptive inflammation and angiogenesis can 
be more challenging due to the inherent heterogeneity of the disease and the 
dynamic changes in lesion phenotype over time. Furthermore, heterogeneity 
and plasticity are hallmarks of monocytes and macrophages [59,275]. Growing 
evidence demonstrates the need to liberate our research from the dichotomous 
concept of macrophage activation: classical vs. alternative, i.e. M1 and M2, 
respectively [276,277]. These facts have implications on how nanomedicines can 
be best applied. Firstly, lesion heterogeneity can be manifested in the remarkable 
heterogeneity of the enhanced permeability and retention (EPR) effect, which 
impacts nanomedicine accumulation and, hence, their efficacy. Implementation 
of screening methods to identify patients who can benefit from nanomedicine 
should be a key factor for further developments [278]. Secondly, developing 
nanomedicines based on the M1/M2 macrophage paradigm is a shorthand 
approach that will probably not lead to clinically viable products. Understanding 
the function, dynamics, and memory of monocytes and macrophages, in their 
systemic and local milieu, is a rather more enabling and clinically relevant 
strategy.

Given the impact of chronic inflammatory diseases, successful translation of 
nanomedicines into the clinic can be socioeconomically rewarding, yet challenging. 
Convergence of nanomedicine, life and physical sciences, bioinformatics, 
bioengineering, and pharma perspectives can help to reduce development costs, 
close the gap between preclinical research and clinical translation, and ultimately 
bring more efficacious nanomedicines to patients (Figure 5).



41CHAPTER 2Applying Nanomedicine in Maladaptive Inflammation and Angiogenesis

2

Figure 5| Considerations for applying and developing nanomedicines for chronic inflammatory 
diseases. Chronic inflammatory diseases are multifactorial disorders in which genetic background 
and environmental factors interact and affect different dynamic systems, including genes, signaling 
pathways, cells, and organs. Nanomedicine should be approached in a holistic way, in which nanodrugs’ 
systemic interactions are investigated, and can be used to visualize and/or modulate multiple processes. 
Data acquisition and convergence of nanomedicine with the different biomedical fields and big data 
(e.g. transcriptomics, proteomics, and genomics) can not only contribute to deciphering these complex 
diseases but also help to predict the efficacy of nanomedicines and to develop clinically relevant products.
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CHAPTER 3
Docosahexaenoic Acid Liposomes for 
Targeting Chronic Inflammatory Diseases 
and Cancer: an In Vitro Assessment*

ABSTRACT

Inflammation, oxidative stress, and uncontrolled cell proliferation are common 
key features of chronic inflammatory diseases, such as atherosclerosis and cancer. 
ω3 polyunsaturated fatty acids (PUFAs; also known as omega3 fatty acids or 

fish oil) have beneficial effects against inflammation upon dietary consumption. 
However, these effects cannot be fully exploited unless diets are enriched with 
high concentrations of fish oil supplements over long periods of time. Here, a 
nanomedicine-based approach is presented for delivering effective levels of PUFAs 
to inflammatory cells. Nanoparticles are internalized by immune cells and hence can 
adequately deliver bioactive lipids into these target cells. The ω3 FA docosahexaenoic 
acid was formulated into liposomes (ω-liposomes) and evaluated for anti-
inflammatory effects in different types of immune cells. ω-Liposomes strongly 
inhibited the release of reactive oxygen species and reactive nitrogen species from 
human neutrophils and murine macrophages, and also inhibited the production of 
the proinflammatory cytokines TNFα and MCP1. Moreover, ω-liposomes inhibited 
tumor cell proliferation when evaluated in FaDu head and neck squamous carcinoma 
and 4T1 breast cancer cells in in vitro cultures. We propose that ω-liposomes are a 
promising nanonutraceutical formulation for intravenous delivery of fish oil FAs, 
which may be beneficial in the treatment of inflammatory disorders and cancer. 

*Published in International Journal of Nanomedicine (2016), doi: 10.2147/IJN.S115995.
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1. INTRODUCTION
Dietary ω3 polyunsaturated fatty acids (PUFAs), including docosahexaenoic 

acid (DHA), have been reported to be beneficial in the treatment of cardiovascular 
diseases and cancer [1–4]. Such diseases share common pathophysiological features, 
including unbalanced oxidative stress, an inflammatory microenvironment, and 
aberrant cell proliferation, which are potential therapeutic targets for PUFAs [5–
9]. Several clinical studies have been conducted to exploit the beneficial effects of 
PUFAs. However, such effects on the aforementioned targets are typically observed 
after longterm oral consumption of PUFAs in high amounts [10,11]. The oral dosage 
of DHA intake varies, ranging from 0.4 to 4 g/day for at least 4 months (Clinical Trials 
Identifier: NCT01078909 and NCT01865448). Bouwens et al. used a combination of 
DHA and eicosapentaenoic acid (EPA; 1.8 g/day for 26 weeks) to demonstrate anti-
inflammatory effects in humans [12].

To benefit fully from the effects of PUFAs, we propose a novel approach to enrich 
their content specifically in target cells that are involved in inflammatory disorders. 
Instead of oral intake of high doses of fish oil, we propose to specifically increase the 
levels of PUFAs in inflamed lesions through the use of nanomedicine. Nanoparticles 
can accumulate in inflamed tissues and are efficiently taken up, mainly by 
macrophages and to a lesser extent other immune cells [13]. The accumulation of 
nanoparticles in pathological tissues was first described for tumors and occurs via 
their enhanced extravasation through leaky blood-vessel walls [14]. This phenomenon 
has been named the enhanced permeability and retention (EPR) effect and has also 
been described for chronic inflammatory disorders, such as rheumatoid arthritis 
and atherosclerosis [15,16]. An example of a clinically available nanomedicine that 
exploits the EPR effect is the liposomal formulation of doxorubicin, branded Doxil, 
indicated for breast cancer, ovarian cancer, multiple myeloma, and AIDS-related 
Kaposi’s sarcoma [17,18].

We propose a novel liposomal formulation of docosahexaenoic acid-loaded 
liposomes (ω-liposomes), by incorporating DHA into polyethylene glycol (PEG)
ylated liposomes. Such long-circulating PEGylated liposomes can accumulate 
in inflamed tissues and deliver their PUFA cargo into macrophages and other 
immune cells. In the present study, we report the physicochemical characteristics of 
ω-liposomes and their anti-inflammatory effects in different types of immune cells 
(Figure 1). In addition, to demonstrate their potential benefit in the treatment of 
cancer, their growth-arresting effects in human and murine cancer cell lines were 
also evaluated.
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Figure 1| Preparation of ω-liposomes and their cellular targets in disease. Fish oil and oily fish are rich in 
ω3 polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acid (DHA). We formulated DHA into 
ω-liposomes by lipid-film hydration followed by downsizing using extrusion. PEGylated long-circulating 
liposomes have been shown to accumulate in inflammatory lesions and tumors via the enhanced 
retention and permeability effect, and thus facilitate local delivery of the PUFAs in ω-liposomes. Multiple 
pathophysiological processes can be tackled with ω-liposomes. Tissue-associated immune cells, such as 
plaque macrophages or tumor-associated macrophages, accelerate the progression and invasiveness of 
the disease by releasing proinflammatory cytokines, such as TNFα and MCP1, and reactive nitrogen 
species (RNS), which are usually mediated by increased activity of NFκB. Neutrophils can also have 
significant effects on destabilizing atherosclerotic plaques or on tumor progression via the release of 
reactive oxygen species (ROS) and via intercommunication with macrophages. A third target for ω- 
liposomes is the abnormal cellular proliferation of tumor cells. PEG, polyethylene glycol; ω-liposomes, 
docosahexaenoic acid-loaded liposomes.
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2. MATERIALS AND METHODS
2.1. Chemicals

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and N-(carbonyl-
methoxy-PEG2,000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-
PEG2,000) were purchased from Lipoid AG (Steinhausen, Switzerland). L-α-
Phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) (rhodamine PE) 
was obtained from Avanti Polar Lipids (Alabaster, AL, USA). All other materials 
were purchased from Sigma-Aldrich Co. (St Louis, MO, USA) unless otherwise 
stated.

2.2. Liposomal Preparation and DHA Loading into 
Liposomes

DHA-loaded liposomes (ω-liposomes) and control liposomes (C-liposomes) 
were prepared with DPPC, cholesterol, DSPE-PEG2,000, and DHA (ω-liposomes 
only) in molar ratios indicated in Table 1. Rhodamine PE was added at 0.2 mol% 
for fluorescent labeling when applicable. Typical batch sizes were prepared with 20 
mM total lipid (TL). Liposomes were prepared using lipid film/hydration. Lipids, 
including DHA, were dissolved in chloroform–methanol (1:1 v/v, total 4 mL) in a 
round-bottom flask, and a lipid film was prepared by rotary evaporation (Büchi 
Labortechnik AG, Flawil, Switzerland), followed by an additional drying step under 
a stream of nitrogen for 1 hour. Subsequently, the lipid film was hydrated with 5 
mL 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-buffered saline 
(HBS) solution (pH 7.4) to form a lipid dispersion. To downsize the lipid dispersion 
and to form uniform-size liposomes, the lipid particles were reduced by multiple 
sequential extrusion steps using a Lipex extruder (Northern Lipids, Burnaby, BC, 
Canada) through polycarbonate membranes (Nuclepore, Pleasanton, CA, USA) 
with final filters of pore size 100 nm. The resulting liposomes were purified by either 
sequential centrifugation steps (as per Eckert et al.) [19] or by ultrafiltration. Briefly, 
liposomes were centrifuged at 8,000× g for 20 minutes to remove the debris. The 
supernatant was removed and centrifuged again at 15,000× g for 20 minutes or 
subjected to ultrafiltration using filtration units with a 100 kDa molecular weight 
cutoff (Sartorius Stedim Biotech SA, Aubagne, France). Liposomes were then filtered 
through a 0.22 μm nylon filter (CellTreat Scientific Products, Pepperell, MA, USA)
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2.3. Characterization of Liposomes
The mean particle-size distribution and polydispersity index (PDI) of the 

liposomes were determined by dynamic light scattering (DLS) using a Malvern CGS-
3 multiangle goniometer (Malvern Instruments, Malvern, UK) with a JDS Uniphase 
22 mW He–Ne laser operating at 632 nm, an optical fiber-based detector and a digital 
LV/LSE-5003 correlator. All measurements were performed at a 90° angle. The 
ζ-potential of the liposomes was determined by laser Doppler electrophoresis using a 
Zetasizer Nano-Z (Malvern Instruments). Liposomes were diluted in 10 mM HEPES 
buffer (pH 7.4) prior to measurements. The phospholipid content of liposomes was 
determined with a phosphate assay, in accordance with Rouser et al. [20]. The DHA 
content of liposomes was determined after their disruption in acetonitrile by high-
performance liquid chromatography on a Shimadzu system equipped with a C18 
column, two LC-10AT pumps, and an SPD-M10AVP photodiode array detector at 
a wavelength of 237 nm. The absence of free DHA and the homogeneity of particle 
size were confirmed by separation of free DHA from liposomes by size-exclusion 
chromatography on a Superdex 10/300 column (GE Healthcare UK Ltd, Little 
Chalfont, UK) using phosphate-buffered saline as eluent at a flow rate of 1 mL/min. 
Liposome colloidal stability under storage conditions was studied by monitoring 
their mean size and size distribution with DLS every 4–5 days for 30 days upon 
storage in HBS at 4 °C.

2.4. Experiments with Immune Cells
Murine RAW264.7 macrophages and human THP1 monocytes were obtained 

from the American Type Culture Collection (ATCC). RAW264.7 macrophages were 
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose, while 
THP1 cells were cultured in Roswell Park Memorial Institute 1640 medium. Both 
media were supplemented with 10% (v/v) fetal bovine serum, penicillin (100 IU/
mL), streptomycin (100 μg/mL), and amphotericin B (0.25 μg/mL) and incubated 
at 37 °C under 5% CO2 atmosphere. THP1 monocytes were differentiated into 
macrophages by stimulation with 50 ng/mL of phorbol-12-myristate-13-acetate 
(PMA) for 24 hours. Afterward, PMA was washed and cells incubated in fresh 
medium for another 24 hours. The RAW264.7 NFκB Luc-reporter cell line, stably 
transfected with 3x-NFκB Luc plasmid, was kindly provided by Professor MPJ 
de Winther (Academic Medical Centre, Amsterdam), and cultured as RAW264.7 
cells. Human polymorphonuclear neutrophils (PMNs) were freshly isolated from 
a human buffy coat (Sanquin Blood Supply, Amsterdam) and suspended in Hank’s 
balanced salt solution (HBSS) supplemented with 1% gelatin. HEK-Blue hTLR4 cells 
were purchased from InvivoGen (San Diego, CA, USA), and were subcultured in 
DMEM high glucose supplemented with 10% (v/v) fetal bovine serum, 2–4 mM 
L-glutamine, penicillin (50 IU/mL), streptomycin (50 μg/mL), and amphotericin B 
(0.25 μg/mL), and incubated at 37 °C under a 5% CO2 atmosphere.
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2.4.1. Liposome-Uptake Study

RAW264.7 (40,000 cells) was seeded into each well of a μ-Slide VI 0.4 IbiTreat 
Microscopy Chamber (Ibidi GmbH, Planegg, Germany) and incubated overnight. 
Cells were treated with 0.125 mM TL of rhodamine-labeled ω-liposomes or 
rhodamine-labeled C-liposomes for 4 hours at 37 °C. Afterward, cell nuclei were 
stained with Hoechst for 30 minutes, followed by thorough washing steps. Cells 
were visualized on a BZ-9000 fluorescence microscope (Keyence, Osaka, Japan) or 
on a confocal SPE-II microscope (Leica Microsystems, Wetzlar, Germany).

2.4.2. Inhibition of Production of Reactive Nitrogen Species 
(NO Assay)

To evaluate the effect of liposomal formulations on the release of reactive nitrogen 
species, RAW264.7 cells were seeded at 100,000 cells per well in a 96-well plate. 
After 24 hours of incubation, cell culture medium was removed from all wells and 
replaced with fresh medium spiked with the respective treatments – ω-liposomes 
or C-liposomes – at the indicated concentrations. After 2 hours, lipopolysaccharide 
(LPS) was added at a final concentration of 100 ng/mL, followed by incubation at 37 
°C for another 22 hours. In another setup, we evaluated the effect of ω-liposomes or 
C-liposomes on RAW264.7 cells prestimulated with LPS. Briefly, we first stimulated 
RAW264.7 cells with LPS (100 ng/mL) for 2 or 4 hours, after which cells were washed 
with medium or not, and subsequently treated with the liposomes for another 22 
hours. In either the pretreatment or the prestimulation setup, the supernatant was 
collected for a nitric oxide assay with Griess reagents. Absorbance was measured 
at 550 nm on a SpectroStar Nano (BMG LabTech, Ortenberg, Germany). The effect 
of liposome formulations on cell viability was assessed under similar conditions 
of the assay (ie, LPS stimulation, seeding density, and exposure time) to assure 
that the noticed antioxidant effects were not due to significant cytotoxic effects of 
the formulations. A CellTiter 96® Aqueous One solution viability assay (Promega 
Corporation, Fitchburg, WI, USA) was performed as per the supplier’s protocol, 
and the absorbance was measured using EZ Read 400 (Biochrom, Cambridge, UK).

RAW264.7 NFκB Luc cells were seeded at 80,000 per well in a 96-well plate. After 
24 hours of incubation, the medium was removed from all wells and replaced with 
either fresh medium or the respective ω-liposomes or C-liposomes formulations 
at the indicated concentrations. This medium was removed and cells washed with 
fresh medium twice after 4 hours of treatment. Cells were stimulated with LPS at a 
final concentration of 100 ng/mL for 2 hours. Luciferase activity was determined 
using a One-Glo luciferase assay system (Promega Corporation) according to the 
supplier’s instructions. Cell viability was assessed under the same exposure time of 
LPS treatment and LPS stimulation as described earlier.
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2.4.3. Inhibition of Production of Proinflammatory Cytokines 
TNFα and MCP1

THP1 cells, a commonly used model for mimicking macrophages in the vasculature 
[21] were seeded at 250,000 cells per well in a 24-well plate and differentiated into 
macrophages as described earlier. The medium was replaced by a medium containing 
liposomal formulations for 2 hours, then stimulated with LPS for an additional 22 
hours. The supernatant was collected and stored at -80 °C until further analysis. 
TNFα and MCP1 were measured by enzyme-linked immunosorbent assay (ELISA) 
according to the manufacturer’s instructions (ELISA Max™ deluxe set human TNFα 
and human MCP1/CCL2 kits; BioLegend, San Diego, CA, US). Cell viability was 
determined as described earlier.

2.4.4. Inhibition of Production of Reactive Oxygen Species 
(ROS Assay)

PMNs, freshly obtained from human buffy coat, were diluted to a final 
concentration of 250,000 cells/mL and treated with ω-liposomes and C-liposomes 
formulations at indicated concentrations in a white 96-well plate for 30 minutes. 
Subsequently, luminol, as luminescence enhancer, and zymosan, as reactive oxygen 
species (ROS) inducer, were pipetted into each well. The chemiluminescence resulting 
from ROS production was measured immediately using a Titertek Luminoskan 
(TechGen International, Zellik, Belgium).

2.4.5. Inhibition of Toll-Like Receptor 4 (TLR4) Activation

HEK-Blue hTLR4 cells were seeded at 25,000 cells per well in a 96-well plate 
and treated with liposomes for 2 hours, followed by 16 hours of LPS stimulation. 
A Quanti-Blue assay (InvivoGen) was performed according to the manufacturer’s 
instructions to determine the level of secreted alkaline phosphatase as a reporter for 
TLR4 activation. Cell viability was assessed as mentioned earlier.

2.5. Experiments with Cancer Cell Lines
Murine 4T1 breast cancer cells and human FaDu squamous cell carcinoma cells 

were obtained from the ATCC. Cells were cultured in DMEM supplemented with 
10% (v/v) fetal bovine serum, penicillin (100 IU/mL), streptomycin (100 μg/mL), 
and amphotericin B (0.25 μg/mL). Normal human umbilical vein endothelial cells 
(HUVECs) were obtained from Lonza (Basel, Switzerland) and cultured in EBM 
basal medium supplemented with EGM-2 SingleQuot kit supplements and growth 
factors (Lonza).
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FaDu squamous cell carcinoma cells or 4T1 metastatic breast cancer cells were 
seeded at a density of 3,000 cells per well in a 96-well plate. HUVECs, which served 
as control (normal cells), were seeded at a density of 4,000 cells per well in a 96-well 
plate. After 24 hours, cells were treated with ω-liposomes and C-liposomes at the 
indicated concentrations for 24 hours. To determine the number of dividing cells, 
bromodeoxyuridine (BrdU) reagent was added to the cells for 4–6 hours and an 
ELISA BrdU colorimetric immunoassay (Hoffman-La Roche Ltd, Basel, Switzerland) 
was performed, according to the manufacturer’s protocol.

2.6. Statistical Analysis
Data are expressed as mean ± standard error of mean. Statistical analyses by 

Student’s t-test were performed with GraphPad Prism; values of P < 0.05 were 
considered statistically significant.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of ω-Liposomes

The physicochemical characteristics of PUFA-loaded PEGylated liposomes 
(ω-liposomes) and control PEGylated liposomes (C-liposomes) are summarized in 
Table 1. Hydration of the lipid film with HBS resulted in a heterogeneous, milky 
dispersion for both ω-liposomes and C-liposomes. The cumulative size distribution 
at 90% (D90) of this lipid dispersion before extrusion was 2 μm and 3 μm for 
C-liposomes and ω-liposomes, respectively (Figure S1A). After extrusion, both 
liposomal formulations were translucent and displayed comparable mean sizes 
(around 100 nm), D90 (around 120 nm), and narrow size distributions (polydispersity 
<0.1) (Table 1 and Figure S1B). The narrow size distribution is also demonstrated in 
the size distribution histograms obtained from DLS (Figure S2). The slightly negative–
close to neutral ζ-potentials indicated that the negative charge of the DHA lipids 
was shielded by the PEG corona on the surface of liposomes (Table 1). TL recovery 
after extrusion was 69%±8% and 70%±10% for ω-liposomes and C-liposomes, 
respectively, as determined by Rouser phosphate assay. The entrapment efficiency 
and DHA-loading content in ω-liposomes were 81%±3% and 15%±1%, respectively 
(Table 1). Separation of liposomes and free DHA by size-exclusion chromatography 
showed that DHA was effectively incorporated into the liposomes (Figure 2A). 
Changes in mean size and size distribution of both liposomal formulations were 
minimal under liposome-storage conditions at 4 °C over a period of 5 weeks (Figure 
2B and C). Liposome-size distribution was relatively narrow and remained <0.1 on 
the PDI. In addition, there were no significant changes in particle size or PDI values 
between C-liposomes and ω-liposomes in a stability study at room temperature and 
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37 °C at physiological pH (ie, pH 7.4) (Figure S3). Furthermore, differential scanning 
calorimetry showed no differences in the thermograms of the formulations, likely 
due to the stabilizing effect of cholesterol (Figure S4).

3.2. Cell-Uptake/Interaction Studies of Liposomes
Lipid-based nanocarriers can be efficiently internalized by phagocytic cells, and 

hence are an attractive system to deliver PUFAs to immune cells. Macrophages are 
known to be the most efficient in uptake of nanoparticles among the different cell 
types and may act as a reservoir for nanotherapeutics [13,22]. Figure 3 shows that 
RAW264.7 macrophages internalized both ω-liposomes and C-liposomes to a similar 
extent. Fluorescence microscopy was used to visualize the association and the 
uptake of rhodamine-labeled liposomes. We further utilized the power of confocal 
microscopy to visualize a focal intracellular plane, minimizing any extracellular 
signal. The accumulation of labeled liposomes in perinuclear vesicles suggests an 
accumulation of either formulation in the endosomal/lysosomal compartment 
(Figure 3A–D).
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Figure 2| Purity and colloidal stability of docosahexaenoic acid (DHA)-loaded liposomes (ω-liposomes) 
and control liposomes (C-liposomes). (A)The absence of free DHA in ω-liposomes was confirmed by 
size-exclusion chromatography. (B and C) Colloidal stability of ω-liposomes and C-liposomes were 
investigated by dynamic light scattering measuring the changes in (B) mean size and (C) polydispersity 
index upon storage for over 30 days at 4 °C.

Table 1| Characteristics of liposomes
Liposomal 
formulation

Molar ratio 
(DHA:DPPC: 
Chol: DSPE- 
PEG2,000)

Mean  
diameter    
(nm)

Polydispersity 
index

ζ- Potential 
(mV)

Total 
lipid 
yield 
(%)

DHA- 
loading 
content (%)

DHA- 
entrapment 
efficiency (%)

ω-liposomes 1:0.85:1:0.15 99±16 0.06±0.01 −15.7±2.5 69±8 14.6±1.2 81.35±3.24

C-liposomes 0:1.85:1:0.15 100±17 0.08±0.03 −15.0±0.6 70±10 Not 
applicable

Not 
applicable

Loading content (%) = Amount of DHA (mg)/Amount of total lipid (mg) × 100% 
Entrapment efficiency (%) = (Final drug/lipid ratio)/(Initial drug/lipid ratio) × 100% 
Total lipid yield (%) = Total lipid recovered (μmol)/Initial lipid used (μmo) x 100%

Abbreviations: DHA, docosahexaenoic acid; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline; Chol, cholesterol; DSPE, distearoyl phosphatidylethanolamine; PEG, polyethylene 
glycol; ω-liposomes, docosahexaenoic acid-loaded liposomes. yield (%) Initial lipid used
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Figure 3| Cell-interaction and uptake studies of rhodamine-labeled docosahexaenoic acid-loaded 
liposomes (ω- Lipo) and control liposomes (C-Lipo) in RAW264.7 macrophages. RAW264.7 murine 
macrophages were incubated for 4 hours at 37 °C with rhodamine-labeled liposomes (0.125 mM total 
lipid; red). Cells were visualized with fluorescent microscopy (A and B) or by confocal microscopy (C and 
D). Blue staining represents cell nuclei. Scale bars = 20 μm.
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3.3. Effect of ω-Liposomes in Activated Immune Cells
Unbalanced reactive nitrogen species (RNS) and ROS are often generated by 

stimulated immune cells and play a crucial role in the development and progression 
of multiple inflammatory disorders [23–25]. The effect of ω-liposomes on the 
production of nitric oxide (NO) and ROS was evaluated in murine macrophages and 
human PMNs, respectively. NO is an important mediator in inflammation that reacts 
with superoxide to form peroxynitrite, a powerful oxidizing and tissue-damaging 
moiety. LPS induced a significant increase in NO production by RAW macrophages, 
and ω-liposomes reduced LPS-induced NO production significantly, with up to 
80% reduction at the highest tested concentration. Remarkably, C-liposomes also 
inhibited LPS-induced NO production by RAW cells dose-dependently, although less 
strongly than ω-liposomes (50% vs 80% at 0.5 mM TL and 35% vs 60% at 0.25 mM TL) 
(Figure 4A). In a different experimental setup in which cells had been prestimulated 
with LPS and then treated with liposomes, ω-liposomes showed similar potent 
anti-inflammatory activity (Figure S5A–C). Since nuclear factor kappaB (NFkB) 
activation plays a crucial role in inducing NO production via inducible nitric oxide 
synthase, we sought to determine the effect of liposomes on RAW264.7 cells stably 
transfected with an NFκB-reporter gene, which expresses firefly luciferase upon 
activation. Both formulations showed inhibition of NFκB activation similarly to the 
observed inhibitory effects on NO production (Figure 4B). Of note, the liposomal 
formulations were not toxic to either of the cell lines at the tested concentration 
range and exposure time (Figure 4C and D).
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Figure 4| Effect of docosahexaenoic acid-loaded liposomes (ω-liposomes) and control liposomes 
(C-liposomes) on lipopolysaccharide (LPS)-induced nitric oxide production and NFκB activation in 
murine macrophages. (A) RAW264.7 cells were treated with the liposomes and stimulated with LPS for 
24 hours. NO production was measured in the supernatant with Griess reagent. (B) RAW264.7 NFκB Luc 
cells were treated with liposomes for 4 hours, washed twice with medium, then stimulated with LPS for 
another 2 hours. Luciferase activity was determined using the One-Glo luciferase assay. (C and D). Cell 
viability was assessed by MTS assay under the same experimental conditions. Data presented as mean 
± standard error of mean from three independent experiments (each n≥4). *P<0.05, **P<0.01, ***P<0.001 
compared to control nontreated (NT) LPS-stimulated cells (Student’s t-test). White bars indicate 
nontreated, nonstimulated control cells; black bars indicate stimulated control cells not treated with 
liposomal formulations. Luc, luciferase; MTS, (3-(4,5-dimethylthiazol-2-yl)-5-(3 carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium); NO, nitric oxide; TL, total lipid.
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The effects of ω-liposomes on the production of two proinflammatory cytokines – 
MCP1 and TNFα – were also studied, as they are key regulators in the recruitment of 
immune cells to inflammatory lesions and exacerbation of the inflammation [26,27]. 
THP1 macrophages were stimulated with LPS (100 ng/mL) and then treated with 
either ω-liposomes or C-liposomes. ω-Liposomes reduced the production of both 
cytokines, while C-liposomes had only minor effects (Figure 5A and B). The highest 
concentration of ω-liposomes, 0.5 mM TL, resulted in a minor reduction in THP1 cell 
viability of less than 30% compared to the untreated control cells (Figure 5C).

Figure 5| Effect of docosahexaenoic acid-loaded liposomes (ω-liposomes) and control liposomes 
(C-liposomes) on lipopolysaccharide (LPS)-induced proinflammatory cytokine production in 
macrophages. Human THP1 macrophages were treated with the liposomes and stimulated with LPS 
for 24 hours. (A) MCP1 and (B) TNFα released in the supernatant were analyzed by enzyme-linked 
immunosorbent assay. Data presented as mean ± standard deviation of one representative experiment 
performed in triplicate. (C) Cell viability was assessed by MTS assay under the same experimental 
conditions. **P<0.01, ***P<0.001 compared to control nontreated (NT) LPS-stimulated cells (Student’s 
t-test). White bars indicate nontreated, nonstimulated control cells; black bars indicate stimulated control 
cells not treated with liposomal formulations. TL, total lipid.
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In addition to macrophages, neutrophils (PMNs) are a key source of ROS 
[28]. Therefore, the effect of liposomes in an oxidative burst setup was assessed, 
where zymosan-induced an increase in ROS production by neutrophils. ROS was 
remarkably reduced with ω-liposome treatment by 60% and 90% at 0.06 mM and 
0.13 mM TL, respectively. C-liposomes had no effect on zymosan-induced ROS 
production at any tested concentration (Figure 6).

Figure 6| Effect of docosahexaenoic acid-loaded liposomes (ω-liposomes) and control liposomes 
(C-liposomes) on zymosan-induced neutrophil oxidative burst. Polymorphonuclear neutrophils freshly 
isolated from a buffy coat were treated immediately with liposomes and stimulated with zymosan. Reactive 
oxygen species (ROS) generation was measured by using a luminol-amplified chemiluminescence assay. 
Data presented as mean ± standard error of mean from one representative experiment performed in 
triplicate (each n≥4). ***P<0.001 compared to control nontreated (NT) zymosan-stimulated cells (Student’s 
t-test). White bar indicates nontreated, nonstimulated control cells; black bar indicates stimulated control 
cells not treated with liposomal formulations. TL, total lipid.

The effects of ω-liposomes were further examined on LPS-induced TLR4 
activation. TLR4 is a key receptor recognizing damage-associated molecular 
patterns and pathogen-associated molecular patterns. As such, it plays a key role 
in atherosclerosis, cancer, and other chronic inflammatory diseases [29–32]. Using 
HEK-blue TLR4 cells, the induction of TLR4-controlled expression of the reporter 
molecule secreted embryonic alkaline phosphatase (SEAP) was monitored. LPS 
triggered a fivefold increase in SEAP activity, which was reduced by ω-liposomes 
in a dose-dependent manner, whereas C-liposomes had no effect (Figure 7A). 
ω-Liposomes at 0.5 mM TL (highest concentration) resulted in a minor reduction 
in cell viability of less than 30% compared to the untreated control cells (Figure 7B).

A number of studies have investigated the anti-inflammatory effects of PUFAs 
in general, and DHA specifically. These studies focused mainly on increasing the 
dietary intake of PUFAs, in in vivo and clinical studies, or by the use of DHA in its free 
form in vitro [3,5,31,33,34]. DHA significantly decreased the expression of cytokine-
induced leukocyte adhesion molecule expression in human endothelial cells, while 
EPA, another member of PUFAs, did not [33]. In a genomic study, Bouwens et al. 
demonstrated that a high oral dose of DHA and EPA decreased the expression of 
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genes involved in inflammatory pathways, such as eicosanoid synthesis, interleukin 
signaling, NFκB, and a decrease in oxidative stress and cell adhesion on the whole 
genome of peripheral blood mononuclear cells [12].

Figure 7| Effect of docosahexaenoic acid-loaded liposomes (ω-liposomes) and control liposomes 
(C-liposomes) on lipopolysaccharide (LPS)-induced TLR4 activation. Human HEK-Blue TLR4 cells were 
treated with the liposomes and stimulated with LPS for 18 hours. (A) TLR4 activation was monitored by 
measuring the secreted embryonic alkaline phosphatase (SEAP) in the medium calorimetrically. (B) Cell 
viability was assessed by MTS assay under the same experimental conditions. Data presented as mean 
± standard error of mean from two independent experiments (each n≥4). **P<0.01 compared to control 
nontreated (NT) LPS-stimulated cells (Student’s t-test). White bars indicate nontreated, nonstimulated 
control cells; black bars indicate stimulated control cells not treated with liposomal formulations. TL, 
total lipid.

3.4. Effect of ω-Liposomes in Cancer Cell Lines
Aberrant cell proliferation is the hallmark of cancer and other chronic inflammatory 

diseases. Although targeting inflammation in cancer may reduce the invasive features 
of tumors, anti-inflammatory therapies are seen as an adjunct therapy [35]. Studies 
have demonstrated the effects of dietary PUFAs on the prevention and inhibition 
of cancers [2,4]. Therefore, we investigated if ω-liposomes could reduce aberrant 
cell proliferation. Bromodeoxyuridine (BrdU)-incorporation assays were performed, 
in which a thymidine analog incorporates only into the DNA of proliferating cells. 
ω-Liposomes significantly reduced the proliferation of two fast-growing tumor 
models – human FaDu squamous carcinoma and murine 4T1 breast cancer – in vitro, 
while C-liposomes did not affect cell proliferation (Figure 8). ω-Liposomes did not 
reduce the proliferation of control cells, as tested on normal HUVECs (Figure S6).

The exact mechanisms of action of PUFAs in general and DHA specifically 
are not well known. Possibly, the incorporation of PUFAs into the cell membrane 
may affect membrane fluidity, ligand recognition, and downstream signaling [36]. 
Furthermore, GPR120, a novel G-protein-coupled receptor, was identified as a sensor 
for PUFAs [37]. Also, PUFAs may act as precursors for specialized lipid mediators, 
such as resolvins and protectins, which possess potent anti-inflammatory effects and 
assist in the resolution of inflammation [38].
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(C-liposomes) on tumor-cell proliferation. (A) FaDu cells and (B) 4T1 cells were exposed for 24 hours 
to ω-liposomes and C-liposomes, after which the medium was replaced with medium containing 
bromodeoxyuridine (BrdU) and cells incubated for additional 4–6 hours. Afterward, BrdU incorporation 
was determined by enzyme-linked immunosorbent assay. Data presented as mean ± standard error of 
mean from three independent experiments (each n≥4). *P<0.05, ***P<0.001 compared to control nontreated 
(NT) cells (Student’s t-test). TL, total lipid.

In this study, a simple nanonutraceutical-based strategy was adopted to 
deliver effective doses of PUFAs, which dampen the inflammatory phenotype of 
inflammatory immune cells involved in chronic inflammation. Their antiproliferative 
activities against cancer cells were also demonstrated. The developed ω-liposomes 
possess several advantages over the classical dietary intake of DHA, which requires 
a long duration of intake at high doses. First, formulation into liposomes allows 
the solubilization of DHA in aqueous solutions at high concentrations, which is 
required for injection in a low volume. Next, PEGylated liposomes circulate longer 
and accumulate to a higher extent in inflamed tissues.

Most nanoparticles for in vivo use, which have a particle size of 10–300 nm, 
nonspecifically accumulate in the reticuloendothelial system (RES), eg, in the liver 
and spleen, and other tissues. Nanoparticles are also however accumulated in 
pathological lesions by the EPR effect, as demonstrated for atherosclerotic plaques, 
inflamed joints in rheumatoid arthritis, and tumors. Such lesions are rich in immune 
cells, mainly macrophages, which drive the pathophysiological inflammation and 
contribute to the leaky vasculature [13,15,16]. These macrophages have the highest 
uptake activity compared to other professional phagocytes and other cells [13]. 
PEGylation will prolong the circulation time of liposomes, and hence increases the 
chance for extravasation by EPR to the inflamed tissue.

Therefore, this approach can improve the pharmacokinetic profile of DHA and 
will boost its activities. Of note, a clinically approved total parenteral nutrition (eg, 
Omegaven), which is rich in DHA and EPA, is prescribed at a dose up to 2.5 g/day for 
4 weeks to reduce risks of liver damage [39]. Such non-PEGylated emulsion is cleared 
more quickly (half-life 54 minutes, as described in the manufacturer’s manual) when 
compared to long-circulating PEGylated liposomes, such as Doxil (half-life 20–30 
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hours) [40], and hence will have less chance to accumulate in inflamed tissues by 
EPR extravasation. In addition to the longer circulation, liposomes can improve the 
chemical stability of DHA, which is susceptible to fast oxidation [41–43]. Moreover, 
ω-liposomes are a tuneable drug-delivery platform in which other drugs can be 
loaded into the liposomal aqueous core, for synergism, or a targeting ligand can be 
attached to the surface, for an active targeting approach toward specific cell types 
[44].

4. CONCLUSION
DHA was successfully incorporated in long-circulating PEGylated liposomes 

to form ω-liposomes. The formulation remained stable and active upon storage 
over a month. Furthermore, ω-liposomes possess strong antioxidant and anti-
inflammatory effects in vitro, as demonstrated by the inhibition of the production 
of ROS, NO, MCP1, and TNFα, and the inhibition of NFκB activation, in activated 
immune cells. They also induce strong inhibition of tumor cell proliferation. This 
nanonutraceutical represents a nanomedicine-based approach for delivery of 
relatively safe nutraceutical components that can be applied for the prevention or 
management of chronic inflammatory diseases and cancer.
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APPENDIX: SUPPLEMENTARY DATA

Figure S1| Physical appearance and calculation of D90 of ω-liposomes and control liposomes 
(C-liposomes) before (A) and after (B) extrusion. Abbreviations: C-LMV, control large, multilamellar 
vesicles; D90, size distribution at 90%; PDI, polydispersity index; ω-liposomes, docosahexaenoic acid-
loaded liposomes; ω-LMV, docosahexaenoic acid-loaded large, multilamellar vesicles.

Figure S2| Dynamic light scattering generated histograms demonstrating the particle-size distribution of 
ω-liposomes (B) and control liposomes (C-liposomes) (A) after extrusion. ω-liposomes, docosahexaenoic 
acid-loaded liposomes.
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Figure S3| Colloidal stability of ω-liposomes and control liposomes (C-liposomes) at room temperature 
(RT) and 37 °C. Particle size (A and C) and polydispersity index (B and D) were monitored with dynamic 
light scattering over 72 hours. ω-liposomes, docosahexaenoic acid-loaded liposomes.

Figure S4| Thermotropic stability of liposomes. The thermotropic stability of the liposomes was 
analyzed using differential scanning calorimetry and HEPES buffered saline as a reference. The thermal 
behavior of the liposomes was monitored between 4 °C and 60 °C, with increasing steps of 0.5 °C per 
minute. C-liposomes, control liposomes; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 
ω-liposomes, docosahexaenoic acid-loaded liposomes.
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Figure S5| Effect of ω-liposomes and control liposomes (C-liposomes) on lipopolysaccharide (LPS)-
induced nitric oxide production in prestimulated murine macrophages. (A) RAW264.7 cells were 
stimulated with LPS for 2 or 4 hours (B, C). Afterward, LPSwas washed (C) or not (A and B), and cells 
were treated with ω-liposomes or C-liposomes. NO production was measured in the supernatant with 
Griess reagent. Data presented as mean ± standard error of mean from a representative experiment (n=4). 
NT, nontreated; TL, total lipid; ω-liposomes, docosahexaenoic acid-loaded liposomes.

Figure S6| Effect of ω-liposomes and control liposomes (C-liposomes) on the proliferation of human 
umbilical vein endothelial cells (HUVECs). HUVECs were seeded at 4,000 cells/well in a 96-well plate. 
Cells were exposed for 24 hours to ω-liposomes and C-liposomes, after which the medium was replaced 
with medium containing bromodeoxyuridine (BrdU) and cells incubated for an additional 4–6 hours. 
Afterward, BrdU incorporation was determined by enzyme-linked immunosorbent assay. Data presented 
as mean ± standard error of mean from a representative experiment (n=6). NT, nontreated; TL, total lipid; 
ω-liposomes, docosahexaenoic acid-loaded liposomes.
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CHAPTER 4
Multiple Pathway Assessment to 
Predict Anti-Atherogenic Efficacy 
of Drugs Targeting Macrophages in 
Atherosclerotic Plaques*

ABSTRACT

Macrophages play a central role in atherosclerosis development and 
progression, hence, targeting macrophage activity is considered an 
attractive therapeutic. Recently, we documented nanomedicinal delivery 

of the anti-inflammatory compound prednisolone to atherosclerotic plaque 
macrophages in patients, which did however not translate into therapeutic efficacy. 
This unanticipated finding calls for in-depth screening of drugs intended for 
targeting plaque macrophages. We evaluated the effect of several candidate drugs 
on macrophage activity, rating overall performance with respect to changes in 
cytokine release, oxidative stress, lipid handling, endoplasmic reticulum (ER) stress, 
and proliferation of macrophages. Using this in vitro approach, we observed that the 
anti-inflammatory effect of prednisolone was counterbalanced by multiple adverse 
effects on other key pathways. Conversely, pterostilbene, T0901317, and simvastatin 
had an overall anti-atherogenic effect on multiple pathways, suggesting their 
potential for liposomal delivery. Conclusion: This dedicated assay setup provides a 
framework for high- throughput assessment. Further, in vivo studies are warranted 
to determine the predictive value of this macrophage-based screening approach and 
its potential value in nanomedicinal drug development for cardiovascular patients.

*Published in Vascular Pharmacology (2016), doi: 10.1016/j.vph.2016.04.006.
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1. INTRODUCTION
Atherosclerosis is a multifaceted disease of the arterial wall, underlying the vast 

majority of cardiovascular diseases [1]. Triggered by endothelial cell dysfunction, 
circulating lipids accumulate in the arterial wall and become modified through 
oxidation. Recruited macrophages become foam cells when taking up these oxidized 
lipids, which is a hallmark of initial atherosclerotic lesions. Over time, a complex 
interplay of maladaptive responses contributes to atherosclerosis progression, 
including, amongst others, chronic local inflammation, oxidative stress, impaired 
cholesterol efflux, and excessive cell proliferation [2].

Past decades, the widespread use of statin-based lipid lowering strategies has 
revolutionized cardiovascular disease management, reducing the risk of an acute 
event by 25–35% [3]. Nonetheless, a considerable residual risk remains,[4] driving 
the pursuit for novel anti-atherosclerotic strategies. Since plaque macrophages are 
crucial in atherogenesis, main mechanisms related to macrophage activity, including 
inflammation, oxidative stress, lipid metabolism, and proliferation are considered 
potential therapeutic targets [5]. Nanomedicine offers an attractive strategy to 
locally target macrophage activity within an atherosclerotic plaque [6]. In addition 
to promising results in experimental models,[7, 8] we recently reported successful 
targeting of plaque macrophages in patients with atherosclerosis using a liposomal 
delivery platform for prednisolone [9]. However, the unexpected lack of anti-
inflammatory efficacy strongly argued for a more in-depth characterization of drug 
effects on plaque macrophages [9].

Therefore, we set up a dedicated series of in vitro assays to rapidly screen drug 
compounds for their effects on multiple key pathways of macrophage activity. 
Seven compounds recognized for their beneficial modulating effect on one of 
these pathways were selected to evaluate their effect on all other aforementioned 
macrophage pathways (Table 1). To facilitate potential nanomedicinal development, 
we aimed to screen drugs and compounds that have a good safety profile in humans 
and are suitable for liposomal encapsulation. We demonstrate here that we can 
rapidly assess the overall performance of drug candidates to identify those likely to 
exert anti-atherogenic effects on lesional macrophages.
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Table 1| Selected drug compounds for multi-pathway screening
Drug Mode of action Clinical use Status for atherosclerosis

Prednisolone (Anti-
inflammatory)

Glucocorticoid 
receptor agonist

Inflammatory, 
oncological and 
hematological 
disorders

Phase I/II: Liposomal 
formulation of 
prednisolone phosphate 
showed no efficacy[9]

Methotrexate (MTX) 
(Anti-inflammatory)

Folic acid 
antagonist

Neoplastic diseases, 
rheumatoid arthritis, 
psoriasis

Phase III: Systemic 
low-dose MTX trial in 
progress (CIRT)[47]

T0901317 (T09) 
(Cellular cholesterol 
efflux stimulator)

Liver X receptor 
(LXR) agonist

Only preclinical use Preclinical: Systemic 
dosing reduces 
atherosclerosis in animal 
models, but promotes 
hepatic lipogenesis[25–30]

Pterostilbene (Anti-
oxidant)

Free radical 
scavenging

No clinical 
indications; 
available as dietary 
supplement

Preclinical: Long-term 
oral dosing of resveratrol 
(analog) reduces 
atherosclerosis in mice 
and rabbits [32–36]

Mercaptopurine 
(6-MP) (Anti-
proliferative)

Purine 
antagonist

Organ 
transplantation, 
leukemia, auto-
immune disorders

Preclinical: Drug-
eluting cuff reduces 
atherosclerosis in mice[43]

Simvastatin
(Lipid lowering / 
Anti-inflammatory)

HMG-CoA 
reductase 
inhibitor

Primary and 
secondary 
prevention of 
atherosclerosis

Preclinical: rHDL-
vehicle delivery reduced 
atherosclerosis in mice[7]

Rapamycin (Anti-
inflammatory)

mTOR inhibitor Organ 
transplantation, 
drug-eluting stents

Preclinical: Oral dosing 
reduces atherosclerosis 
in mice[50–57]; local 
delivery strategies are 
being developed [48,49]

Abbreviations: MTX = methotrexate; CIRT = cardiovascular inflammation reduction trial; 
HMG-CoA = 3- hydroxy-3-methyl-glutaryl-coenzyme A; rHDL = recombinant high-densi-
ty lipoprotein; mTOR = mammalian target of rapamycin.
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2. MATERIALS AND METHODS 

2.1. Materials
All chemicals were purchased from Sigma unless mentioned otherwise. T0901317 

(T09) was purchased from Cayman Chemical. The compounds were dissolved in 
dimethyl sulfoxide (DMSO), yet ensuring that in all experiments the final DMSO 
fraction in culture wells was below 0.05% (v/v). Lipoprotein depleted serum (LPDS) 
was prepared from fetal bovine serum by ultracentrifugation in KBr at a density 
of 1.21 g/mL. After centrifugation at 50,000 RPM and 4 °C for 50,000 RPM, the 
lipoprotein layer was removed by aspiration. The bottom fraction was dialyzed 
against phosphate buffered saline (PBS) and sterile filtered. The purity is determined 
via HPLC.

2.2. Cell culture
Human monocytic THP-1 cells [10], RAW264.7 murine macrophages [11] and 

murine bone marrow-derived macrophages (BMDM) are widespread models 
to study macrophage function in atherosclerosis. THP-1 cells and RAW264.7 
macrophages were obtained from the American Type Culture Collection. RAW264.7 
cells stably transfected with the 3×-NF- κB-luc plasmid were kindly provided by 
Prof. M.P.J. de Winther [11].

THP-1 cells and RAW264.7 were cultured in RPMI-1640 and DMEM high 
glucose, respectively. Both media were supplemented with penicillin (100 U/mL), 
streptomycin (100 μg/mL) and 10% fetal bovine serum (FBS; GIBCO Invitrogen). 
THP-1 cells were differentiated into macrophages with 50 ng/mL phorbol-12-
myristate-13-acetate (PMA) for 24 h, after which cells were washed and left in the 
PMA-free medium for another 24 h before adding the compounds.

Bone marrow cells were isolated from both femurs and tibiae of wild-type 
mice (C57BL/6). Cells were cultured in RPMI-1640 with penicillin (100 U/mL), 
streptomycin (100 μg/mL) and 10% FBS and 15% L929 conditioned medium for 8 
days to generate BMDM according to a method previously described [12].

For the oxidative burst assay, polymorphonuclear neutrophils (PMNs) were 
isolated by Ficoll centrifugation of buffy coats purchased from Sanquin (Amsterdam) 
blood supply.
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2.3. Cell viability
THP-1, RAW264.7, and BMDM cells were seeded in 96-well plates (5 × 104 

cells/well). The next day, cells were treated with the compounds in concentrations 
ranging from 0.3 to 30 μM for 24 h. The toxicity of compounds was determined by 
colorimetric MTT cell viability assay as described previously [13].

2.4. NF-κB transcriptional activity
RAW264.7 NF-κB-luc macrophages were seeded in 96-well plates (7 × 104 cells/

well). After 24 h, cells were washed and treated with the compound for 2 h after 
which cells were stimulated with lipopolysaccharide (LPS) (100 ng/mL) for another 
18 h. NF-κB luciferase activity was determined by the ONE-GloTM Luciferase Assay 
System (Promega).

2.5. Pro-inflammatory cytokine production
Quantitation of secreted cytokine concentrations of tumor necrosis factor alpha 

(TNF-α) and interleukin (IL)-6 was performed by using the Cytometric Bead Array 
Human Inflammation Kit (BD Biosciences). THP-1 and BMDM cells were seeded in 
96-well plates (5 × 104 cells/well). After differentiation with PMA, cells were treated 
with each compound for 2 h. Thereafter, LPS was added at final concentration of 
100 ng/mL for another 22 h. Before analysis, cellular debris was removed from the 
supernatants of treated cells by centrifugation (5 min at 500 g).

2.6. RNA isolation, cDNA synthesis, and qPCR
THP-1 cells were seeded into 12-well plates (5 × 105 cells/well). After differentiation 

with PMA, cells were first incubated with oxidized low-density lipoprotein (oxLDL; 
50 μg/mL; Alfa Aesar) for 24 h, then treated with the compounds for an additional 18 
h. Total RNA was extracted using Trizol and cDNA was synthesized from 1 μg RNA 
with the iScript cDNA Synthesis kit (BioRad). Quantitative real-time PCR (qPCR) 
was performed using SensiFASTTM SYBR® (BC Biotech) and measured with the 
CFX384 system (BioRad). Specific primers for human CD36, ATP-binding cassette 
transporter A1 (ABCA1), fatty acid binding protein 4 (FABP4), C/EBP homologous 
protein (CHOP), inositol-requiring transmembrane kinase/endonuclease 1 (IRE1) 
and ribosomal protein 36B4 were designed (Supplementary Table S1).
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2.7. Nitric oxide (NO) production
In vitro evaluation of NO production of THP-1 macrophages using the Griess 

assay is not achievable.[14] RAW264.7 macrophages and BMDM were seeded in 
96-well plates (1 × 105 cells/well) and next day washed and pre-treated with each 
compound for 2 h followed by 100 ng/mL LPS for another 22 h. Nitrite (NO2

-) 
concentrations in the supernatants were measured by adding 100 μl freshly made 
Griess reagent ((0.1% N-(1 Naphtyl)ethylene-diamine dihydrochloride (Merck), 2.5% 
phosphoric acid (Merck), 1% sulfanilamide (Sigma))) to 100 μL culture supernatant. 
Serial dilutions of nitrite standard solution were used to generate a standard curve 
ranging from 0 to 100 μM of nitrite. The absorbance was measured at 550 nm with a 
microplate reader (SPECTROstar Nano).

2.8. Production reactive oxygen species (ROS)
PMNs were suspended in Hanks’ Buffered Saline Solution (HBSS) substituted 

with 1% gelatine solution in deionized H2O (HBSS-gel.). Cells were counted and 
diluted in the HBSS-gel to a concentration of 1 × 106 cells/mL. Zymosan A from 
Saccharomyces cerevisiae was used as ROS inducer. Luminol, dissolved in DMSO 
and diluted in HBSS resulting in a final DMSO concentration lower than 0.1% (v/v), 
was used as luminescence enhancer and was added to the PMNs in a 1:1 volume 
ratio in white 96-well plates. Compounds were added to the previously indicated 
final concentrations and zymosan was added to final concentration of 0.2 mg/mL. 
Luminescence was measured using Titertek Luminoskan (TechGen International). 
The assay was repeated using buffy coats from different donors.

2.9. OxLDL uptake
Human oxLDL (Alfa Aesar) was labeled with DyLight 488 NHS Ester (#46402 

Thermo Scientific). The manufacturer has oxidized the LDL via copper sulfate 
oxidation and the degree of oxidation was 99% (determined via the TBARS assay). 
Briefly, 0.43 μL Dylight 488 was added per 250 μL of 2 mg/mL oxLDL. The solution 
was protected from light and incubated on a shaker at RT for 1 h. Subsequently, 
unbound dye was washed away by dialysis at 4 °C overnight. THP-1 complete 
medium was replaced by medium containing 10% LPDS and pre-treated overnight 
with each compound. Subsequently, 25 μg/mL oxLDL-Dylight 488 was added to 
treated or non-treated cells for 6 or 24 h. Finally, cells were washed once with ice-
cold phosphate-buffered saline (PBS) containing 5% FBS, twice with ice-cold PBS 
and lysed using radioimmunoprecipitation assay buffer (TEKnova). Fluorescence 
was measured with a Typhoon scanner (GE Healthcare).
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2.10. Cholesterol efflux
THP-1 cells were seeded in 24-wells plates at a density of 5 × 105 cells/mL. 

Macrophages were treated with compounds for 8 h and loaded with cholesterol 
overnight using 30 μg/mL cholesterol mixed with 0.5 μCi/mL tritium-labelled 
cholesterol (Amersham) in RPMI with penicillin-streptomycin (100 U/ml–100 μg/
mL) and 0.2% free fatty acid (FFA)-free bovine serum albumin (BSA). After washing 
with PBS containing 0.2% FFA-free BSA, cells were incubated for 4 h with 20 μg/
mL apolipoprotein-A1 (apoA- 1; Calbiochem) in RPMI (without FBS) containing 
penicillin-streptomycin (100 U/mL–100 μg/mL) and 0.2% FFA-free BSA (Sigma). 
Cells were lysed using isopropanol 100%. Tritium was measured for both cell culture 
medium and cell lysates using a scintillation counter.

2.11. BrdU incorporation
Proliferation was primarily evaluated in RAW264.7 cells since differentiation 

of THP-1 cells with PMA is known to halt proliferation.[15] RAW264.7 and THP-1 
cells were seeded in 96-well plates (3 × 103 cells/well), washed the next day with 
serum free medium and subsequently serum starved for 24 h. Thereafter, serum free 
medium was replaced with complete medium reconstituted with each compound 
except for the control, in which only complete medium was added. After 24 h, 
proliferation was measured using the 5-bromo-2′- deoxyuridine (BrdU) ELISA kit 
(Roche) according to the manufacturer’s recommendations.

2.12. Overall performance score
The experiments provided outcomes known to have either an atheroprotective or 

atherogenic effect, which was expressed in fold change compared to the untreated 
control. A scoring system was applied where a statistically significant change 
compared to control was scored as +1 or -1 point depending on whether the effect 
was atheroprotective or atherogenic, respectively. A two-fold change or more was 
scored by adding or subtracting 2 points. The total score was tallied and compounds 
were ranked accordingly. Subsequently, a summarizing heat map was generated in 
Multiple Experiment Viewer (MeV 4.9.0., Microarray Software Suite, www.tm4.org).

2.13. Statistical analysis
All assays were at least performed in three independent experiments. Statistical 
analysis was performed using GraphPad Prism 5 software. Statistical significance 
was calculated using the unpaired Student’s t-test (Welch corrected when necessary). 
Values are represented as mean ± SEM. The significance level was set at p<0.05.
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3. RESULTS
3.1. Cell viability

Prior to evaluating the chosen macrophage pathways relevant to atherosclerosis, 
cell viability was assessed after treatment with drug concentrations ranging from 0.3 
μM to 30 μM to assess the non-toxic dose to be used for the other assays. MTT cell 
viability assays showed that none of the compounds affected THP-1 cell viability, 
apart from rapamycin, which was toxic at 30 μM. In addition to human cells, 
viability assays of murine RAW264.7 cells and BMDM showed comparable results 
(Supplemental Figure S1). Thus, for each compound, a concentration of 30 μM was 
applied, whereas for rapamycin a concentration of 3 μM was used in the screening 
assays.

3.2. Anti-inflammatory potency
Anti-inflammatory effects of the selected compounds were first evaluated with 

LPS- induced NF-κB activation in RAW264.7 NF-κB-luc macrophages (Figure 1A). 
A strong (> 50%) inhibition of LPS-induced NF-κB activity was observed after 
prednisolone, T09 and 6-MP treatment compared to LPS stimulation only (all p < 
0.001). MTX, pterostilbene and simvastatin showed a modest (25%) reduction on NF-
κB activity (all p < 0.01), whereas rapamycin increased NF-κB activity (p=0.006). The 
subsequent release of pro- inflammatory cytokines following LPS was determined 
in THP-1 macrophages. Prednisolone, T09, and pterostilbene strongly (> 50%) 
reduced the production of TNFα and IL-6. Simvastatin did repress TNFα but had no 
statistically significant effect on IL-6 (Figure 1B + C). MTX, 6-MP, and rapamycin did 
not significantly influence cytokine release, apart from a reduction (> 50%) in IL-6 by 
rapamycin (p = 0.046). Generally similar effects for cytokine release were observed 
for BMDM (Supplemental Figure S2).
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3.3. Generation of reactive oxygen species
Potential anti-oxidative effects were studied using LPS-induced NO production 

and zymosan-induced PMN ROS generation. After treatment with prednisolone 
and rapamycin, a substantial reduction in NO production by >40% compared to LPS 
stimulation only (both p < 0.001) was observed, while pterostilbene and T09 reduced 
NO production in the order of 25 to 30% (both p < 0.001). MTX, simvastatin, and 
6-MP did not affect NO production at all (Figure. 2A). In BMDM, NO production 
was reduced the most (>50%) by prednisolone, pterostilbene and T09 (Supplemental 
Figure. S3). With respect to ROS, pterostilbene was the strongest inhibitor of ROS 
production (8 fold change). T09, 6-MP, and simvastatin diminished ROS production 
to a less extent, while prednisolone, MTX, and rapamycin did not affect ROS 
production (Figure 2B)

Figure 1| Inflammation. RAW264.7NF-κB-luc cells (A) or THP-1 macrophages (B+C) were treated with 
the compounds and stimulated with LPS (100 ng/mL) for 24 h. (A) NF-κB activity was determined by 
luciferase assay and fold change was calculated relative to LPS stimulation only by combining data from 
three independent experiments (n=6/experiment). (B+C) TNFα and IL-6 production was measured using 
a cytometric bead array. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared 
to LPS stimulation only. c = control; Pred = prednisolone; MTX = methotrexate; T09= T0901317; Ptero= 
pterostilbene; 6-MP = 6- mercaptopurine; Simva= simvastatin; Rapa = rapamycin.
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3.4. Lipid handling by macrophages
Important changes in macrophage lipid handling with regard to atherosclerosis 

comprise the uptake, efflux and intracellular trafficking of lipids. First, the uptake 
of fluorescently labeled oxLDL was assessed in THP-1 macrophages. Correcting 
for background fluorescence measured in control cells without oxLDL, T09 and 
pterostilbene reduced oxLDL uptake by 45% (both p < 0.001) compared to oxLDL 
stimulation only (Figure 3A), whereas MTX, simvastatin, and rapamycin decreased 
oxLDL uptake to a lesser extent (all p < 0.001). Similar results were observed when 
oxLDL treatment was extended to 24 h (Supplementary Figure S4). In line with the 
diminished oxLDL uptake, both T09 and pterostilbene markedly downregulated the 
expression of the lipid uptake receptor CD36 (both p < 0.001; Figure 3B).

Next, treatment effects on cholesterol efflux from THP-1 cells to apoA-1 were 
assessed. As expected, the LXR-agonist T09 greatly increased cholesterol efflux by 
2.5-fold (p < 0.001), in respect to untreated control cells. Simvastatin (p=0.005) and 
rapamycin (p=0.017) also augmented cholesterol efflux, whereas the other compounds 
did not affect this process (Figure 3C). mRNA expression of the cholesterol efflux 
transporter ABCA1 was significantly (> 2.5-fold) elevated by T09 and pterostilbene, 
while it was reduced in response to prednisolone (45%) and simvastatin (20%) (all p 
< 0.001 compared to oxLDL stimulation only) (Figure 3D).

3.5. Endoplasmic reticulum (ER) stress
To examine whether the compounds affected macrophage ER stress, changes in 

mRNA expression of ER stress related proteins in THP-1 macrophages pre-exposed 
to oxLDL were assessed. As regulator of intracellular lipid trafficking [16–18] and 
lipid-induced ER stress [16,19], mRNA expression of lipid chaperone FABP4 was 
found to be significantly increased by 6-MP (p=0.002) and up to almost 2-fold by 
prednisolone (p < 0.001) treatment compared to oxLDL stimulation only, whereas 
T09 and pterostilbene decreased FABP4 expression by 30–70% (both p < 0.001) 
(Figure 4A).

Prolonged or unresolved ER stress can induce apoptosis mediated through 
CHOP and IRE1 [20]. Compared to oxLDL treated control, mRNA expression of 
CHOP was most notably increased by treatment with T09 (> 1000%), pterostilbene 
(> 200%), 6-MP (75%) (all p < 0.001); whereas prednisolone modestly decreased 
CHOP by 20% (p = 0.002). MTX and simvastatin had no significant effects on CHOP 
expression (Figure 4B). IRE1 mRNA expression was upregulated (50%) in response 
to prednisolone, T09, pterostilbene and rapamycin compared to oxLDL stimulation 
only, while modestly upregulated by MTX and 6-MP. Simvastatin treatment did not 
change IRE1 levels. (Figure 4C).
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3.6. Macrophage proliferation
The proliferative capacity of macrophages after treatment was assessed using 

BrdU incorporation in RAW264.7 cells (Fig. 4D). Simvastatin and pterostilbene 
demonstrated the strongest anti-proliferative effect by reducing the BrdU 
incorporation with 75% and 55% (both p < 0.001), respectively. T09, 6-MP, and 
rapamycin also significantly inhibited cell proliferation, though to a less extent. 
MTX did not affect macrophage proliferation. In THP-1 cells fluorescence intensity 
was generally lower, as may be expected with this cell line. Still, a reduction 
pattern (≥ 50%) similar to RAW264.7 was observed for T09, pterostilbene and 6-MP 
(Supplemental Figure S5).
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Figure 3| Macrophage lipid handling. THP-1 macrophages were treated with compounds and oxLDL-
DyLight488 for 6 h (A) or oxLDL for 24 h (B, D). (A) OxLDL uptake was determined in protein lysates and 
by (B) mRNA expression of CD36 using qPCR. (C) Cholesterol efflux was measured by Tritium-labeled 
cholesterol loading and using apoA1 as acceptor. (D) mRNA expression of ABCA1 was determined using 
qPCR. Total mRNA input was corrected for the housekeeping gene 36B4. Fold change was calculated 
relative to oxLDL stimulation only by combining data from three independent experiments (n= 3/
experiment). Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared to oxLDL 
stimulation (A, B, D) or untreated cells (C). c = control; Pred = prednisolone; MTX = methotrexate; T09 = 
T0901317; Ptero = pterostilbene; 6-MP = 6-mercaptopurine; Simva = simvastatin; Rapa = rapamycin; rel.= 
relative.



101CHAPTER 4Multiple Pathway Assessment to Predict Anti-Atherogenic Efficacy of Drugs

4
Figure 4| Macrophage oxLDL-induced ER-stress and macrophage proliferation. (A–C) To measure ER 
stress, THP-1 macrophages were treated with compounds and oxLDL for 24 h. mRNA was isolated, cDNA 
was made and qPCR was performed for FABP4 (A), CHOP (B) and IRE1 (C). Total mRNA input was 
corrected for the house keeping gene 36B4. (D) Macrophage proliferation was determined in RAW264.7 
cells by BrdU-incorporation after an initial serum starvation. Proliferating cells were expressed as a per-
centage relative to untreated controls. Three independent experiments (n = 6/experiment) were performed 
and data were combined. Data are presented as mean ± SEM (A–D); *P < 0.05, **P < 0.01, ***P < 0.001 
compared to oxLDL stimulation (A–C) or untreated control (D). c = control; Pred = prednisolone; MTX 
= methotrexate; T09 = T0901317; Ptero = pterostilbene; 6-MP = 6- mercaptopurine; Simva= simvastatin; 
Rapa = rapamycin; rel.= relative.

Finally, the outcomes of the assays were expressed in an atheroprotective or 
atherogenic score. The overall performance of each compound was assessed, with 
heterogeneous results between the different compounds and assays, largely in 
concordance with their mode of action. The constructed heat map illustrates that 
T09, pterostilbene, and simvastatin were identified as highest scoring compounds 
for anti-atherosclerotic impact on plaque macrophages (Figure 5).
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4. DISCUSSION

In this study, we assessed multiple macrophage-related pathways to evaluate 
the overall anti-atherogenic impact of several drug candidates. We focused on 
key mechanisms of macrophage activity in atherosclerotic plaques: inflammation, 
oxidative stress, lipid handling, ER stress, and proliferation. Using a dedicated 
in vitro approach, we rated the overall performance of the 7 candidate drugs 
known to interfere in one or more of these pathways. The overall performance of 
the well-known anti-inflammatory corticosteroid prednisolone was found to be 
counterbalanced by pro-atherogenic effects, leading to a low anti-atherogenic score. 
Conversely, pterostilbene, T09 and simvastatin exhibited a strong overall anti-
atherogenic performance in macrophages, exerting beneficial effects in multiple 
pathways at the same time, suggesting their potential for plaque macrophage- 
targeted liposomal delivery. In vivo validation studies are warranted to corroborate 
the predictive value of this macrophage-based screening approach and its potential 
value in compound selection for nanomedicinal delivery in cardiovascular patients.

Figure 5| Summary. Results from each macrophage assay were expressed in fold change compared 
to stimulated controls to reflect an atheroprotective or atherogenic effect. A heat map was generated 
in MultiArray viewer (MeV4.9.0). Ptero=pterostilbene; T09=T0901317; Simva=simvastatin; 
Pred=prednisolone; Rapa=rapamycin; MTX=methotrexate; 6-MP=6-mercaptopurine.
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4.1. Screening multiple pathways to estimate the 
anti-atherogenic impact

We recently demonstrated successful liposomal delivery of prednisolone to 
plaque macrophages in patients with the advanced atherosclerotic disease [9]. 
Prednisolone is a potent, anti-inflammatory compound, exerting pleiotropic effects 
on many signaling pathways via the glucocorticoid receptor, which is widely used 
to reduce inflammatory activity in both acute and chronic inflammatory diseases.
[21] In patients with atherosclerosis, we were, however, unable to show a reduction 
in overall plaque inflammatory activity with even a small increase in FDG-PET/CT 
signal, despite successful plaque delivery of the liposomal payload [9]. In our in vitro 
assays, we corroborate that prednisolone indeed potently inhibits inflammatory 
activity, including NF-κB activity and attenuation of inflammatory cytokines. 
Concomitantly, prednisolone has a strong adverse impact on lipid handling, as it 
reduced expression of ABCA1 and upregulated the lipotoxicity mediator FABP4. 
Moreover, prednisolone activated the ER stress pathways by increasing IRE1 
levels. These findings imply unsuitability of prednisolone to exert an overall anti-
atherogenic effect on macrophages in an atherosclerotic, lipid-rich environment.

4.2. Promising anti-atherogenic candidates
From the selected variety of drug candidates, simvastatin, T09 and pterostilbene 

were identified to have a broad anti-atherogenic effect in our assays, attributed 
to their beneficial impact on inflammation, oxidative stress, lipid handling, and 
proliferation. Simvastatin has been widely acknowledged for its marked LDL-c 
lowering effect [22]. Previous studies have emphasized non-lipid pleiotropic effects 
of statins [23]. In the present study, we corroborate a spectrum of anti-atherogenic 
effects on macrophages. The potential relevance of these macrophage-related 
effects is supported by our recent findings using targeted delivery of statins to 
macrophages. Namely, statins packaged within reconstituted HDL were found to be 
delivered effectively to plaque macrophages,[7] where statins were shown to exert 
potent anti-inflammatory [7] as well as anti-proliferative effects [24].

The LXR-agonist T09 has been previously shown to have strong anti-atherogenic 
effects mediated by both enhanced cholesterol efflux and suppression of 
inflammation [25– 30]. Here, we indeed establish these beneficial effects on both lipid 
handling and inflammation, as attested by the decrease in NF-κB activity, reduction 
of inflammatory cytokines, decrease in oxLDL uptake and increase in cholesterol 
efflux. The anti- atherogenic effect of T09 is further favored by the observed 
reduction of oxidative stress and a decrease in macrophage proliferation. However, 
clinical development has been hampered by adverse effects on hepatic lipogenesis, 
leading to hepatic steatosis and dyslipidemia. Local delivery to macrophages and/
or development of novel LXR-agonists may overcome these drawbacks.
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The evaluation of pterostilbene (and its analog resveratrol) in atherogenesis has so 
far been limited. Pterostilbene has been attributed a wide range of beneficial effects 
in various medical settings, including cancer prevention and therapy, neurological 
decline, and metabolic syndrome [31]. We here show the anti-atherogenic potential 
of pterostilbene on sever-al macrophage activities. Pterostilbene suppresses 
inflammation by decreasing NF-κB activity strongly inhibiting the release of 
inflammatory cytokines, decreases oxidative stress by potently lowering the 
production of NO and ROS, beneficially affects lipid handling, and decreases 
macrophage proliferation. Together with some preliminary experimental studies 
showing that oral supplementation of resveratrol may reduce atherosclerosis, [32– 
36] this favorable in vitro profile paves the way for further exploration of pterostilbene 
in a macrophage-targeted therapy approach.

Remarkably, we observed discrepancies between ABCA1 expression and 
cholesterol efflux after simvastatin and pterostilbene treatment. Although reduced 
ABCA1 expression may be expected based on statin-mediated inhibitory effects 
on LXR and SREBP-2 pathways, [37] the increase in cholesterol efflux to apoA-1 
was not expected. Previous studies do not corroborate such a divergent effect [37–
39]. These results underline the complexities of lipid metabolism in macrophages 
and that mRNA expression does not equal downstream functionality. In addition, 
pterostilbene treatment resulted in up- regulation of ABCA1, although the cholesterol 
efflux assay unexpectedly did not show an increase. While data on pterostilbene 
in current literature is lacking, its analog resveratrol has shown similar effects 
on ABCA1 expression,[40] however, this was indeed coupled with an increase in 
cholesterol efflux [41,42]. Further investigations are warranted to assess whether 
pterostilbene has inherently different effects on cholesterol efflux than resveratrol, 
or that this is due to differences in experimental setup.

4.3. Compounds potentially lacking anti-atherogenic 
impact

Despite demonstrating clear prednisolone-like anti-inflammatory effects, we 
find that 6- MP and MTX fail to convince in our in vitro screening as anti-atherogenic 
compounds, considering their lack of efficacy in non-inflammatory pathways. 
Preclinical work for 6-MP in atherosclerosis has so far been scarce [43] and reports from 
clinical use in inflammatory disorders lean towards an increased cardiovascular risk 
[44–46]. In contrast, MTX is seen as a viable compound for atherosclerosis. Currently, 
a low-dose of MTX is being evaluated as add-on therapy in cardiovascular patients in 
the Cardiovascular Inflammation Reduction Trial (CIRT) [47]. Even though MTX did 
not cumulate any points in our heat map, overall it appears to be a relatively neutral 
compound without any excessive atherogenic pathway effects. With this in mind, 
we await with interest the results of CIRT; although not specifically plaque targeted, 
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these results will add to our understanding of the value and relative contribution of 
the separate pathways in our assays.

Similar to MTX, rapamycin also exhibited a generally neutral effect in our assays 
with a low total score. While already applied for over a decade in drug eluting 
coronary stents, targeted delivery strategies seem to be underway [48,49] following 
anti-atherogenic efficacy in mice models of atherosclerosis [50–57].

4.4. Limitations
Our study has several limitations. First, we assess the effects of the compounds 

only on macrophage activity, thereby disregarding potentially beneficial or harmful 
effects on other relevant plaque cell types, such as endothelial cells, smooth muscle 
cells and immune cells other than macrophages [2]. However, since we intend to 
employ a targeted drug delivery system based on endothelial permeability and 
phagocytosis, it is reasonable to expect the largest and most relevant impact on 
plaque macrophages. In addition, we used compounds in their free (unencapsulated) 
form in our macrophage assays. As a next step, experiments using encapsulated 
formulations of promising compounds are to be performed to assess any additional 
effects of the delivery vehicle itself. Lastly, we use only in vitro tests, mimicking an 
atherogenic environment by adding atherogenic factors such as oxLDL to monocyte/
macrophage cell lines. However, the extrapolation of in vitro tests towards clinical 
impact remains to be established. Hence, in vivo validation testing is warranted to 
determine the value of our screening assays as a translational tool in atherosclerotic 
disease. Thus far, earlier in vivo experiments with nano-delivery of simvastatin [7] 
and prednisolone [9] appear to be in agreement with our in vitro data, hinting at the 
feasibility of the currently employed in vitro testing strategy.

4.5. Future perspectives
Nanomedicinal drug delivery has the potential to take cardiovascular disease 

management to the next level. Transitioning from previous work in which we 
focused on targeting inflammation as the main driver behind atherosclerosis, the 
current study clearly underlines the need to broaden our focus and take a wide array 
of macrophage-related processes into account for nanomedicinal drug development. 
Out of a variety of drug candidates, we identified T09, pterostilbene and simvastatin as 
potential anti-atherogenic compounds for plaque macrophage-targeted therapy. Our 
current assay setup provides a promising framework for relatively high-throughput 
screening, as it offers a rapid and comprehensive method to simultaneously screen 
multiple drug candidates or genuine unknown putative candidates for their anti-
atherogenic potency. We envision our work will facilitate the process of bringing 
novel cardiovascular treatment strategies from bench to bedside.
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APPENDIX: SUPPLEMENTARY DATA
Supplementary Table S1| Human primer sequences used for semi-quantitative 
real-time PCR

Gene Forward primer sequence (5`-3`) Reverse primer sequence (5`-3`)

36B4 ACGGGTACAAACGAGTCCTG GCCTTGACCTTTTCAGCAAG

CD36 TGCAAAATCCACAGGAAGTG CAGCGTCCTGGGTTACATTT

ABCA1 ATGAGGACAACAACTACAAAGCC GGGAAAGAGGACTAGACTCCAAA

ABCG1 TCCTATGTCAGGTATGGGTTCG CGTCTCGTCGATGTCACAGT

FABP4 AGCACCATAACCTTAGATGGGG CGTGGAAGTGACGCCTTTCA

CHOP TTGCCTTTCTCCTTCGGGAC GA TTCTTCCTCTTCA TTTCCAGGAG

PERK GGA TGAA TGGACGA TGT A A T A TGTTGGA TGGCTTGA

IRE1 GAAGCA TGTGCTCAAACACC TCTGTCGCTCACGTCCTG

ATF6 CCTGTCCTACAAAGTACCATGAG CCTTTAATCTCGCCTCTAACCC
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Supplemental Figure S1| Cell viability was determined by measuring active mitochondria using MTT. 
Cell viability was calculated as a percentage from untreated cells. A 50% decrease in fluorescence was 
considered toxic. Data was combined from two independent experiments (n=5) and are presented as 
mean±SEM; *P<0.05, **P<0.01, ***P<0.001 compared to control.



112 CHAPTER 4 Multiple Pathway Assessment to Predict Anti-Atherogenic Efficacy of Drugs

4
Supplemental Figure S2| Pro-inflammatory cytokines. Bone marrow-derived macrophages (BMDM) 
were treated with the compounds and stimulated with LPS (100 ng/mL) for 24 h. TNFα and IL-6 
production were measured using a cytometric bead array. Data was combined from three independent 
experiments (n=6/experiment) and are presented as mean ± SEM; *P<0.05, **P<0.01, ***P<0.001 compared 
to LPS stimulation only.

Supplemental Figure S3| BMDM were treated with the compounds and stimulated with LPS (100 ng/
mL) for 24 h after which nitric oxide (NO) production was determined with Griess reagent. Fold change 
was calculated relative to LPS stimulation only (c) by combining data from three independent experiments 
(n=3/experiment). Data are presented as mean ± SEM; *P<0.05, **P<0.01, ***P<0.001 compared to LPS 
only. c = control; Pred = prednisolone; MTX = methotrexate; T09 = T0901317; Ptero = pterostilbene; 6-MP 
= 6-mercaptopurine; Simva = simvastatin; Rapa = rapamycin.
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Supplemental Figure S4| THP-1 macrophages were treated with compounds and ox-LDL-DyLight488 
for 24 h and oxLDL uptake was determined in protein lysates. Fold change was calculated relative to 
oxLDL stimulation only by combining data from three independent experiments (n=3/experiment). Data 
are presented as mean ± SEM; *P<0.05, **P<0.01, ***P<0.001 compared to oxLDL stimulation only.

Supplemental Figure S5| Macrophage proliferation was determined in THP-1 cells by BrdU-
incorporation after an initial serum starvation. Proliferating cells were expressed as a percentage relative 
to untreated controls. Data are presented as mean ± SEM; *P<0.05, **P<0.01, ***P<0.001.



114 CHAPTER 4 Multiple Pathway Assessment to Predict Anti-Atherogenic Efficacy of Drugs

4

Supplemental Figure S6| Pterostilbene: dose-dependent effects. The macrophage modulating effects 
of pterostilbene were further investigated. (A) Cell viability was determined by measuring active 
mitochondria using MTT in bone-marrow derived macrophages. (B) NF-κB activity after treatment with 
different concentrations of pterostilbene was determined by luciferase assay. (C) BMDM were treated 
with pterostilbene and stimulated with LPS (100 ng/mL) for 24 h after which nitric oxide (NO) production 
was determined with Griess reagent. (D) PMNs were treated with pterostilbene and stimulated with 
zymosan to measure the inhibition of reactive oxygen species. (E+F) mRNA expression of ABCA1 and 
ABCG1 was determined using qPCR. Total mRNA input was corrected for the housekeeping gene 36B4. 
(G) Macrophage proliferation was determined in RAW264.7 cells by BrdU-incorporation after an initial 
serum starvation. Data from each experiment was combined from three independent experiments (n=3) 
and are presented as mean ± SEM; *P<0.05, **P<0.01, ***P<0.001 compared to control.
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CHAPTER 5
Immune Cell Screening of a Nanoparticle 
Library Improves Atherosclerosis Therapy*

ABSTRACT

Immunological complexity in atherosclerosis warrants targeted treatment of 
specific inflammatory cells that aggravate the disease. With the initiation of 
large phase III trials investigating immunomodulatory drugs for atherosclerosis, 

cardiovascular disease treatment enters a new era. We here propose a radically 
different approach: implementing and evaluating in vivo a combinatorial library 
of nanoparticles with distinct physiochemical properties and differential immune 
cell specificities. The library’s nanoparticles are based on endogenous high-density 
lipoprotein, which can preferentially deliver therapeutic compounds to pathological 
macrophages in atherosclerosis. Using the apolipoprotein E-deficient (Apoe—/—) 
mouse model of atherosclerosis, we quantitatively evaluated the library’s immune 
cell specificity by combining immunological techniques and in vivo positron emission 
tomography imaging. Based on this screen, we formulated a liver X receptor agonist 
(GW3965) and abolished its liver toxicity while still preserving its therapeutic 
function. Screening the immune cell specificity of nanoparticles can be used to 
develop tailored therapies for atherosclerosis and other inflammatory diseases.

*Published in Proceedings of the National Academy of Sciences of the United States of America (2016), doi: 10.1073/
pnas.1609629113.
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1. INTRODUCTION
Research in the past decades has revealed the immune system’s central role in 

the pathophysiology of cancer,[1] diabetes,[2] and atherosclerosis [3, 4]. Because 
macrophages drive pathological progression of these diseases, immunomodulatory 
small-molecule compounds modulating macrophage function are promising 
therapeutic candidates for treating these maladies. However, these compounds’ lack 
of cellular specificity necessitates a strategy for targeted delivery to harmful immune 
cells without negatively affecting beneficial immune cells. Despite numerous studies 
of nanoparticle-based delivery, rational attempts to screen meticulously designed 
nanoparticles for immune cell specificity in vivo have never been reported.

We created a combinatorial library of hybrid lipoprotein-inspired nanoparticles 
with distinct physiochemical properties (particularly size and chemical composition) 
with differential immune cell specificity. We then chose atherosclerosis, a lipid-
driven inflammatory process of the large arteries, as a model disease to evaluate 
our nanoparticle library. Atherosclerosis accounts for the majority of cardiovascular 
deaths worldwide [5], and macrophages are the major immune cells to drive the 
pathological inflammation and the progression of atherosclerotic plaques [6, 7]. 
These plaques, which are present throughout the vasculature, have a complicated 
cellular composition [8]. To improve the therapeutic index of small-molecule 
immunomodulatory compounds, plaque macrophage-specific delivery, with 
minimal delivery to nonpathological cells in healthy tissues, is essential.

We used the apolipoprotein E-deficient (Apoe—/—) mouse model of atherosclerosis 
to evaluate our nanoparticle library because it accurately recapitulates some 
important immunological aspects of human atherosclerosis [9]. Using a combination 
of optical methods, immunological techniques, and in vivo positron emission 
tomography (PET) imaging, we carefully selected candidate nanoparticles from the 
library for subsequent atherosclerosis drug delivery studies. As a proof of concept, 
we incorporated the liver X receptor agonist GW3965, a therapeutic compound that 
did not reach clinical application due to its serious adverse effects on the liver,[10, 
11] in two nanoparticles—one with favorable organ distribution and immune cell 
specificity and one without. In Apoe—/— mice with the advanced disease, the favorable 
nanoparticle from the library screen was shown to abolish GW3965’s liver toxicity 
while remaining effective on atherosclerotic plaque macrophages.
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2. RESULTS

2.1. Study Design
We created a combinatorial library comprising 15 high-density lipoprotein-

mimicking nanoparticles and two extensively studied nanoparticles, a PEGylated 
micellar and a long-circulating liposomal nanoparticle. We then combined in 
vitro assays and in vivo experiments in atherosclerotic Apoe—/— mice to study the 
nanoparticle library’s biological behavior by using near-infrared fluorescence 
imaging (NIRF), flow cytometry, immunofluorescence, and radiolabeling. Based 
on the results of this library screening, we formulated two GW3965-loaded HDL 
nanoparticles with distinctly different immune cell specificity and organ distribution. 
Finally, we quantitatively studied the pharmacokinetics, immune cell specificity, 
liver toxicity, and therapeutic effects of these drug-loaded nanoparticles in Apoe—/— 
mice with advanced atherosclerosis (Figure 1A).

2.2. HDL Nanoparticle Library
Previous studies indicate that the size, phospholipid composition, ratio of 

phospholipid to apolipoprotein A-1 (APOA1), or the inclusion of payloads can 
affect HDL-mimicking nanoparticles’ in vivo performance [12–14]. In our current 
study, we created a library containing HDL-mimicking nanoparticles that differ in 
size, shape, composition, and payload, all of which have been reported to affect 
nanoparticles’ in vivo targeting efficiency [15]. To fine-tune nanoparticle size and 
morphology, we added either triglyceride or polymers [polylactic-co-glycolic acid 
(PLGA) or polylactic acid (PLA)] to the HDL core (Table S1); this allowed us to 
modulate nanoparticle size from about 10 nm (NP1, NP2, NP3, and NP9) or 30 nm 
(NP6, NP7, NP10, and NP11) to over 100 nm (NP12) (Figure 1B and C). We observed 
that the inclusion of a core component, namely triglycerides or polymers, results in a 
nanoparticle shape change from discoidal to spherical, as can be clearly appreciated 
when comparing NP5 to NP7 and NP15. In addition to size and shape, we also 
varied phospholipid composition (Table S1). Because oxidization greatly affects HDL 
function,[16] we sought to test if this modification also changed the HDL-mimicking 
nanoparticles’ drug delivery capability. We oxidized the phospholipids and APOA1 
of NP1 to produce NP2 (Figure S1B). The nanoparticle sizes were measured by 
dynamic light scattering, and their morphologies were visualized by transmission 
electron microscopy (TEM) 
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Figure 1| Study design and in vitro characterization of the nanoparticle library. (A) In the in vivo immune 
cell screen study (left), we first created a combinatorial nanoparticle library and then evaluated the 
library in atherosclerotic Apoe−/− mice by using blood half-life determination, NIRF, and flow cytometry. 
The library screening data lead to rational design of one GW3965-loaded nanoparticle with favorable 
characteristics and one without. In the second study, the two nanoparticles were radio- and fluorescence-
labeled, and they were quantitatively and therapeutically evaluated by using PET-CT imaging, mRNA 
profiling, flow cytometry, and liver toxicity assays (right). (B) Representative high magnification TEM 
images of negatively stained nanoparticles. Low-magnification images and a discussion of the different 
structures are presented in Figure S1. (Scale bar, 50 nm.) (C) The size of nanoparticles as measured 
by dynamic laser scattering (DLS). (D) Cholesterol efflux capacity of the nanoparticles in primary 
macrophages normalized to natural human HDL (n = 6). Error bars are SDs. The color-coded bar at 
the bottom shows the relative rank of each nanoparticle, with the red indicating high cholesterol efflux 
efficiency and the blue indicating low efficiency.
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2.3. HDL Nanoparticle Library’s Cholesterol Efflux 
Efficiency

Natural HDL facilitates reverse cholesterol transport, the intrinsic mechanism 
that removes cholesterol from macrophages in atherosclerotic plaques and protects 
against atherosclerosis [19, 20]. Cholesterol efflux capacity indicates the nanoparticles’ 
biological similarity to native HDL. Therefore, we measured the 17 nanoparticles’ 
ability to induce cholesterol efflux from cholesterol-laden primary macrophages. 
We found 1-palmitoyl-2- oleoyl-sn-glycero-3-phosphocholine (POPC)-based 
nanoparticles (NP8, NP9, NP10, and NP11) to be the most efficient in extracting 
cholesterol from macrophages; in contrast, polymer-core HDL nanoparticles 
produced the least cholesterol efflux (NP12, NP13, NP14, and NP15). Liposomal and 
micellar nanoparticles, without APOA1 on their surface to bind the cholesterol efflux 
receptors Abca1 and Abcg1, performed similarly to polymer-core HDL nanoparticles 
(Figure 1D). These results demonstrate the essential role of APOA1, as well as the 
impact of phospholipid and core composition, in promoting cholesterol efflux. It 
has been proposed that APOA1 changes conformation when interacting with its 
specific receptors to extract cholesterol [19]. The artificial polymeric cores of NP12, 
NP13, NP14, and NP15 might limit the conformational flexibility of APOA1, leading 
to impaired cholesterol efflux. On the other hand, POPC-based HDL nanoparticles 
display less rigidity, are more similar to natural HDL, and therefore result in more 
efficient cholesterol efflux.

2.4. Nanoparticles’ Physiochemical Properties Affect 
Their in vivo Behavior

We i.v. injected the library’s 1,1′-dioctadecyl-3,3,3′,3′- tetramethylindotricarbo-
cyanine iodide (DiR)-labeled nanoparticles into atherosclerotic Apoe—/— mice. We 
found that NP1 and NP10, with diameters between 7 nm and 30 nm, exhibited 
the longest blood half-lives of 5.0 h and 6.3 h, respectively. NP12 and NP14, with 
diameters larger than 70 nm, had the shortest blood half-lives of 0.71 h and 0.67 h, 
respectively (Figure 2A). The difference between the longest and the shortest blood 
half-life was almost 10-fold (Table S2).

Using NIRF, we investigated nanoparticle accumulation in the heart, aorta, lung, 
liver, spleen, kidney, brain, and muscle 24 h after i.v. administration (Figure 2B 
and Figure S2A). Among all nanoparticles, liver accumulation was generally the 
highest, followed by spleen, kidney, and lung accumulation (Figure S2B). Because 
the aorta is the primary target tissue whereas the liver and spleen are clearance 
organs, we determined accumulation in the aorta relative to these two organs [21]. 
Our measurements showed a 3.4-fold difference between the highest and lowest 
aorta-to-liver accumulation ratios (NP5 vs. NP12,P< 0.01, Figure S2D), and a 4.7-fold 
difference between the aorta-to-spleen accumulation ratios (NP5 vs. NP12, P < 0.01, 
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Figure S2E). For the nanoparticles’ relative performance, see Figure 2B. Distribution 
of DiR-labeled nanoparticle in certain tissues is difficult to quantify in vivo due to 
the limited penetrating depth of light and varying absorbance rates among tissues. 
[22] Radiolabeled nanoparticles’ biodistribution and pharmacokinetics can be 
quantitatively measured. From our initial optical imaging screen, we selected NP10, 
NP14, NP15, and NP17 to be labeled with Zr through the hydrophobic chelator 
deferoxamine (DFO)-C34, which serves as a surrogate for hydrophobic payloads. 
In line with the optical imaging results, we observed that the smaller nanoparticles 
(NP10 and NP15) had longer blood half- lives than the larger ones (NP14 and NP17, 
Figure 2C). We also observed that the HDL- based nanoparticles (NP10, NP14, and 
NP15), particularly NP10, accumulated more efficiently in atherosclerotic plaques 
than the liposomal nanoparticle (Figure 2D and E). Overall, NP10 displayed the 
most favorable performance among the four selected nanoparticles (Figure 2C-F).
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Figure 2| In vivo evaluation of the nanoparticle library. (A) Relative nanoparticle plasma concentration 
in Apoe—/— mice that were fed a 12-wk high-cholesterol diet. The values were derived from the near-
infrared dye DiR incorporated in the nanoparticles. The heat map below the graphs ranks the blood 
half-lives, with the red indicating a long and the blue a short blood half-life (n = 5 per nanoparticle). The 
values of blood half-lives are provided in Table S2. (B) Representative near-infrared fluorescence images 
of nanoparticle accumulation in aorta, liver, and spleen. The heat map below the aorta images ranks the 
mean total fluorescent tissue signal, the heat map below the liver images ranks the total aorta-to-liver 
signal, and the heat map below the spleen images ranks the mean aorta-to-spleen accumulation (Ao-to-
sp) ratio, with the red indicating a high and the blue a low ratio (n = 5 for each nanoparticle). Bar graphs 
are provided in Figure S2. (C) Blood half-lives of four selected nanoparticles radiolabeled with 89Zr (n = 
3 per nanoparticle) were 7.0 h for 89Zr-NP10, 5.7 h for 89Zr-NP14, 7.1 h for 89Zr-NP15, and 6.6 h for 89Zr-
NP17. Blood radioactivity (percentage injected dose per gram of tissue) of all time points is normalized 
to that of the first time point—2 min after injection. (D) Representative autoradiography images of aortas, 
livers, and spleens 24 h after nanoparticle injection. Dashed windows indicate the aortic root and arch area 
analyzed in E. (E) Nanoparticle accumulation in aortic roots and arches as measured by the percentage of 
injected dose (%ID) (n = 3 per nanoparticle). (F) Relative accumulation of nanoparticles between aortas 
and liver or spleen. Arbitrary units (A.U.) were defined by the aortic accumulation (percentage injected 
dose per gram of tissue) divided by the hepatic or splenic accumulation (percentage injected dose per 
gram of tissue). Error bars are SDs. Statistics was calculated with nonparametric two-tailed Student’s 
t-test. N.S., not statistically significant; *P < 0.05; **P < 0.01.
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2.5. Distinct Immune Cell Targeting Patterns within 
the Nanoparticle Library

Macrophages and monocytes are the key immune cells that drive atherosclerosis 
progression [4]. In Apoe—/— atherosclerotic mice, these cells mainly reside in 
atherosclerotic plaques, spleen, blood, and bone marrow.[4] Using a robust flow 
cytometry procedure adapted from previous studies,[23, 24] we were able to 
identify macrophages, monocytes, and nonmyeloid immune cells (Lin+) in the 
aortas; macrophages, Ly-6Chi monocytes, dendritic cells (DCs), and neutrophils in 
the spleens; and Ly-6Chi monocytes, Ly-6Clo monocytes, DCs, and neutrophil in 
the blood (Figure 3A). In the aortas, all HDL-mimicking nanoparticles efficiently 
targeted macrophages and monocytes. The difference between the highest and 
lowest nanoparticle accumulations was 5.7-fold in macrophages (NP3 vs. NP17, P < 
0.01) and 2.7-fold in monocytes (NP3 vs. NP7, P < 0.001; Figure 3B). In the spleens, 
all nanoparticles had the highest accumulation in macrophages, which do the bulk 
of nanoparticle clearance, with a 3.8-fold difference between the highest and lowest 
accumulation levels (NP12 vs. NP17, P < 0.01, Figure 3B). In the blood, DCs and 
Ly-6Chi monocytes displayed the highest nanoparticle association, with a 3.8-fold 
difference between the highest and lowest association levels (NP10 vs. NP5, P < 
0.01) in DCs and a 3.79-fold difference in Ly-6Chi monocytes (NP3 vs. NP14, P < 
0.0001, Figure 3B). In addition, the nanoparticles were far less effective in targeting 
Ly- 6Clo monocytes, the patrolling monocytes in the blood, compared with Ly-6Chi 

monocytes (Figure 3B).

Although aortic macrophages are the main target of immunomodulatory 
nanoparticles, splenic macrophages, which clear nanoparticles from the blood 
and reduce their bioavailability to aortic macrophages,[25] need to be avoided. We 
evaluated the ratios of nanoparticle accumulation in aortic macrophages versus 
splenic macrophages, and we found a 3.8-fold difference between the highest 
and lowest aortic-to-splenic ratios (NP16 vs. NP12, P < 0.0001, Figure S3A). This 
differential targeting specificity to atherosclerotic macrophages was confirmed by 
immunofluorescence in the aortic roots (Figure S3B). Altogether, the flow cytometry 
data reveal that the distinct physiochemical nanoparticle properties within the 
library lead to drastically different immune cell targeting patterns (Figure 3C).
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Figure 3| Nanoparticle immune cell specificity. (A) The flow cytometry gating procedures to identify 
relevant immune cells in aorta, spleen, and blood. Black histograms on the right show representative 
signal distribution of different immune cells in the mice injected with nanoparticles compared with the 
cells from control animals injected with PBS (gray histogram on the left in each graph). (B) Quantification 
of mean fluorescence intensity (MFI) of each immune cell type in different tissues; n = 5 for each 
nanoparticle, and error bars are SEMs. (C) Heat map ranks targeting efficiency in key immune cells (aortic 
macrophages, spleen macrophages, and blood Ly-6Chi monocytes), with red indicating a high and blue 
indicating a low MFI in the first three rows. The last row shows the aortic-to-splenic macrophage MFI 
ratio (Ao-to-sp MΦ), and its quantitative values are provided in Figure S3A.
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2.6. GW3965-Loaded Nanoparticle Development
Liver X receptor (LXR) agonists promote cholesterol efflux from macrophages in 

atherosclerotic plaques, and they have been proposed as novel immunomodulatory 
drugs for the disease [26]. However, most experimental LXR agonists fail clinical 
translation or early-stage clinical trials due to poor safety profiles. For example, 
GW3965, an effective LXR agonist promoting cholesterol efflux from atherosclerotic 
macrophages, [27, 28] did not reach the clinical phase, because of its liver toxicity in 
hamsters and monkeys, [10] as well as in human hepatocytes [11].

In our nanoparticle library studies, NP10 was found to have high cholesterol efflux 
promotion efficiency, a long blood half-life, high relative aorta-to-liver accumulation, 
and a high relative aortic-to splenic macrophage association ratio (Figure S4A). These 
features make NP10 a promising candidate for avoiding GW3965’s liver toxicity 
and enhancing its efficacy on atherosclerotic plaque macrophages. Therefore, we 
replaced NP10’s hydrophobic triglyceride cargo with hydrophobic GW3965 and 
created a GW3965-loaded nanoparticle (Rx-HDL) that was morphologically similar 
but not identical, due to the different nanoparticle composition, to NP10 in size (∼30 
nm), phospholipid composition (POPC-dominant), and morphology (Figure S4B). 
Further, we identified NP14 as an unfavorable nanoparticle for GW3965 delivery 
due to the nanoparticle’s poor cholesterol efflux efficiency, short blood half-life, and 
low relative aorta-to-liver accumulation (Fig. S4A). By loading GW3965 into the 
PLGA matrix of NP14, we created a PLGA-core GW3965-loaded nanoparticle (Rx-
PLGA-HDL) with similar size, phospholipid composition, and morphology to NP14 
(Figure S4B). Notably, the size and cholesterol efflux capability of the two drug-
loaded nanoparticles were drastically different (Figure S4B and C).

2.7. Quantitative Evaluation of GW3965-Loaded 
Nanoparticles

Nanoparticles that are 89Zr-labeled can be quantitatively characterized by in 
vivo PET imaging as well as by ex vivo radioactivity counting [29]. To accurately 
understand the in vivo performance of the two nanoparticles, we loaded the 
hydrophobic 89Zr-DFO-C34 into Rx-HDL and Rx-PLGA-HDL (Figure 4A), and 
radioactive high-performance chromatography showed both Rx-HDL and Rx-
PLGA-HDL to be efficiently radiolabeled (Figure S4D).

In Apoe—/— atherosclerotic mice, Rx-HDL circulated in the blood much longer 
(weighted t1/2 = 10.5 h, n = 3) than Rx-PLGA-HDL (weighted t1/2 = 5.0 h, n = 3, 
Figure 4B) or its precursor NP10 (t1/2 = 7.0 h, Figure 2C), demonstrating its favorable 
features. We then used PET-computed tomography hybrid imaging (PET-CT) to 
measure the nanoparticle dynamic accumulation in the cardiac blood pool, the liver, 
and the spleen 30 min and 24 h after i.v. administration (n = 5 per nanoparticle, 
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Figure 4C; also see Movies S1–S4). After 30 min, Rx-HDL had higher accumulation 
in the cardiac blood pool (29.9 maximum percentage injected dose per gram of tissue 
(Max %ID/g) vs. 24.5 Max %ID/g, P < 0.05) but lower accumulation in the liver 
than Rx-PLGA-HDL (21.7 Max %ID/g vs. 29.7 Max %ID/g, P < 0.05). After 24 h, Rx-
HDL liver accumulation was still 36% lower than Rx- PLGA-HDL (26.5 Max %ID/g 
vs. 41.7 Max %ID/g, P < 0.05, Figure 4C and D). Autoradiography revealed that 
both nanoparticles displayed patchy aorta accumulation, in accordance with the 
heterogeneous distribution of atherosclerotic plaques in this tissue [30] (Figure 4E). 
Additionally, autoradiography confirmed the highest nanoparticle accumulation to 
be in the liver and spleen (Figure 4E), a result that was corroborated by an extensive 
biodistribution analysis (Figure S4E).

Having labeled both nanoparticles with DiR (Figure 4A), we used our flow 
cytometry protocol (Figure 3A) to quantify immune cell targeting specificity 
(Figure S4F). Rx-HDL predominantly targeted macrophages in the aortas, and its 
accumulation was twofold higher than Rx-PLGA-HDL (P < 0.01). In the spleen, 
Rx-HDL had 33% less accumulation in splenic macrophages than Rx-PLGA-
HDL (P < 0.05). In the blood, Rx-HDL targeted Ly-6Chi monocytes 2.4-fold more 
efficiently than Rx-PLGA-HDL (P < 0.01, Figure 4F and G). Collectively, these data 
show that, compared with Rx-PLGA-HDL, Rx-HDL has a longer blood half-life, 
lower accumulation in the liver, higher accumulation in atherosclerotic plaque 
macrophages, and lower accumulation in splenic macrophages.
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2.8. Nanoparticle Abolishes Liver Toxicity and 
Preserves Efficacy of GW3965

To test if Rx-HDL’s optimal in vivo performance reduced GW3965s liver toxicity, 
we gave four i.v. injections (one injection every 2 d, at a dose of 10 mg/kg GW3865) 
of Rx- HDL, its vehicle control (HDL), Rx-PLGA-HDL, its vehicle control (PLGA-
HDL), and PBS to Apoe—/— atherosclerotic mice (n = 12 per group).

In the liver, Rx-PLGA-HDL increased the expression of two of the three major 
GW3965-related toxicity genes, and Rx-HDL increased the expression of one gene 
(Figure 5A). Importantly, we measured hepatic triglyceride and cholesterol levels, 

Figure 4| In vivo quantitative evaluation of GW3965-loaded nanoparticles. (A) Schematic depictions of 
small Rx-HDL plaque macrophage-targeting and large polymer-hybrid Rx-PLGA-HDL nanoparticles. 
The two nanoparticles were either radiolabeled with 89Zr or labeled with the near-infrared fluorescent dye 
DiR. (B) Blood half- lives were determined in three mice per nanoparticle. (C) Representative PET images 
of mice that received either the small or large nanoparticle at 0.5 h and 24 h after i.v. administration. 
The 3D-rendered images are provided as Movies S1–S4 (n = 5 per nanoparticle). (D) Quantification of 
radioactivity in the heart, liver, and spleen. (E) Representative autoradiographic images of key organs. 
Full biodistribution of all organs is provided in Fig. S4E. (F) Representative histograms of selected immune 
cell targeting specificity in the aorta, spleen, and blood. (G)MFI quantification of relevant immune cells 
in the tissues (n = 4 per nanoparticle). Error bars are SEM. Statistics was calculated with nonparametric 
two-tailed Student’s t test. *P < 0.05; **P < 0.01.
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which are the major biomarkers of GW3965-induced hepatic steatosis [10]. The 
Rx-PLGA-HDL group had 35.4% more hepatic triglyceride than its control vehicle 
PLGA-HDL group (P = 0.014) and 21% more than the PBS group (P = 0.12). For 
hepatic cholesterol, the Rx-PLGAHDL group had 31% higher levels than the PLGA-
HDL group (P = 0.018) and 17%higher levels than the PBS group (P = 0.014). These 
results suggest that the high liver accumulation of Rx-PLGA-HDL caused severe 
liver toxicity (Figure 5B and C). On the other hand, the Rx- HDL group had 26.5% 
lower hepatic triglyceride levels than its vehicle HDL control group (P = 0.06) and 
22.7% lower levels than the PBS group (P = 0.076). The Rx-HDL group also had 20% 
lower hepatic cholesterol levels than the HDL group (P = 0.06) and 33.3% lower 
levels than the PBS group (P = 0.00043). A recent study suggested that high HDL 
levels are associated with a lower degree of steatosis, which might explain the 
reduced hepatic triglyceride and cholesterol levels in mice treated with vehicle HDL 
nanoparticles [31]. Furthermore, GW3965 has been reported to increase HDL levels 
in mice [32], likely explaining the additional hepatic benefits in Rx-HDL-treated 
mice. Most importantly, compared with the Rx-PLGA-HDL group, the Rx-HDL 
group had 36.1% lower hepatic triglyceride (P = 0.00083) and 43.0% lower hepatic 
cholesterol levels (P < 0.0001). These results demonstrate that the two GW3965-
loaded nanoparticles’ distinct liver accumulations resulted in differential liver 
toxicity profiles (Figure 5 A-C).

To measure the treatments’ efficacies on aortic macrophages, we isolated the 
cells from aortic roots by laser capture microdissection and measured their mRNA 
expression levels by quantitative real-time PCR (qPCR). We found that Rx-HDL 
increased expression of five GW3965 target genes compared with the vehicle HDL 
control, whereas Rx-PLGA-HDL increased only four genes compared with the 
vehicle PLGA-HDL control (Figure 5D). Furthermore, Rx-HDL produced elevated 
expression of the five target genes compared with Rx-PLGA-HDL (Figure S5A and B). 
These results suggest successful GW3965 delivery to macrophages in atherosclerotic 
plaques. We did not observe clear effects of either nanoparticle on genes related to 
macrophage inflammation, as the number of genes with increased expression was 
almost equal to the number with decreased expression (Figure 5E and Figure S5A 
and B). Similarly, the macrophage levels in aortic roots were the same among all 
groups (Figure S5D and E).

Based on the favorable properties of Rx-HDL, we further evaluated its therapeutic 
effects in a 6-wk, long-term treatment regimen focusing on cellular lipid levels in 
aortas. Working from a BODIPY (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-
diaza- sindacene)- based flow cytometry protocol [33], we developed a procedure 
to quantify the cellular lipid levels of macrophages, monocytes, and CD45 negative 
nonimmune cells (CD45—) in the aortas (Figure S6). Importantly, we found that 
the 6-wk treatment of Rx- HDL (10 mg/kg GW3965, two i.v. injections per week) 
resulted in 28% less total lipid in aortic macrophages (P = 0.224; Figure 5F). Further, 
the treatment reduced total lipid levels in monocytes by 43.0% (P = 0.011, Figure 5G) 
and in all CD45— nonimmune cells by 40.0% (P = 0.021, Figure 5H). Furthermore, 
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no therapeutic effects were observed when the compound was given orally with 
the same 6-wk treatment regimen (10 mg/kg GW3965, two gavages per week) 
compared with the placebo-treated group (Figure S6C-H).

Consistent with the liver toxicity results after the short-term Rx-HDL treatment, 
blood cholesterol and triglyceride levels were similar to those in mice receiving PBS 
treatment (Figure S7A and B). In addition, the long-term treatment of Rx-HDL did 
not cause any observable toxicity in the liver, kidney, heart, and blood cells (Figure 
S7C-L). Taken together, the results show that long-term Rx-HDL treatment produces 
significant therapeutic benefits without causing toxicity in major organs, most 
notably the liver, whereas long-term oral treatment at the same dose did not produce 
any therapeutic benefits.

Figure 5| Evaluation of the toxicity and efficacy of GW3965 (Rx)-loaded nanoparticles. In A-E, Apoe—/— 
mice received four i.v. administrations of nanoparticles or PBS on every other day (n = 12 per group). (A) 
The mRNA expression levels of three GW3965 target genes in liver homogenates. (B) Triglyceride and 
(C) cholesterol levels in the liver, the primary organ suffering from the toxic effects of GW3965. (D) The 
mRNA expression levels of five GW3965 target genes in aortic macrophages. (E) The mRNA expression 
levels of 19 inflammation-related genes in aortic macrophages. All gene expression was normalized to 
housekeeping gene Hprt1. The bar graph presentation of the heat maps is in Fig. S5 (n = 12 per group). In 
F-H, Apoe—/— mice (n = 10 in PBS; n = 9 in Rx- HDL) received 12 i.v. injections in 6 wk. Lipid levels of aortic 
cells were analyzed by flow cytometry. Cellular lipid levels were calculated by multiplying the mean 
fluorescence intensity of a cell type by the number of the cells per aorta (AU = MFI × number of cells). The 
total lipid levels of aortic (F) macrophages, (G) monocytes, or (H) nonimmune CD45— cells per aorta in 
the mice are presented here. Gating procedure is provided in Fig. S6 A and B. Error bars in all graphs are 
SEM. Statistics was calculated with nonparametric two-tailed Student’s t-test.
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In summary, we developed a rational library screen strategy to identify 
nanoparticles with favorable immune cell specificity and biodistribution in an 
atherosclerosis mouse model. On the basis of this nanoparticle screen, we optimized 
GW3965 delivery to plaque macrophages and, while preserving its efficacy on 
atherosclerotic plaques (Figure 5 D-H), abolished GW3965 liver toxicity (Figure 
5A-C and Figure S7), a well-known adverse effect of LXR agonists.

3. DISCUSSION
By fine-tuning the components and synthesis procedures, we created a 

combinatorial library of 17 nanoparticles with distinct composition, size, and 
morphology. These distinct physiochemical properties resulted in an approximate 
sixfold difference in promoting cholesterol efflux from macrophages, 10-fold 
difference among blood half-lives, 3.4-fold difference in relative aorta-to-liver 
accumulation, and 3.8-fold difference in relative aortic- to-splenic macrophage 
accumulation. From this library screening, we identified the favorable lipid 
composition (POPC-dominant), pharmacokinetics (long blood half-life), size 
(around 30 nm), and morphology (spherical) to achieve optimal plaque macrophage- 
specific drug delivery. We hypothesize that the combination of long blood half-life 
and small size allow efficient and prolonged atherosclerotic plaque penetration and 
subsequent macrophage accumulation. A favorable nanoparticle lipid composition 
and morphology increases stability and promotes delivery of the encapsulated small 
molecules to the targeted cells, as suggested by our recent study [34]. In a proof-of-
concept application, we used these guidelines to identify two nanoparticles from the 
library as the most and least favorable nanoparticles for delivering the liver-toxic 
compound GW3965. Although the unfavorable nanoparticle Rx-PLGA-HDL caused 
severe GW3965-induced liver toxicity, the favorable nanoparticle Rx-HDL did not 
cause observable liver toxicity in treated animals but did preserve the compound’s 
therapeutic efficacy on the atherosclerotic plaques.

Despite the clinical introduction of antibody immunotherapies for 
atherosclerosis,[35] such biological drugs can only modulate a limited number 
of extracellular targets, such as PCSK9 [36, 37] or receptors on the cell surface.
[38] Intracellular entities present many more immunological targets that can be 
effectively controlled by immunomodulatory small molecules. Most experimental 
small molecules for atherosclerosis, however, failed clinical trials due to their 
unfavorable toxicity profiles, generally caused by high accumulation in nontargeted 
tissues or in nontargeted cells within the targeted tissues [39]. To convert these 
immunomodulatory small molecules into precision medicines for atherosclerosis, 
organ specific and cell-specific delivery is highly desirable.

Our approach allows the creation and immunological screening of a combinatorial 
nanoparticle library with distinct organ biodistribution and immune cell targeting 
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specificities. By using PET imaging, NIRF, and flow cytometry to generate an 
extensive database detailing the in vivo performance of the library nanoparticles, 
we were able to rationally design a strategy that avoids the specific limitations of an 
immunomodulatory compound. Through this process, we successfully converted 
a liver-toxic immunomodulatory compound into a precision nanomedicine for 
atherosclerotic plaque macrophage treatment.

A polymer-core nanoparticle (NP13) in the library has similarly optimal 
performance to the best-performing NP10 (Fig. S4A). Polymer-based nanoparticles 
have been formulated with chemical compounds,[40] peptides,[41] and nucleic 
acids [42]. This variety suggests that NP13 may be able to deliver a wide range of 
therapeutic molecules. In addition, a few nanoparticles (NP3, NP9, and NP10) in 
the library show high targeting specificity to Ly-6Chi monocytes and DCs, which 
are attractive targets in certain types of cancer,[43] asthma, [44] and diabetes [45]. 
It would be interesting to apply the same library screening strategy to develop 
nanoparticle-based specific drug delivery to these immune cells in relevant diseases.

This nanoparticle library screening strategy in immune cells allowed us to 
improve the therapeutic index of an immunomodulatory molecule that causes 
hepatic toxicity and has failed clinical translation. Our precision nanomedicine 
strategy is radically different from the current clinical therapeutics as well as those 
in experimental phases. Moreover, the approach’s potential to deliver various 
compounds preferentially to other immune cells would expand its application to 
numerous immunologically implicated diseases, such as myocardial infarction, 
diabetes, and cancer.

4. MATERIALS AND METHODS 

4.1. Synthesis of Library Nanoparticles
The compositions of all NP synthesis materials are listed in Table S1. The 

synthesis procedure for NP1 through NP11 was similar to a previous method [12]. 
Briefly, phospholipids, DiR, and triglyceride were dissolved in a chloroform/
methanol solvent, dried to form a thin film, and then hydrated with a human 
APOA1 solution. The homogenized solution was sonicated with a tip sonicator, 
and the aggregates and free lipids were removed by passing through a series of 
filters. The synthesis procedure for NP12 through NP15 was adapted from a 
previous microfluidics-based method [14]. Briefly, a solution containing 0.79 mL of 
a PLGA or PLA solution in acetonitrile (100 mg/mL), 1.58 mL of a 3:1 molar ratio of 
1,2-dimyristoyl-sn-glycero-3- phosphocholine/1-myristoyl-2-hydroxy-sn-glycero-
phosphocholine (DMPC/MHPC) in ethanol (5 mg/mL), 0.36 mg of DiR, 7.9 mL of 
ethanol, and 14.5 mL of acetonitrile was prepared. The aforementioned solution was 
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injected in the middle channel of the microfluidic device at a rate of 2 mL/min, and 
a solution of APOA1 (0.01 mg/mL in PBS) was injected into the outer channels at a 
rate of 10 mL/min. The product was collected, washed with PBS, and concentrated 
using tangential filtration [100,000-Da molecular mass cutoff (MMCO)] to remove 
acetonitrile, ethanol, and lipid-free APOA1. For micelle NP16, 2 mL of chloroform 
solution containing 211 mg of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine- 
N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000) and 0.4 mg of DIR (0.5%mol) 
was slowly dripped into 10 mL of PBS solution heated at 85 °C under vigorous 
stirring. After dripping, the solution was kept at 85 °C until all of the chloroform 
was totally evaporated. The micelle solution was washed and concentrated in PBS 
using Millipore centrifugal filter (50,0000 Da MMCO). For liposome NP17, a lipid 
film was first prepared by evaporating a chloroform solution containing 35.4 mg 
of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 11.1 mg of DSPE-PEG2000, 
10.24 mg of cholesterol, and 0.4 mg of DiR (61.1%, 2%, 33.4%, 0.5% in molar 
percentage). The residue of chloroform was removed by blowing nitrogen gas. The 
resulting film was hydrated with 10 mL PBS, vortexed, and subsequently sonicated 
for 25 min. After centrifugation at 18000 × g for 10 min to remove aggregates, the 
liposome solution was washed and concentrated in PBS using Millipore centrifugal 
filter (100,000 Da MMCO). To oxidize NP1, a PBS solution containing NP1 was stirred 
at 37 °C in the presence of EDTA, α-tocopherol, and 2,2’-Azo-bis(2- amidinopropane) 
dihydrochloride for 20 h. The resulting oxidized nanoparticle (NP2) was washed 
thoroughly with PBS.

4.2. Synthesis of GW3965-Loaded Nanoparticles.
The synthesis procedure for Rx-HDL was similar to that used for NP10. In addition 

to phospholipids [POPC and 1-palmitoyl-2-hexadecyl-sn-glycero-3-phosphocholine 
(PHPC), 3:1 by weight] and DiR, GW3965 was added to make up 26% by weight 
of the total starting materials. For Rx-PLGA-HDL, a solution containing 1 mL of 
GW3965 in DMSO (50 mg/mL), 2 mL of PLGA (100 mg/mL), 2 mL of lipids (10 
mg/mL), 53 mL of acetonitrile, and 22 mL of ethanol was prepared. The organic 
solution was injected in the middle channel of the microfluidic device at a rate of 2 
mL/min, while a solution of APOA1 (0.01 mg/mL in 1× PBS) was injected into the 
outer channels at a rate of 10mL/min. The product was collected, washed with PBS, 
and concentrated to ∼2 mg/mL using tangential and centrifugal filtration (100,000 
Da MMCO and 300,000 Da MMCO, respectively). After synthesis, GW9365 was 
extracted from the final nanoparticles by acetonitrile, and the compound amount 
was measured by HPLC. The incorporation rate of Rx-HDL was above 90%, and that 
for Rx-PLGA-HDL was about 50%. The GW3965 injecting dose was adjusted on the 
basis of the measured GW3965 concentration in the nanoparticle solution.
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4.3. Animals and Treatment Procedure
All procedures and experiments were approved by the Institutional Animal Care 

and Use Committee of Icahn School of Medicine at Mount Sinai. About 300 female 
Apoe—/— mice (B6.129P2Apoetm1Unc/J) were purchased from Jackson Laboratories 
and then fed a high-fat diet (Harlan Teklad TD.88137, 42% calories from fat) for 16 
wk. These mice developed advanced atherosclerosis in their aortic roots and aortas 
after 10 wk of a high-fat diet and mimicked advanced disease in humans after 16 wk 
of the diet. Female C57BL/6 mice were fed on regular chow. All nanoparticles were 
i.v. injected into the lateral tail veins. Care was taken to ensure that each injection 
was less than 150 μL in volume. For the in vivo characterization study of the 17 
nanoparticles, Rx-HDL, and Rx-PLGA-HDL, one i.v. injection was performed. No 
obvious toxicity or side effects were observed after the injections, except for NP12. 
After NP12 injection, mice had slow movement, and one out of five died within 24 
h after the injection. For short-term toxicity study of Rx-HDL and Rx- PLGA-HDL, 
four injections in 8 d were given using a GW3965 dose of 10 mg/kg per injection. 
For the long-term treatment study, the mice received two i.v. injections of Rx- HDL 
(n = 12) per week for 6 wk at the dose of 10 mg/kg GW3965 per injection or an equal 
volume of PBS (n = 12). A separate cohort of female Apoe—/— mice with the same 
length of high-fat diet received 6 wk of oral GW3965 (n = 6, 10 mg/kg GW3965, two 
times per week) or PBS (n = 5). No abnormal activities or deaths occurred during the 
treatment regimen.

4.4. Micro-PET/CT Imaging
Apoe—/— atherosclerotic mice were injected with either 89Zr-labeled Rx-HDL or Rx- 

PLGA-HDL at about 200 μCi per mouse (n = 5). At 30 min and 24 h after the injection, 
the mice were imaged on an Inveon PET/CT scanner (Siemens Healthcare Global) 
under isoflurane-induced (Baxter Healthcare) anesthesia. Whole-body static PET 
scans recorded a minimum of 50 million coincident events in ∼15 min. The energy 
and coincidence timing windows were 350 keV to 700 keV and 6 ms, respectively. 
The image data were normalized to correct for nonuniform PET response, dead-time 
count losses, positron branching ratio, and physical decay to the time of injection, 
but no attenuation, scatter, or partial-volume averaging correction was applied. The 
counting rates in the reconstructed images were converted to activity concentrations 
(percentage injected dose per gram of tissue) via a system calibration factor derived 
from imaging a mouse-sized water-equivalent phantom containing 89Zr. Images 
were analyzed using ASIPro VMTM software (Concorde Microsystems). Activity 
concentration was quantified by averaging the maximal values of at least 10 regions 
of interest (ROIs) drawn on consecutive slices of the chosen organs.
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4.5. Liver mRNA Expression Measurement.
Total RNA was obtained from snap frozen liver tissue and homogenized in 

TRIzol reagent (Ambion). The homogenate was spun down to pellet tissue, and the 
aqueous TRIzol supernatant was collected and processed using the Direct-Zol. RNA 
miniprep kit (Zymo Research Corporation) was used for RNA purification. The RNA 
was then reverse- transcribed using the Verso cDNA kit (Thermo Scientific) and 
diluted using RNase/DNase- free water. Quantitative real-time PCR was performed 
with Taqman Gene Expression Master Mix (Applied Biosystems), and with Taqman 
primer/probe mixes for Abca1, Abcg1, or Srebp1c. Gene expression was normalized 
to 18S ribosomal RNA (rRNA) expression.

4.6. Aortic Macrophage mRNA Expression Measurement
The quality of RNA extracts from atherosclerotic plaques was measured by 

Agilent 2100 bioanalyzer (Agilent Technologies). High-quality [RNA integrity 
number (RIN) > 7] RNA samples were amplified with a WT-Ovation Pico RNA 
amplification system (NuGen). The cDNA from the amplification reactions were 
used to run a microfluidics- based mRNA profiling chip (BioMark; Fluidigm), which 
had high reproducibility. Hprt1 was used as the housekeeping gene. The following 
24 genes were measured: Abca1, Abcg1, Srebp1c, Nr1h2, Hr1h3, Ccl2, Ccr2, Icam1, Ifng, 
Il12a, Il1a, Il1b, Il6, Nos2, Mmp2, Mmp9, Tnfa, Vcam1, Ccr7, Cd206, Foxp3, Il10, Mrc2, 
and Tgif1. Twelve biological repeats were included for each gene.

4.7. Cellular Lipid Measurement with Flow Cytometry
Single cells were prepared from aortas from either Apoe—/— mice or wild-type 

C57BL/6 mice and then stained with antibody mixtures as described in SI Materials 
and Methods, Flow Cytometry. On the basis of a previous procedure [33], the stained 
cells were washed with PBS two times at room temperature and then incubated 
with 250 μL PBS containing 0.5 μg/mL BODIPY (D-3922; Molecular Probes) for 15 
min. The cells were washed with flow cytometry buffer two times and analyzed in a 
Becton Dickinson LSRII flow cytometer.

4.8. Statistics
Data are presented as mean ± SE of the mean (SEM) unless otherwise noted. Two-

tailed Student’s t-test was used to calculate statistical significance. GraphPad Prism 
5.0 for PC (GraphPad Software Inc.) was used for statistical analysis. P < 0.05 was 
regarded as significant; * denotes P value < 0.05, and ** denotes P value < 0.01 in all 
figures in the chapter.
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APPENDIX: SUPPLEMENTARY DATA

SI Materials and Methods
Radiochemistry. The 89Zr was produced at Memorial Sloan Kettering Cancer 

Center on an Ebco TR19/9 variable-beam energy cyclotron (Ebco Industries Inc.) 
via the 89Y(p,n)89Zr reaction and purified with a method previously reported [46]. 
Radioactivity was measured with a Capintec CRC-15R dose Calibrator (Capintec).

Synthesis of C34-DFO. The 2-Hexadecyl-octanoic acid (30 mg, 59 μmol), 
(Benzotriazol-1-yloxy) Tris(dimethylamino)phosphonium hexafluorophosphate 
(29 mg, 66 μmol), and N,N-diisopropylethylamine (DIEA, 10 μL) were dissolved in 
anhydrous dichloromethane (2 mL) and stirred at 40 °C for 10 min under nitrogen 
atmosphere. Next, a solution of deferoxamine mesylate (30 mg, 46 μmol) and DIEA 
(10 μL) in anhydrous DMSO (0.7 mL) was added, and the resulting mixture was 
stirred for 4 h at 40 °C under nitrogen. The cloudy suspension was allowed to cool 
to room temperature, and dichloromethane was removed under reduced pressure. 
Hydrochloric acid (0.1 M, 1 mL) was added, and the mixture was stirred for 10 
min at room temperature. The solid was filtered and washed with 0.1 M HCl (3 × 1 
mL), DMSO (3 × 1 mL), water (3 × 1 mL), and, finally, dichloromethane (3 × 1 mL) 
and dried to yield a white solid (31 mg, 64%). Mass cytometry analysis generated 
the following data: MS-ES+: 1,074, (M+Na)+; MS-ES-: 1,050 (M-H)-, 1,086 (M+Cl)-. 
Proton NMR analysis provided the subsequent values: 1H- NMR (CDCl3/CD3OD), 
δ in parts per million: 0.55 (triplet, 6H); 0.92 [broad signal (br), 60H]; 1.06 (br, 6H); 
1.27 multiplet (m), 6H]; 1.32 (m, 6H); 1.76 (m, 1H); 1.80 singlet (s), 3H]; 2.15 (t, 4H); 
2.46 (t, 4H); 2.87 (m, 6H); 3.29 (m, 6H). All chemicals were purchased from Sigma-
Aldrich.

Radiolabeling of Library Nanoparticles and GW3965-Loaded Nanoparticles. 
Nanoparticles were labeled using a slightly modified version of the synthesis 
procedure for regular screening nanoparticles or GW3965-loaded nanoparticles. 
Briefly, DiR of the library nanoparticles or 0.5% of GW3965 payload was replaced 
with C34-DFO while synthesizing radiolabeled nanoparticles. After synthesis and 
purification, the C34-DFO- labeled nanoparticles were incubated with 89Zr-oxalate 
in PBS (pH 7.1∼7.4) at 37 °C for 2 h at an activity-to-APOA1 ratio of ∼1 mCi/mg 
(or ∼1 mCi/10 mg lipids for NP17). The radiolabeled nanoparticles were purified 
by spin filtration by using 10,000 Da MMCO filter tubes. Radiochemical yields 
were in excess of 80%, and radiochemical purities, as determined by size exclusion 
chromatography, were greater than 95% for all nanoparticles.

Blood Half-Life Determination. In the library study, all nanoparticles were 
injected at a fixed DiR dose of 1 mg/kg. The theoretical 0 time point was calculated by 
assuming that a mouse’s blood accounts for 6% of its body weight and the density of 
mouse blood was 1.06 g/mL. The mice were bled 1 h, 6 h, and 24 h after the injection. 



141CHAPTER 5Immune Cell Screening of a Nanoparticle Library Improves Atherosclerosis Therapy

5

The DiR concentration was determined by comparing DiR fluorescence signal to a 
DiR standard curve. DiR signal was measured in an IVIS200 system (PerkinElmer) 
at a 750-nm excitation wavelength and an 820-nm emission wavelength. Blood half-
life was calculated by finding the x coordinate from the curve’s intersection with a 
horizontal line at 50% signal of time 0. Five mice were used for each nanoparticle. 
Regarding the radiolabeled nanoparticles, animals were injected with ∼20 μCi 
to ∼30 μCi of the corresponding nanoparticles, and blood samples (∼10 μL each) 
were collected 2 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h after the i.v. injection. The 
blood was weighted, and its radioactivity was determined using a gamma counter 
(PerkinElmer). Blood half-life was calculated via two-phase decay. Three mice were 
used for each nanoparticle.

Autoradiography and Biodistribution. Upon sacrifice, animals were perfused 
with 20 mL of PBS through cardiac puncture. Lung, liver, aorta, spleen, kidney, 
femur muscle, and heart were collected, and their radiotracer distribution was 
determined by placing the tissues in a film cassette against a phosphorimaging plate 
(BASMSM- 2325, Fujifilm) for either 14 h (mouse aortas) or 4 h (all other organs). 
Phosphorimaging plates were read in a Typhoon 7000IP plate reader (GEHealthcare). 
Biodistribution in aorta, heart, liver, spleen, blood, lung, skin, brain, pancreas, 
stomach, small intestine, large intestine, kidney, muscle, and bone was determined 
by first weighing the tissues and then measuring their radioactivity in a gamma 
counter (PerkinElmer). The relative activity per tissue is presented as percentage of 
injected dose per gram of tissue.

Nanoparticles Characterization. The synthesized nanoparticles’ size was 
measured by DLS. To measure the DiR concentration in nanoparticles, we first 
extracted DiR from the nanoparticles with acetonitrile, and the amount of DiR was 
determined by measuring the signature absorbance of DiR at 750 nm. Nanoparticle 
morphology was determined by transition emission microscopy. Briefly, the original 
PBS solvent was replaced with an ammonium acetate buffer and then mixed with 2% 
(wt/vol) sodium phosphotungstate (pH = 7.4) to negatively stain the nanoparticles. 
The solution was then added to a TEM grid and imaged with a Hitachi H7650 
system linked to a Scientific Instruments and Applications digital camera controlled 
by Maxim CCD software. To measure nanoparticle APOA1 concentration, APOA1 
was separated from the other nanoparticle components by acetonitrile precipitation. 
The pellets’ protein component was then measured with a standard BCA assay 
(Thermo Scientific).

HPLC and Radio-HPLC. HPLC was performed on a Shimadzu HPLC system 
equipped with two LC-10AT pumps and an SPD-M10AVP photodiode array 
detector. Radio-HPLC was performed using a Lablogic Scan-RAM Radio-TLC/
HPLC detector. Size exclusion chromatography was performed on a Superdex 
10/300 column (GEHealthcare Life Sciences) using PBS as an eluent at a flow rate of 
1 mL/min. GW3865 detection was performed on a C18 column (Shimadzu) with an 
isocratic flow of water and acetonitrile at a flow rate of 1 mL/min. 
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Cholesterol Efflux Assay. Bone marrow cells were flushed from the tibia and 
femurs of 6- to 8-wk-old C57BL/6 mice and differentiated into macrophages by 
incubation in DMEM media supplemented with 10% FBS, 1% P/S, and 15% L929-
conditioned media for 7 d. Bone marrow-derived macrophages were subsequently 
incubated with media containing 0.5 μCi/mL [3H]-cholesterol and acLDL (50 
μg/mL) for 30 h. Cells were washed twice with PBS and equilibrated overnight 
in media containing 2 mg/mL fatty acid- free albumin. Efflux to APOA1 (50 μg/
mL) or various nanoparticles (50 μg/mL normalized to APOA1 concentration) was 
carried out for 8 h. Cell media were removed, and the cells were lysed in 0.1M NaOH 
solution. The [3H]-cholesterol contents of media and cell lysates were measured by 
liquid scintillation counting. Efflux is expressed as a percentage of 3H- cholesterol 
in medium by using the following formula: [3H-cholesterol in medium/(3H- 
cholesterol in medium + 3H-cholesterol in cells)] × 100%.

NIRF. Twenty-four hours after i.v. injection of DiR-containing nanoparticles, 
the mice were perfused with 20 mL of PBS, and brain, lung, heart, aorta, spleen, 
liver, kidney, and femur muscle were collected. Their total DiR fluorescent signal 
was measured in an IVIS 200 at a 750-nm excitation wavelength and an 820-nm 
emission wavelength. The radiant efficiency was calculated using Live Imaging 
(PerkinElmer). For each nanoparticle, five mice were used.

Flow Cytometry. We used a protocol similar to one previously reported [12]. 
Briefly, at 24 h after i.v. injection of DiR-loaded nanoparticles, blood was collected 
and the animals were perfused. Afterward, aortas and spleens were collected, 
diced, and digested with a mixture of enzymes, including liberase TH (Roche), 
hyaluronidase (Sigma-Aldrich), and DNase (Sigma-Aldrich), in a 37 °C oven for 1 
h. A single-cell suspension was made by removing tissue aggregates, extracellular 
matrix, and cell debris from the solution. Red blood cells were removed from the 
blood sample by lysis buffer. DiR was detected on the APC-Cy7 channel. To identify 
macrophages, monocytes, DCs, neutrophils, and other immune cells, a lineage of 
antibodies (Lin) recognizing CD90 (clone 53.2.1), B220 (clone RA3-6B2), CD49b (clone 
DX5), NK1.1 (clone PK136), Ly-6G (clone 1A8), and Ter-119 (clone TER-119) and 
antibodies recognizing Ly-6C (clone AL21), F4/80 (BM8), and CD11c (N418) were 
used. Antibodies were purchased from eBioscience, BD Biosciences, and Biolegend. 
Due to the large number of samples, two to three nanoparticles were measured per 
batch, each of which included 12 to 17 mice (10 to 15 from tested nanoparticles, 1 for 
reference DiR-nanoparticles, and 1 non injected control to set up compensation). The 
APC-Cy7 channel of the flow cytometer was calibrated using APC- Cy7 calibration 
beads (Cat# ECFP-F7; Spherotech). Signal variation among batches was corrected 
by normalizing to the beads’ signal. All samples were measured on an LSRII (BD 
Biosciences) flow cytometer. Results were analyzed with FlowJo (Ashland), and 
statistics were calculated with Prism (GraphPad).
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Hepatic Triglyceride and Cholesterol Measurement. Lipids were extracted from 
the livers, which were snap-frozen in -80 °C immediately after sacrifice. Portions of 
liver tissue (generally <100 mg) were weighed, suspended in 2× weight volume of 
PBS, and homogenized. To analyze protein content, 10 μL of the total homogenate 
underwent a standard Lowry assay (BioRad); 50 μL of the total homogenate was 
suspended in 3 mL of isopropanol and incubated overnight at 4 °C while rocking 
to extract lipids. The solvent/lipid mixture was then centrifuged at 1,000 × g for 
10 min, and supernatant was collected in glass tubes and dried under a stream of 
nitrogen. Following complete evaporation of the extraction isopropanol, lipids were 
stored at -20 °C until analysis. For quantification, dried lipids were resuspended 
in 1 mL of isopropanol, and analysis of triglycerides and total cholesterol was 
performed on diluted lipid solutions using standard colorimetric assays (Wako) as 
per manufacturer’s protocol. The cholesterol and triglyceride concentrations were 
normalized to the measured protein concentration per sample.

Immunostaining and Laser Capture Microdissection. As previously described 
[2], 6- μm-thick frozen sections were made from the aortic roots of 60 mice. Six evenly 
distributed sections were stained with CD68 (clone MCA1957; Serotec). The stained 
slides were digitally scanned using a slide scanner (3DHistech Panoramic Scanner). 
When CD68- positive area was quantified, the positively stained area was calculated 
using a MATLAB procedure we had developed previously (2). A total of 360 sections 
were analyzed. For laser capture microdissection (LCM), 36 aortic roots sections per 
animal were used to extract atherosclerotic macrophages using Leica LDM6500. 
All LCM reagents were maintained, and procedures were done under RNase-free 
conditions. The sections were fixed in 70% ethanol for 1 min, washed in H2O, stained 
with Mayer’s hematoxylin (VWR Scientific) for 1 min, washed in H2O, incubated in 
PBS (to develop blue color) for 15 s, washed in H2O, partially dehydrated in 70% 
followed by 95% ethanol, stained in eosin Y (VWR Scientific) for 5 s, washed in 
95% ethanol, and then completely dehydrated in 100% ethanol (30 s), xylene (30 s), 
and xylene (5 min). The sections were then air-dried for 10 min. Macrophages were 
identified under a microscope and verified by anti-CD68 staining on the guiding 
slides. Isolated macrophages were immediately lysed, and their RNA were extracted 
and stored in a -80 °C freezer. For LCM, 2,160 sections were used.
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Figure S1| Chemical characterization of the nanoparticle library. (A) Low-magnification TEM images of 
the 17 nanoparticles, as well as the two therapeutic nanoparticles—Rx-HDL and Rx-PLGA-HDL. NP1-5 
have a discoidal shape, as is typical for HDL nanoparticles reconstituted from phospholipids and APOA1. 
POPC-based nanoparticles require a higher amount of APOA1 to force disk formation, as can be observed 
when comparing NP8 and NP9. The inclusion of triglycerides as a core material results in nanoparticles 
with 20 nm (NP6, NP7, NP10, and NP11), whereas the inclusion of PLGA or PLA polymers allows fine 
tuning of nanoparticle sizes, ranging from 40 nm for NP15 to over 100 nm for NP12. (Scale bar, 100 nm.) 
(B) Mass spectrometry of oxidized nanoparticle. An HDL-mimicking nanoparticle made mainly of DMPC 
and APOA1 (NP1) was oxidized to generate NP2, which was analyzed by mass spectrometry. Mass 
spectrometry shows the increase of APOA1 M.W. by about 146.7 on average, indicating the oxidization of 
APOA1 (Ox-APOA1).
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Figure S2| Representative and quantitative NIRF data. (A) Representative NIRF images of key organs. 
Quantification of total signal of (B) all organs and (C) aortas. (D) The aortic-to-liver accumulation ratio is 
calculated by dividing the total signal of aorta with that of liver. (E) The aorta-to-spleen accumulation ratio 
is calculated by dividing the total signal of aorta with that of spleen. For B-E, n = 5 for per nanoparticle, 
and the error bars are SEM.
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Figure S3| Macrophage targeting efficiency of the nanoparticle library. (A) Aortic-to-splenic (Ao-to-sp) 
macrophage MFI (MΦ) ratio is calculated by dividing the MFI of aortic macrophages by that of splenic 
macrophages (n = 5 per nanoparticle). Error bars are SEM. (B) Representative immunostaining images of 
aortic roots from the animals injected with the nanoparticles. CD68 was used to identify macrophages in 
the frozen section. Nanoparticles were identified by detecting their fluorescent label DiR..
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Figure S4| In vivo evaluation of drug-loaded nanoparticles. (A) The summary of the performance of 
the nanoparticle library in the immunological screening study, with the red showing the favorable and 
the blue showing the unfavorable performance according to the specific limitations of GW3965. High-
rank nanoparticles show high cholesterol efflux capacity, long blood half-life, high relative aorta-to-
liver (Ao-to-li) accumulation ration, and high relative aortic-to splenic macrophage MFI ratio. NP10 
was found to have the highest overall rank. (B) Representative TEM images of negatively stained drug-
loaded nanoparticles. Overview of the images can be found in Fig. S1A. (Scale bar, 50 nm.) (C) Relative 
cholesterol efflux capacity of drug-loaded nanoparticles (n = 6). Nonparametric Student’s t test was used 
for statistics. (D) Radioactive HPLC eluting profiles of drug-loaded nanoparticles. The black profile is the 
UV absorbance, which indicates the nanoparticle itself. The blue and red profiles are the 89Zr radioactive 
signal. A 2.5-min delay between UV and radioactive profiles is added on purpose to better present the 
profiles. (E) Extensive biodistribution of radio-labeled and GW3965-loaded nanoparticles in relevant 
organs (n = 5 per nanoparticle). (F) Representative flow cytometry histograms of relevant immune cells in 
different tissues. All error bars are SEM.
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Figure S5| Efficacy of drug-loaded nanoparticles on aortic macrophages. (A) Quantification of mRNA 
expression of the selected genes in atherosclerotic plaque macrophages. The relative expression of a gene is 
calculated by following these formulas: relative gene expression of gene X of Rx-HDL group = (expression 
of gene X in the Rx- HDL group/expression of gene X in the HDL group); relative gene expression of gene 
X of Rx-PLGA-HDL group = (expression of gene X in the Rx-PLGA-HDL group/expression of gene X in 
the PLGA-HDL group). (B) Relative gene expression normalized to average expression of both Rx-PLGA-
HDL and Rx-HDL groups by following a formula: gene X expression in one group = (expression of gene 
X in the given group/average expression of gene X in both Rx-PLGA-HDL and Rx-HDL groups). (C) 
Relative gene expression normalized to PBS group by following the following formula: gene X expression 
of a given group = (expression of gene X in the given group/expression of gene X in the PBS group). 
(D) Representative CD68 immunostaining of aortic roots. CD68 was used as the macrophage marker 
in this experiment. (Left) The original image and (Right) the mask generated by a MATLAB procedure. 
The dark pixels in the mask were calculated and used to calculate the CD68 positive area in the original 
immunostaining image. (E) Quantification of macrophage levels in all treatment group. n = 12 per group 
(A–C and E). Nonparametric Student’s t test was used to calculate statistics, and all error bars are SEM.
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Figure S6| Cellular lipid measurement flow cytometry protocol and the efficacy evaluation of 6-wk 
treatment. Aortic cells from 1-y-old C57BL/6 wild-type (WT) mice (n = 2) and Apoe—/— mice (n = 2) with 
10 mo of high- cholesterol diet were stained with BODIPY. Intracellular BODIPY signal was measured 
by a flow cytometry procedure used in the previous experiments (Fig. 3A). (A) Representative gating 
procedure shows the identification of CD45 negative (CD45—) nonimmune cells, macrophages, and 
monocytes in the aortas. (B) Representative BODIPY signal levels in (Left) nonimmune cells, (Middle) 
macrophages, and (Right) monocytes are shown in the histogram graphs. Gray histograms represent the 
non-BODIPY-stained cells; green histograms represent cellular BODIPY levels of the cells from wildtype 
mice; red histograms (Ctrl) represent cellular BODIPY levels of the cells from Apoe—/— mice. Cells from 
Apoe—/— mice show much higher BODIPY levels than those from wild-type mice, due to their higher 
cellular lipid levels than those in wild-type mice. (C-E) Apoe—/— mice received oral treatment of either 
GW3965 (Oral Rx, n = 6) or PBS (Oral PBS, n = 5) twice per week for 6 wk. Cellular lipid levels were 
calculated by multiplying the mean fluorescence intensity of a cell type with the number of the cells per 
aorta (AU = MFI X number of cells). Cellular lipids levels of the two groups were compared in aortic 
macrophages (C), aortic monocytes (D), and aortic nonimmune cells (E). (F-H) Two batches of female 
Apoe—/— mice with the same age and length of high-cholesterol diet were given either i.v. treatments (I.V. 
PBS or Rx-HDL; Fig. 5 F-H) or oral treatments (Oral Rx or Oral PBS). Due to the batch and measurement 
difference, the cellular lipid levels of aortic cell populations treated with either Rx-HDL or Oral Rx were 
normalized to those from mice treated with either i.v. PBS or oral PBS, respectively. Cellular lipid levels 
from the two batches of treated mice were compared with their corresponding control-treated mice in 
aortic macrophages (F), aortic monocytes (G), and aortic nonimmune cells (H). Error bars in all graphs are 
SEM. Statistics was calculated with nonparametric two-tailed Student’s t test.
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Figure S7| A long-term Rx-HDL treatment does not cause toxic effects. Mice were treated with i.v. PBS 
(I.V. PBS, n = 10), i.v. Rx-HDL (Rx-HDL, n = 9), oral GW3965 (Oral Rx, n = 6), or oral PBS (Oral PBS, 
n = 5) two times per week for 6 wk, and key toxicity markers were measured. (A) Blood cholesterol, 
(B) triglyceride, and (C) glucose levels are metabolism markers. (D) Gamma-glutamyl transaminase, (E) 
alanine transaminase, and (F) aspartate transaminase are liver damage markers. (G) Creatine kinase is a 
cardiac toxicity marker. (H) Blood urea nitrogen is a kidney damage marker. The (I) red blood cell counts, 
(J) hemoglobin levels, (K) white blood cell counts, and (L) percentage of monocytes in blood white cells 
are shown here, too. No statistical significance was found in any measurements above. Nonparametric 
two-tailed Student’s t test was used to calculate statistics between treatment and PBS control, and all error 
bars are SD.
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Supplementary table 2 | Blood half-lives of nanoparticle library 

Nanoparticle 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Blood half-life (hr) 5.01 2.99 2.49 2.53 3.47 0.97 0.92 1.73 1.70 6.26 3.99 0.71 5.00 0.67 0.98 3.24 0.78

Blood half-lives values were determined from 5 mice per nanoparticle.
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CHAPTER 6
A Systematic Comparison of Clinically 
Viable Nanomedicines Targeting HMG-CoA 
Reductase in Inflammatory Atherosclerosis*

ABSTRACT

Atherosclerosis is a leading cause of worldwide morbidity and mortality whose 
management could benefit from novel targeted therapeutics. Nanoparticles 
are emerging as targeted drug delivery systems in chronic inflammatory 

disorders. To optimally exploit nanomedicines, understanding their biological behavior 
is crucial for further development of clinically relevant and efficacious nanotherapeutics 
intended to reduce plaque inflammation. Here, three clinically relevant nanomedicines, 
i.e., high-density lipoprotein ([S]-HDL), polymeric micelles ([S]-PM), and liposomes 
([S]-LIP), that are loaded with the HMG-CoA reductase inhibitor simvastatin [S], were 
evaluated in the apolipoprotein E-deficient (Apoe—/—) mouse model of atherosclerosis. 
We systematically employed quantitative techniques, including in vivo positron 
emission tomography imaging, gamma counting, and flow cytometry to evaluate 
the biodistribution, nanomedicines’ uptake by plaque-associated macrophages/
monocytes, and their efficacy to reduce macrophage burden in atherosclerotic plaques. 
The three formulations demonstrated distinct biological behavior in Apoe—/— mice. 
While [S]-PM and [S]-LIP possessed longer circulation half-lives, the three platforms 
accumulated to similar levels in atherosclerotic plaques. Moreover, [S]-HDL and [S]-
PM showed higher uptake by plaque macrophages in comparison to [S]-LIP, while 
[S]-PM demonstrated the highest uptake by Ly6Chigh monocytes. Among the three 
formulations, [S]-PM displayed the highest efficacy in reducing macrophage burden in 
advanced atherosclerotic plaques. In conclusion, our data demonstrate that [S]-PM is a 
promising targeted drug delivery system, which can be advanced for the treatment of 
atherosclerosis and other inflammatory disorders in the clinical settings. Our results also 
emphasize the importance of a thorough understanding of nanomedicines’ biological 
performance, ranging from the whole body to the target cells, as well drug retention in 
the nanoparticles. Such systematic investigations would allow rational applications of 
nanomaterials’, beyond cancer, facilitating the expansion of the nanomedicine horizon.

*Published in Journal of Controlled Release (2017), doi: 10.1016/j.jconrel.2017.07.013.
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1. INTRODUCTION
Atherosclerosis is a chronic, systemic inflammatory disease of the large and 

medium-sized arteries, which can lead to life-threating events such as myocardial 
infarction and stroke[1]. According to the World Health Organization, 17.5 million 
deaths per year, an estimated 31% of all deaths worldwide, can be attributed 
to atherosclerotic cardiovascular diseases[2]. The initiation and progression of 
atherosclerotic lesions are currently understood to have a central inflammatory 
component in which immune cells, including inflammatory monocytes and 
macrophages, play key roles[3,4]. At early stages, elevated levels of circulating 
apolipoprotein B-containing lipoproteins induce focal expression of endothelial 
adhesion molecules[5], which promote the recruitment of inflammatory Ly6Chigh 

monocytes to the arterial wall[6]. Once adhered, monocytes transmigrate into 
the subendothelial space and differentiate into resident macrophages[4]. The 
continued accumulation of lipoproteins and immune cells, including macrophages, 
accelerates the development of focal lesions known as atherosclerotic plaques[7]. 
In advanced atherosclerosis, plaque-associated macrophages proliferate and secrete 
proinflammatory mediators, reactive oxygen species, and proteases which destabilize 
the plaque and aggravate the disease[8,9]. Additionally, recent preclinical[10] and 
clinical[11] work have identified cardiovascular events as key contributors to the 
aggravation of plaque inflammation, increasing secondary event’s risk[12]. Thus, 
silencing plaque inflammation by targeting monocyte/ macrophage burden is a 
compelling disease management strategy.

Over the last few decades, extensive research has been conducted to explore 
the potential use of nanomaterials as novel drug delivery systems in cancer[13–17] 
and other inflammatory disorders[18,19]. While liposomes[20] have always been 
frontrunners, the nanomedicine field has also witnessed an exponential increase 
in the number of new nanomaterials[21,22], including polymeric micelles[23,24] 
and high-density lipoproteins (HDL)[25] as systems which have already matured 
up to the level of clinical application[23,26,27]. However, the majority of studies 
explore and focus on only one specific nanomaterial, mainly for tumor targeting[28], 
without comparing performance against other existing nanocarriers. Beyond 
cancer, more comprehensive investigations of these nanomaterials, covering drug-
nanocarrier compatibility (i.e., loading efficiency, and drug retention and release) 
and in vivo performance (i.e., pharmacokinetics, tissue distribution, atherosclerotic 
plaque targeting and efficacy), are necessary. Understanding the factors that govern 
nanomedicines’ in vivo performance is critical to ensure rational optimization, 
adequate quality control, and potential early stage clinical translation[29,30].

3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA) inhibitors, 
also known as statins, are the standard of care for patients with atherosclerotic 
cardiovascular diseases. Their oral application leads to reduced low-density 
lipoprotein (LDL) cholesterol blood levels, primarily by modulating hepatic LDL 
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receptor expression[31]. Also, HMG-CoA inhibitors display pleiotropic effects at 
high doses, including anti-inflammatory and anti-proliferative activities[32,33]. In 
a clinical trial, high dose oral statin therapy was shown to reduce atherosclerotic 
inflammation, using 18F-fluorodeoxyglucose-positron emission tomography / 
computed tomographic imaging (FDG-PET/CT) in patients[34]. Moreover, in an 
atherosclerotic mouse model, Sparrow et al. showed that oral simvastatin, a frequently 
used HMG-CoA inhibitor, has anti-inflammatory and anti-atherosclerotic effects 
at a dose of 100 mg/kg, independent of its cholesterol-lowering properties [35]. 
However, increasing the oral statin standard dose in human is not possible because 
of the dose-dependent adverse effects such as myopathy and hepatoxicity[36]. At the 
same time, orally administered statins undergo hepatic metabolism, which results in 
a very poor plaque bioavailibility[37]. Therefore, intravenous nanocarrier-mediated 
targeting of HMG-CoA inhibitors to atherosclerotic plaques is an attractive approach 
to achieve enhanced anti-inflammatory and anti-atherosclerotic effects, as we have 
shown for simvastatin-loaded HDL ([S]-HDL)[38,39].

In this paper, we present a comprehensive comparative analysis of three 
established and clinically viable nanomedicines targeting the HMG-CoA inhibitor 
simvastatin [S] to atherosclerotic plaques. The nanomedicines include [S]-HDL, 
[S]-N-(2-hydroxypropyl)-methacrylamide benzyl mPEG-b-p(HPMAm-Bz))-based 
PEGylated polymeric micelles (mPEG-b-p(HPMAm-Bz); [S]-PM), and [S]-PEGylated 
liposomes ([S]-LIP) (Figure 1). We aimed to systematically investigate and compare 
the performance of the three [S]-nanomedicines in Apoe—/— mice with advanced 
atherosclerosis. To enable this, we implemented a quantitative and comparative 
approach, combining sensitive techniques, including in vivo positron emission 
tomography (PET), gamma counting, and multicolor flow cytometry, acquiring 
critical performance parameters of these three distinct nanomedicine platforms. 
The head-to-head comparison disclosed marked differences between the platforms, 
underscoring the significance of using quantitative and sensitive techniques, such as 
PET and flow cytometry, to relate organ distribution and immune cell specificity to 
nanomedicines’ efficacy.
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2.1. Materials and radiochemistry
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), N-(carbonyl-methoxy-

PEG2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-PEG2000), 
cholesterol, 1-myristoyl-2-hydroxy-sn-glycerophosphocholine (MHPC), and 
1,2-dimyristoyl-sn-glycero-3-phosphatidyl-choline (DMPC) were purchased from 
Avanti Polar Lipids. The copolymers (methoxy poly(ethylene glycol)-b-(N-(2-
benzoyloxypropyl) methacrylamide)) (mPEG-b-p(HPMAm-Bz) and the amino-
functionalized version, mPEG-b-p(HPMA-Bz-co-AEMAm), were synthesized by 
free radical polymerization, using mPEG2-ABCPA as macroinitiator and HPMA-
Bz as a monomer, as previously reported[40]. Briefly, the monomer and the 
macroinitiator were dissolved at a molar ratio of 200:1 in dried (over 4 Å molecular 

Figure 1 | Schematic of the [S]-nanomedicines and study design. [S]-HDL, [S]-PM, and [S]-LIP were 
evaluated in Apoe—/— mice with advanced atherosclerosis. To attain a thorough understanding of the in 
vivo behavior of the three platforms, we dual-labeled them with Zirconium-89 (89Zr) and the near-infrared 
dye Cy5.5. The 89Zr signal was exploited to provide a sensitive and quantitative assessment of their 
biodistribution and pharmacokinetics using noninvasive PET/CT imaging and gamma counting. The 
Cy5.5 signal was used mainly to evaluate immune cell targeting in atherosclerotic plaques, blood, and 
spleen using flow cytometry. The efficacy of the three [S]-nanomedicines in Apoe—/— was quantitatively 
assessed by flow cytometry.[S]: simvastatin; HDL: high density lipoprotein; PM: polymeric micelles; LIP: 
liposomes; Apoe—/—: apolipoprotein E-deficient.
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sieves) acetonitrile (Biosolve Ltd) at a final concentration of 300 mg/mL. The 
solution was flushed with nitrogen gas for 30 min and then immersed in a silicone 
bath at 70 ºC for at least 17 h. Afterward, the solution was placed in cold diethyl 
ether to precipitate the formed polymer and centrifuged at 2600x g for 15 min. The 
supernatant was discarded, and the pellet was re-dissolved in acetonitrile. This 
procedure was repeated three times, and the final product was dried under vacuum 
overnight at room temperature (RT) to remove the remaining organic solvent. For 
the synthesis of the amine-functionalized copolymer, 2% (moles) of AEMAm, N-(2-
aminoethyl) methacrylamide hydrochloride, (relative to HPMA-Bz) was added to 
the reaction mixture and the reaction was conducted as described above. DSPE-
Cyanine5.5 (Cy5.5) was purchased from SyMO-Chem BV while synthesis and Cy5.5 
labeling of mPEG-b-p(HPMAm-Bz) were done according to a method reported 
before[40]. Simvastatin and simvastatin sodium salt were obtained from AK 
Scientific and Cayman Chemical, respectively. All other materials were purchased 
from Sigma-Aldrich unless otherwise stated.

Zirconium-89 (89Zr) was produced at Memorial Sloan Kettering Cancer Center 
on a TR19/9 variable-beam energy cyclotron (Ebco Industries Inc.) via the 89Y(p,n) 
89Zr reaction and purified in accordance with the previously reported method[41]. 
Activity was measured using a CRC 15R dose calibrator (Capintec).

2.2. Characterization of mPEG-b-p(HPMA-Bz) 
Copolymer

Gel Permeation Chromatography (GPC) was performed to determine the 
number average molecular weight (Mn), weight average molecular weight (Mw) 
and polydispersity (Mw/Mn) of the synthesized polymers. Two serial PLgel 5 µm 
MIXED-D columns (Polymer Laboratories) were used, and the run was performed 
in 10 mM LiCl DMF, at a flow rate of 1 mL/min and a column temperature of 65 
°C. PEGs of narrow molecular weight distribution were used as standards. Samples 
were prepared at a concentration of 5 mg/mL in 10 mM LiCl DMF and allowed to 
dissolve for 30 min at 37 °C. 

1H-NMR spectrum of mPEG-b-p(HPMAm-Bz) was recorded using a Gemini 300 
MHz spectrometer (Varian Associates Inc. NMR Instruments), using DMSO-d6 as 
a solvent and the DMSO peak at 2.50 ppm as a reference. Chemical shifts of PEG-
HPMA-Bz were assigned as described elsewhere[40]. The ratio between HPMA-Bz 
and mPEG was determined by the integral value of aromatic protons of HPMA-Bz 
(8.0 ppm, 2H, aromatic CH) divided by two, and the integral value of the methylene 
protons of mPEG (3.40-3.60 ppm, 448H, O-CH2-CH2) divided by 448 (average 
number of protons per PEG chain, Mn= 5000 g/mol). The average number molecular 
weight (Mn) of the block copolymer was determined as follows:
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The copolymers used to prepare the [S]-PM, i.e. mPEG-b-p(HPMAm-Bz) and the 
amine-functionalized, mPEG-b-p(HPMA-Bzco-AEMAm), were synthesized by free 
radical polymerization via a macroinitiator route[40]. Both copolymers show similar 
number-average molecular weight (Mn) ~22 KDa and PDI ~1.7 based on GPC and 
1H-NMR analyses (Supporting Figure 1 and 2 and Supporting Table 1).

2.3. Assessment of simvastatin and simvastatin sodium 
salt activity

To assure that both simvastatin, used in [S]-HDL and [S]-PM, and simvastatin 
sodium salt, used in [S]-LIP, have equipotent pharmacological activity, we assessed 
their dose-dependent effects on macrophage proliferation in vitro. RAW264.7 
macrophages, obtained from ATCC, were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) high glucose (Corning) supplemented with 10% (v/v) fetal bovine 
serum, penicillin (100 IU/mL), streptomycin (100 μg/mL), and amphotericin B (0.25 
μg/mL), and incubated at 37 °C under a 5% CO2 atmosphere. Cells were seeded at 
a density of 5000 cells per well in a 96-well plate. After 24 h, cells were treated with 
simvastatin or simvastatin sodium salt at the indicated concentrations for 24 h. To 
determine the number of proliferating cells, bromodeoxyuridine (BrdU) reagent was 
added to the cells for 4 h, and an ELISA BrdU colorimetric immunoassay (Hoffman-
La Roche Ltd) was performed, according to the manufacturer’s protocol. The BrdU 
assay showed that both forms of simvastatin possess comparable dose-dependent 
inhibitory effects on macrophage proliferation (Supporting Figure 3).

2.4. Formulation of simvastatin nanomedicines
Formulation of the HMG-CoA inhibitor simvastatin HDL ([S]-HDL) was done 

according to a method reported before[38,39]. In brief, simvastatin, DMPC, and 
MHPC, in a weight % ratio of 14:78:8, respectively, were dissolved in a chloroform/
methanol mixture (4:1 by volume) and a lipid film was prepared by rotary 
evaporation (Büchi Labortechnik) and dried under a nitrogen stream for 1 h until 
complete dryness. The lipid film was then hydrated with human apolipoprotein 
A1 (APOA1, isolated from human plasma) in PBS (APOA1 and phospholipids in a 
1:9 weight ratio). The mixture was incubated at 37 ºC  until the film was completely 
hydrated. The lipid dispersion was subjected to ultrasonication to form [S]-HDL 
nanomedicine formulation.

To formulate HMG-CoA inhibitor liposomes ([S]-LIP), we used simvastatin 
provided as sodium salt, a water-soluble derivative that allows its entrapment 
in liposomes. Liposome preparation was modified from a method described 
previously[42]. Briefly, DPPC, cholesterol, and DSPE-PEG2000, in a weight % ratio 
of 61.7:33.3:5, respectively, were dissolved a chloroform/methanol mixture (4:1 
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by volume) in a round-bottom flask. A lipid film was prepared by evaporation of 
the solvents and subsequently hydrated with a solution of 5 mg/mL simvastatin 
(sodium salt) in PBS (5 mL). The mixture was then heated at 60 ºC until the film 
was completely hydrated. To downsize the lipid dispersion, the lipid particles were 
subjected to multiple extrusion steps through polycarbonate membranes (Whatman, 
Nuclepore) with a final pore size of 100 nm using a Lipex extruder (Northern Lipids).

Preparation of HMG-CoA inhibitor HPMA-based polymeric micelles ([S]-
PM) was done as described by Shi et al.[40]. Briefly, mPEG-b-p(HPMAm-Bz) 
copolymer (10 mg) and simvastatin (2 mg) were both completely dissolved in 0.5 
mL tetrahydrofuran (THF). Then the polymer/drug mixture was slowly added 
dropwise to 2 mL of Milli-Q water while stirring to form [S]-PM. The mixture was 
then incubated for 48 h at RT to allow evaporation of THF.

[S]-HDL was washed with PBS at least three times using ultrafiltration units with 
a 50 kDa molecular weight cutoff (MWCO) (Sartorius Stedim Biotech SA). [S]-PM 
or [S]-LIP were purified with PBS using VivaFlow crossflow cassettes filtration units 
with a 100 kDa MWCO (Sartorius Stedim Biotech SA). All the three formulations were 
centrifuged at 4000x g for 30 min to remove any aggregates. Finally, each formulation 
was filtered through a 0.22 μm nylon membrane filter (CellTreat Scientific Products).

2.5. Dual labeling of simvastatin nanomedicines
The [S]-nanomedicines were labeled with Cy5.5 to allow near-infrared 

fluorescence (NIRF) imaging and flow cytometry studies. Briefly, 0.5% of DSPE-
Cy5.5 was incorporated into the lipid film of either [S]-HDL or [S]-LIP during the 
lipid film formation (modified from[43]). For [S]-PM, 0.5% of Cy5.5-labeled mPEG-
b-p(HPMAm-Bz) was added to the simvastatin/polymer mixture in THF before 
adding to Milli-Q water (modified from Shi et al.[40]).

To additionally label the nanomedicines with 89Zr for PET imaging and 
quantitative biodistribution assessment, a similar approach was followed as we 
previously reported[41,44]. Briefly, 0.5% of DSPE-desferrioxamine (DSPE-DFO)[41] 
was incorporated in the lipid film of [S]-HDL or [S]-LIP. For the polymeric micelles, 
to functionalize the polymer with DFO, a solution of the amine-functionalized 
copolymer mPEG-b-p(HPMA-Bz-co-AEMAm) (2.0 mg), p-isothiocyanatobenzyl-
DFO (Macrocyclics) (40 μg, ~1 eq) and N,N-diisopropylethylamine (1.0 μL) in 
dimethylsulfoxide (0.21 mL) was heated at 40 ºC for 8 h. The mixture was then 
allowed to cool down to RT. Water (1.8 mL) was added, and the resulting milky 
solution was concentrated by centrifugal filtration using a 10 kDa MWCO tube and 
washed three times with Milli-Q water (2 mL). The final retentate was dried under 
vacuum to yield the DFO-modified polymer as a white solid (2.0 mg). The DFO-
modified mPEG-b-p(HPMAm-Bz) was added at 5% of the total polymer weight 
to the formulation mix at the expense of non-modified mPEG-b-p(HPMAm-Bz). 
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Subsequently, a PBS dispersion of the corresponding DFO-bearing nanomedicine 
formulation was reacted with [89Zr]Zr2(C2O4)2 at pH 7.1-7.4 for 1 h at 37 ºC. The 
dispersion was allowed to cool down to RT, and the radiolabeled nanocarriers were 
purified by centrifugal filtration using 10 kDa MWCO filter tubes for [S]-HDL, and 
100 kDa MWCO filter tubes for [S]-LIP and [S]-PM. The radiochemical yield was  80 
% with radiochemical purities more than 95 % for the three formulations.

2.6. Characterization
The mean particle size and polydispersity index (PDI) of the different [S]-

nanomedicines used in this study were determined by dynamic light scattering using 
a Malvern NanoSeries Z-Sizer. The Zeta (ζ)-potential was determined using a PALS 
analyzer (Brookhaven Instruments Corp.) where [S]-nanomedicine samples were 
diluted in 10 mM HEPES buffer (pH 7.4) before measurements. The morphology 
of the nanomedicines was determined by transition emission microscopy (TEM). 
Briefly, the original PBS solvent was replaced by an ammonium acetate buffer and 
then mixed with 2% (wt/vol) sodium phosphotungstate (pH = 7.4) to negatively 
stain the [S]-nanomedicine. The solution was then cast dried on a nickel grid and 
imaged with a Hitachi H7650 TEM.

2.7. HPLC and radio-HPLC
Simvastatin concentrations in the different samples were determined as 

previously reported[38]. The simvastatin content of the nanocarriers or samples from 
drug release studies (described in the following section) was determined by HPLC, 
using a Prominence LC-20AB system (Shimadzu) equipped with a C18 column at 
a flow rate of 0.5 mL/min, utilizing an isocratic mobile phase composed of 80% 
acetonitrile, 20% H2O, and 0.1% trifluoroacetic acid. Simvastatin was detected at a 
wavelength of 238 nm using SPD-M10AVP photodiode array detector.

Radio-HPLC was performed using a similar Shimadzu system additionally 
equipped with a Lablogic Scan-RAM Radio-TLC/HPLC detector. Size-exclusion 
chromatography was performed on a Superdex 10/300 column (GE Healthcare Life 
Sciences) using PBS as eluent at a flow rate of 1 mL/min.

2.8. Drug release in serum
The release of simvastatin from the nanocarriers was studied as described 

previously [45,46], with some slight modifications. Briefly, 0.1 mL of [S]-HDL, [S]-
PM, or [S]-LIP (1 mg/mL simvastatin), was mixed with 0.9 mL fetal bovine serum 
(FBS) and samples were incubated at 37 °C. for 1, 2, 4, 8, and 24 h. At these time points, 
samples were subjected to size-exclusion high-performance liquid chromatography 
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(SEC) for nanocarrier-protein separation and fractionation using a Prominence 
LC-20AB HPLC system (Shimadzu) equipped with a fraction collector, FRC-10A 
(Shimadzu) and a Superose 6 10/300 GL Fast protein liquid chromatography column 
(GE Healthcare Life Sciences). PBS was used as eluent at a flow rate of 0.6 mL/
min. The nanocarrier fractions (containing simvastatin retained in the nanocarrier) 
and serum fractions (protein-associated simvastatin) were collected, and their 
corresponding simvastatin content was extracted with acetonitrile and analyzed by 
HPLC as detailed above.

2.9. Animals and treatment procedure
Female Apoe—/— mice (B6.129P2-Apoetm1Unc/J, 6 weeks old) were purchased 

from The Jackson Laboratory and were fed a high-fat diet (HFD) (Harlan Teklad 
TD.88137, 42 % calories from fat) for 18 weeks (average weight: 27.5 ± 3.3 g). Under 
these conditions, the animals develop atherosclerotic lesions because of the high LDL 
cholesterol concentrations in the blood resulting from the lack of apolipoprotein E 
[47]. All animal experiments were performed in accordance with protocols approved 
by the Institutional Animal Care and User Committees of Mount Sinai and Memorial 
Sloan Kettering Cancer Center. All experiments adhered to National Institutes of 
Health guidelines for animal welfare. All animals were injected intravenously with 
the corresponding nanomedicines in a 150-200 µL of PBS solution via the lateral tail 
vein.

2.10. Micro-PET/CT imaging
After 24 h of injecting the 89Zr-[S]-nanomedicines (0.18 ± 0.03 mCi/animal), the 

animals (n = 3 per treatment type) were anesthetized with a mixture of isoflurane 
(Baxter Healthcare) and oxygen gas (2% for induction and 1% for maintenance), and 
scans were then obtained using an Inveon PET/CT scanner (Siemens Healthcare 
Global). Whole-body PET static scans recording a minimum of 50 million coincident 
events were performed with duration of 10-20 min. Whole body standard low-
magnification CT scans were obtained with the x-ray tube set at a voltage of 80 kV and 
current of 500 mA. The CT scan was acquired using 120 rotational steps for a total of 
220o, yielding an estimated scan time of 120 s with an exposure of 145 ms/frame. The 
counting rates in the reconstructed images were converted to activity concentrations 
(%ID/g) by use of a system calibration factor derived from the imaging of a mouse-
sized water-equivalent phantom containing the radionuclide. Images were analyzed 
using Inveon Research Workplace software (Siemens Healthcare Global). Activity 
concentration was quantified by averaging the maximum values in at least 5 ROIs 
drawn on adjacent slices of the tissue of interest.
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2.11. Pharmacokinetics and biodistribution
Apoe—/— mice (n ≥ per [S]-nanomedicine type) were administered 26 ± 5 μCi 89Zr/

animal of the corresponding dual labeled 89Zr/Cy5.5 [S]-nanomedicines at doses of 
0.8 mg Cy5.5/kg and 60 mg simvastatin/kg (as in the therapeutic study). Blood was 
sampled (∼10-20 μL/each sample) at predetermined time points (30 min, 1, 2, 4, 8, and 
24 h) after injection. After 24 h, the mice were euthanized and perfused with 30 mL 
PBS/mouse through cardiac puncture, and organs of interest (aortas, liver, spleen, 
kidneys, lungs, heart, and brain) were excised. The blood samples (at the different 
time points) and samples of other tissues were weighed, and their radioactivity 
content was quantified using Wizard 2470 Automatic Gamma Counter (Perkin 
Elmer). The values were corrected for 89Zr decay and radioactivity concentration 
was calculated as a percentage of injected dose per gram of tissue (%ID/g).

[S]-nanomedicines biodistribution was also qualitatively assessed by NIRF 
imaging and autoradiography. Perfused tissue samples were placed on a thick black 
paper and imaged on a Xenogen IVIS Spectrum Preclinical Imaging System (Perkin 
Elmer). Fluorescence images were acquired with selected excitation and emission 
band-pass filters: for Cy5.5 λExc = 640 ±18 nm, λEm = 720 ±10 nm. Exposure time 
for each image was 2 s. To assess the radiotracer distribution, tissues were placed on 
a film cassette against a phosphorimaging plate (BASMSM-2325, Fujifilm) for either 
24 h (aortas) or 18 h (all other organs) at -20 °C. The plates were then read at a pixel 
resolution of 25 μm in a Typhoon 7000IP plate reader (GE Healthcare).

2.12. Flow cytometry
To study the uptake of [S]-nanomedicines by immune cells, we used flow cytometry 

protocols similar to what was previously reported[38,47]. Briefly, Apoe—/— mice (n = 4 per 
group, 18 weeks on HFD) were injected with Cy5.5-labeled [S]-nanomedicines at 
0.8 mg Cy5.5/kg (at a dose of 60 mg/kg simvastatin). After 24 h, to prepare cells for 
flow cytometry, blood was collected by cardiac puncture into tubes with a 50 mM 
EDTA solution as an anticoagulant. Red blood cells (RBCs) were lysed using RBC 
lysis buffer (BD Biosciences). Afterward, animals were perfused with 30 mL PBS/
mouse. The whole aortas, from the aortic root to the iliac bifurcation, and spleens 
were harvested. Single-cell suspensions were obtained as follows: aortas were diced 
and digested with a cocktail of enzymes, including 4.5 U/mL liberase TH (Roche), 
60 U/mL hyaluronidase (Sigma-Aldrich), and 40 U/mL DNase (Sigma-Aldrich), in 
a 37 °C oven for 1 h while shaking. Then, tissue aggregates, extracellular matrix, 
and cell debris were removed by filtration. Spleens were also diced, and RBCs were 
removed using the same lysis buffer described above. To identify macrophages, 
monocytes, dendritic cells, neutrophils, and other immune cells, a cocktail of 
antibodies was used (antibodies, clones, and suppliers shown in Table S.2). Cy5.5 
signal was detected on the Alexa700 channel.
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In the efficacy study, we quantified the number of macrophages and Ly6Chigh 
monocytes in atherosclerotic plaques. Complete blood count was also performed to 
assess the number of immune cells in the blood. Mice (n=8-10/group, 18 weeks on 
HFD) were administered the corresponding treatments ([S]-nanomedicines, 60 mg/
kg simvastatin; PBS, or oral simvastatin, 60 mg/kg) once every 72 h for a week (three 
injections in total). Mice were sacrificed 24 h after the last injection, and immune 
cells from aorta and blood were isolated and quantified. For both the targeting study 
and the efficacy study, we adopted a strict flow cytometry protocol by running 
‘fluorescence minus one’ (FMO) controls to precisely gate the right cell population. 
In an FMO control stain sample, all reagents used in a given multicolor sample are 
included except the reagent with which the exact cell population is to be determined. 
All samples were measured on an LSRII (BD Biosciences) flow cytometer, and results 
were analyzed with FlowJo (Tree Star) software.

Serum from animals in the efficacy study was subjected to a biochemical analysis 
(ALX Laboratories, NY) to determine typical blood biochemistry constituents, 
including cholesterol and triglycerides, and toxicity markers like alanine 
transaminase.

2.13. Statistical analysis
Statistical analysis was performed using Prism (GraphPad), and data are 

expressed as a mean ± standard error of the mean. Differences between groups were 
assessed by one-way analysis of variance (ANOVA) followed by a post hoc test 
(Bonferroni’s test) for multiple comparisons. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001 A 
value of P < 0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION
The aim of this study was to target HMG-CoA in atherosclerotic plaques by 

simvastatin-loaded nanomedicines and to understand the parameters that control 
their in vivo performance. Liposomes were included as they are often regarded as 
the gold standard nanomedicine drug delivery system and were the first to make 
clinical translation[20,43]. Additionally, liposomes have been shown to successfully 
target atherosclerotic plaques in rabbits[43,48] and humans[49]. HDL, a natural self-
assembled nanocarrier, has an intrinsic affinity to plaque macrophages in different 
atherosclerosis animal models[44,50]. The natural targeting ability of HDL and the 
possibility to incorporate hydrophobic compounds in its core makes it an attractive 
platform for drug delivery[51]. HPMA block copolymer-based micelles were 
shown to improve the retention of hydrophobic chemotherapeutic drugs in their 
matrix[52–54], offering effective targeted drug delivery to tumors and inflammatory 
sites[53,55,56]. However, they have not yet been evaluated in atherosclerosis. 
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Here, we explored their ability to target atherosclerotic plaques for the first time 
and compared their performance with previously assessed HDL and liposomal 
formulations.

3.1. Preparation and characterization of simvastatin 
nanomedicines

[S]-HDL was prepared by ultrasonication, a well-established method to 
encapsulate hydrophobic drugs in HDL nanoparticles[57,58]. [S]-LIP was prepared 
using a more water-soluble derivative, i.e., simvastatin (sodium salt). [S]-PM was 
formulated by dropping a THF solution of the polymer and simvastatin into water 
followed by evaporation of THF, a method that was previously used to encapsulate 
hydrophobic drugs[52,59].

DLS analysis showed that the mean particle sizes (Z-average) of the three [S]-
nanomedicines were different and none of them was larger than 100 nm. [S]-HDL 
possessed the smallest mean diameter (~50 nm) with a PDI ~ 0.22 (Figure 2A and 
Table 1). Analysis of [S]-HDL by TEM showed the typical discoidal shape of HDL 
nanoparticles as reported before[38] (Figure 2B). DLS analysis showed that [S]-PM 
and [S]-LIP had larger mean diameters of ~80 and ~95 nm, respectively (Figure 2A 
and Table 1). Both formulations showed a low PDI ~0.1 (Table 1). TEM images of 
[S]-PM and [S]-LIP showed spherical particles (Figure 2B). The zeta (ζ) potential of 
the three [S]-nanomedicines was negative in 10 mM HEPES buffer (pH 7.4), ranging 
from -5 mV for [S]-PM to ~ -15 mV for both the liposomal and HDL formulations 
(Table 1). All the three [S]-nanomedicines had high simvastatin entrapment efficiency 
(> 60 %) as shown in Table 1.

Table 1| Characteristics of [S]-nanomedicines.

[S]-HDL [S]-PM [S]-LIP

Zave. 50 ± 6 nm 80 ± 7 nm 94 ± 10 nm

PDI 0.22 ± 0.03 0.11 ± 0.01 0.10 ± 0.06

Zeta (ζ) 
potential (mV)

-15.8 ± 3.5 - 5.1 ± 0.9 - 15.1 ± 0.7

EE (%) 60 ± 7% 65 ± 8% 71 ± 3%

Data are presented as mean ± SD of three separately prepared batches of [S]-HDL, [S]-PM, or [S]-
LIP.[S]: simvastatin; HDL: high density lipoprotein; PM: polymeric micelles; LIP: liposomes; Zave.: Z 
average; mV: millivolt; PDI; polydispersity index, EE; entrapment efficiency.
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3.2. Drug release kinetics in serum
The extent and rate of drug release while nanocarriers circulate in the bloodstream 

is an important factor which can strongly affect a drug-loaded nanocarrier’s 
targeting efficiency and resulting therapeutic efficacy. The release kinetics of the 
three simvastatin nanoformulations in 90% serum at 37 ºC, mimicking physiological 
conditions, was analyzed. Using size exclusion chromatography, we separated the 
nanocarrier from the serum proteins, and then analyzed the simvastatin content 
in each fraction (Supporting Figure 4). The release kinetics of simvastatin from 
[S]-HDL was similar to that of [S]-LIP but much more rapid than [S]-PM (Figure 
2C). By the end of the 24 h incubation period, ~50% of the simvastatin from [S]-
PM was released compared to ~80% and 90% in the case of [S]-LIP and [S]-HDL, 
respectively. The higher drug retention in case of [S]-PM can be explained by 
purposely designed physicochemical features that enhance hydrophobic and π-π 
stacking interactions[40,56]. In the case of [S]-LIP, simvastatin sodium salt was used 
to increase drug entrapment in the liposomal formulation. However, according 
to the manufacturer (Cayman), simvastatin (sodium salt) is sparingly soluble in 
aqueous solutions and probably also possess an affinity for the lipid bilayer, which 
may have resulted in drug leakage from the [S]-LIP upon interaction with serum 
proteins. Similarly, HDL has a dynamic structure, which could result in the exchange 
of lipid components upon interaction with other serum proteins, resulting in drug 
leakage[45].
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3.3. Dual labeling of simvastatin nanomedicines

To better understand [S]-nanomedicines’ biodistribution and uptake by immune 
cells, we employed a dual-labeling strategy using 89Zr as a radioactive tag for PET 
imaging and gamma counting, and Cy5.5 for NIRF imaging and flow cytometry. 
89Zr has a physical half-life of 78.4 h, making it suitable for long-circulating 
nanoparticles[41] and antibodies[60]. Additionally, PET imaging and gamma 
counting are sensitive, quantitative methods for evaluating [S]-nanomedicines’ 
pharmacokinetics, whole-body, and organ biodistribution, while flow cytometry 

Figure 2 | Characterization and drug release kinetics of the [S]-nanomedicines. (A) Particle size 
distribution of [S]-HDL, [S]-PM, and [S]-LIP was evaluated by dynamic light scattering. (B) Negative 
staining TEM images of the aforementioned nanomedicines. Scale bar = 100 nm. (C) The release of 
simvastatin from the three nanomedicines in fetal bovine serum (FBS) was assessed using size-exclusion 
chromatography and high-performance liquid chromatography (HPLC) as described in Supporting 
Figure 3. [S]: simvastatin; HDL: high density lipoprotein; PM: polymeric micelles; LIP: liposomes; TEM: 
transmission electron microscopy; NPs: nanoparticles; h: hours; nm: nanometer. 
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allows investigating immune cell specificity in atherosclerotic plaques and other 
tissues in a quantitative fashion. Both labels (i.e. 89Zr and Cy5.5) on [S]-HDL, [S]-
PM, and [S]-LIP eluted at the same time on size-exclusion chromatography columns, 
indicative of proper label stability.

3.4. Pharmacokinetics, in vivo imaging and 
biodistribution

In vivo evaluation of the three [S]-nanomedicines started with an assessment of 
their circulation kinetics in Apoe—/— mice using gamma counting to quantify blood 
radioactivity levels in time (Figure 3B). After 24 h, [S]-PM and [S]-LIP showed longer 
circulation times in blood in comparison with [S]-HDL (~10% ID/g remaining in 
blood vs ~1% ID/g for [S]-HDL). The longer circulation time of the former platforms 
likely relates to their PEGylated surface and relatively large size as compared to [S]-
HDL.

Figure 3 | Dual labeling of [S]-nanomedicines, and their pharmacokinetics and biodistribution evaluation 
in Apoe—/— mice with advanced atherosclerosis. (A) Size exclusion chromatograms showing coelution of 
Cy5.5 (λ = 675 nm, red trace) and 89Zr (black, radioactive trace) on the corresponding nanomedicines 
(The radioactive trace was nudged by 5% to prevent visual overlapping). (B) Blood time-activity curves 
for the different 89Zr-labeled [S]-nanomedicines, as determined by gamma counting (n≥3 per condition). 
(C) Three-dimensional rendering of PET/CT fusion images at 24 h after injection (n=3 per condition). 
(D) Quantitative assessment of radioactivity distribution in selected tissues using gamma counting 24 
h after injection (n≥3 per condition). (E) Autoradiography images of selected tissues 24 h after injection. 
[S]: simvastatin; HDL: high density lipoprotein; PM: polymeric micelles; LIP: liposomes; % rel. intensity: 
percentage relative intensity; 89Zr: Zirconium-89; Cy5.5: Cyanine5.5 ; %ID/g: percentage injected dose 
per gram of tissue; min: minutes; h: hours.
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To study the tissue distribution of the [S]-nanomedicines non-invasively, we 
employed PET/CT imaging  (Figure 3C). PET imaging offers high sensitivity with 
deep tissue penetration[50,61]. At 24 h after injection, PET/CT imaging showed 
predominant accumulation in liver and spleen. This is in line with the dominant 
role of mononuclear phagocytic system’ (MPS) macrophages in the removal of 
intravenously administered nanosystems[62]. [S]-HDL showed a relatively high 
signal in the kidneys, which is in line with a previously reported[50,63,64] renal 
clearance of comparatively smaller nanoparticles. The total body signal detected in 
mice which received [S]-PM or [S]-LIP was higher than that of [S]-HDL, implying 
faster body clearance of the latter (Supporting Figure 5).

We subsequently excised the tissues of interest from Apoe—/— mice and analyzed 
their radioactivity content 24 h after i.v. administration. Ex vivo analysis of the 
radioactivity distribution corroborated the observations from pharmacokinetic and 
PET imaging studies (Figure 3D and E). [S]-PM and [S]-LIP showed the highest 
accumulation in spleen and liver, ~25-30 %ID/g and 10-15 %ID/g, respectively 
(Figure 3D), while [S]-HDL showed relatively high kidney accumulation. These 
results were in line with the qualitative autoradiographic analysis (Figure 3E) and 
NIRF imaging (Supporting Figure 6).

3.5. Targeting to atherosclerotic plaques and lesion-
associated macrophages and monocytes

We investigated the plaque targeting ability of the [S]-nanomedicines Apoe—/— 
mice aortas. Interestingly, using gamma counting, the radioactivity concentrations 
in the excised aortas were similar for the three formulations (~1.5-2% ID/g) with no 
statistically significant differences (Figure 3D, right). These findings are especially 
striking given the difference in blood circulation half-lives. We also evaluated 
regional distribution within the aorta using autoradiography and NIRF imaging for 
the three formulations (Figure 4A). We found co-localization between radioactivity 
disposition and NIRF signal in the focal atherosclerotic lesions, especially in aortic 
roots, an area which is known to reproducibly develop atherosclerotic plaque[65–67].

Since macrophages and monocytes are the key immune cells that drive atherosclerosis 
progression[9], we sought to study the uptake of the three [S]-nanomedicine types 
by these key cells once localized in plaques in aortas of Apoe—/— mice with advanced 
atherosclerosis. We applied a flow cytometry protocol and gating procedures adapted 
from previous studies[8,47] (Figure 4B). After 24 h i.v. administration, the aortas 
were excised, and the uptake of Cy5.5 labeled-[S]-nanomedicines by macrophages 
and monocytes was quantified. Interestingly, distinct uptake patterns for the three 
[S]-nanomedicines by aortic macrophages and Ly6Chigh monocytes were found 
(Figures 4C and 4D). The HDL formulation showed relatively high uptake by aortic 
macrophages, in line with what was previously reported in atherosclerosis and 
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cancer models[44,47]. Interestingly, [S]-PM showed a similar degree of high uptake, 
not only by aortic macrophages but also by Ly6Chigh monocytes. On the other hand, 
[S]-LIP demonstrated the lowest macrophage/monocyte targeting efficiency in 
comparison to the other two formulations (Figure 4C and D).

Figure 4 | Plaque targeting and uptake of [S]-nanomedicines by macrophages and monocytes in 
Apoe—/— mice with advanced atherosclerosis. (A) Autoradiography (upper panel) and NIRF(lower panel) 
images of excised aortas from Apoe—/— mice 24 h after injection. (B) Flow cytometry gating procedures 
and fluorescence minus one (FMO) control samples to identify aortic macrophages (MΦ) and Ly6Chigh 

monocytes. (C) Black ([S]-HDL), blue ([S]-PM), and red ([S]-LIP) histograms showing representative 
signal distribution of aortic macrophages and Ly6Chigh monocytes in mice injected with the [S]-
nanomedicines compared with the cells from control animals injected with PBS (gray histogram on the left 
in each graph). (D) Quantification of mean fluorescence intensity (MFI) of macrophages and monocytes 
in the atherosclerotic aortas (n = 4 per condition). [S]: simvastatin; HDL: high density lipoprotein; PM: 
polymeric micelles; LIP: liposomes; NIR: near-infrared; FMO: fluorescence minus one; MΦ: macrophages; 
lin: lineage; Cy5.5 NP: cyanine 5.5 labeled nanoparticles. Data presented as mean ± SEM. * P ≤ 0.05; ** P 
≤ 0.01; *** P ≤ 0.001.
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Although our efficacy readout parameter for [S]-nanomedicine treatment was 
reduction in aortic plaque macrophage/monocyte content, uptake by other immune 
cell types present in the blood pool and spleen may affect treatment outcome. 
Similar to our findings in the aorta, [S]-PM showed a much higher affinity for blood 
Ly6Chigh monocytes in comparison to [S]-HDL and [S]-LIP (~10 fold and ~5 fold, 
respectively, Supporting Figure 7). Similarly, the association of [S]-PM with blood 
dendritic cells (DC) was also much higher than for [S]-HDL and [S]-LIP  (~ 29 fold 
and 8 fold, respectively, Supporting Figure 7). Also, in the spleen (Supporting Figure 
8), [S]-PM showed superior targeting efficiency towards the phagocytic target cells. 

3.6. Therapeutic efficacy and safety
Reducing the number of plaque macrophages has been shown to decrease vessel 

wall inflammation and improve therapeutic outcomes in several key studies[8,10,39]. 
Also, blocking the recruitment of pro-inflammatory monocytes is a rational strategy 
to reduce inflammation in atherosclerotic plaques[68] and other diseases[69,70]. Here, 
we quantitatively assessed the efficacy of [S]-nanomedicine treatment by evaluating 
plaque macrophage/monocyte content using flow cytometry. Apoe—/— mice with 
advanced atherosclerosis were administered three doses of [S]-HDL, [S]-PM, [S]-
LIP (60 mg/Kg simvastatin per dose), equivalent oral simvastatin (as control), or 
PBS i.v. (as placebo) (Figure 5A). All mice (n=8-10/group) were age-matched and 
received the assigned treatments within a single week. Aortic macrophages and 
pro-inflammatory Ly6Chigh monocytes were gated as described before in Figure 
4B. As compared to the controls saline and oral simvastatin, a significant decrease 
in plaque macrophage content was observed in the [S]-PM and [S]-HDL treatment 
groups (Figure 5B). [S]-LIP and oral [S] treatment groups did not yield significant 
reductions in plaque macrophage content (vs. saline treatment). Interestingly, none 
of the nanomedicine treatments had a statistically significant impact on plaque 
Ly6Chigh monocyte content, indicating that the different treatments do not affect 
monocyte recruitment, in line with what we observed previously [38,39].
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in which Apoe—/—

 

mice were administered 60 mg/kg simvastatin i.v., for [S]-nanomedicines, oral gavage 
(control group), or PBS (placebo) for one week. (B) Quantification of aortic Ly6Chigh monocytes and 
macrophages using flow cytometry (percentage of CD45+ total aortic leukocytes). (C) Complete blood 
count analysis. (n=8-10 per condition). Apoe—/—: apolipoprotein E-deficient; PBS: phosphate buffered 
saline; [S]: simvastatin; HDL: high density lipoprotein; PM: polymeric micelles; LIP: liposomes; Wks: 
weeks; HFD: high fat diet; MΦ: macrophages; WBCs; white blood cells, RBCs; red blood cells. Data 
presented as mean ± SEM. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. * relative to the PBS group. # relative to Oral 
[S].



174 CHAPTER 6 A Comparison of Nanomedicines Targeting HMG-CoA Reductase in Inflammatory Atherosclerosis

6

We further analyzed blood as the direct recruitment pool for monocytes and 
other immune cells. None of the treatment groups showed a significant change in 
the number of total circulating leukocytes, monocytes, neutrophils, lymphocytes, 
red blood cells (RBCs), or platelets (vs. saline) (Figure 5C). Additionally, the [S]-
nanomedicine treatments did not significantly alter the concentration of serum 
triglycerides, total cholesterol, and glucose (vs. oral [S] treatment or placebo) 
(Supporting Figure 9). Similarly, no significant concentration changes were found in 
toxicity blood markers (Supporting Figure 9).

Nanomedicines are developed to ultimately achieve local, targeted drug delivery 
to pathological lesions (atherosclerotic plaques in our study) upon intravenous 
injection, aiming to improve the therapeutic efficacy and safety profile of the free 
drug. Nanocarrier characteristics such as composition, size, and morphology, 
which likely affect their circulation kinetics, drug release kinetics, extravasation, 
penetration, and importantly, specificity to the target cell(s), will have a direct 
impact on the therapeutic efficacy of nanomedicines. In our study, all treatments 
contained the same drug, the HMG-CoA reductase inhibitor simvastatin, which was 
administered at the same dose, and all were evaluated in age/diet matched Apoe—/— 
mice, a well-established model of atherosclerosis[71].

In our head-to-head study, we found the [S]-LIP yielded the least efficacy in 
reducing macrophage burden in atherosclerotic plaques. Although [S]-LIP possessed 
a long blood half-life, its poor plaque macrophage targeting efficiency, in addition to 
leakage of simvastatin from liposomes in circulation, might have contributed to this 
low efficacy. On the contrary, despite its comparatively shorter circulation half-life, [S]-
HDL demonstrated better efficacy than [S]-LIP. This noticeable difference is probably 
due to HDL’s high specificity for plaque macrophages. These results also suggest that 
HDL can be an ideal imaging probe for lesion-associated macrophages[44,50]. Among 
the three platforms, [S]-PM demonstrated the most favorable features of a targeted 
drug delivery approach, including long circulation times, increased drug-nanocarrier 
stability in serum, and improved cellular targeting efficiency. These features resulted 
in the most prominent reduction in plaque macrophage burden. Remarkably, 
although the three nanomedicines showed uptake by pro-inflammatory Ly6Chigh 

monocytes, especially [S]-PM, none of the treatments altered monocyte content in 
atherosclerotic plaques. These different treatment effects on plaque macrophages 
and monocytes are in line with the new paradigm that considers atherosclerosis as a 
multiphasic process in which local macrophage proliferation, rather than monocyte 
recruitment, governs advanced atherosclerotic plaque progression[8,72]. Thus, 
tackling monocyte recruitment in advanced atherosclerosis with (nano-) medicines 
may not be an ideal approach for atheroprotection as demonstrated by Lindau et 
al.[73]. However, blocking the recruitment of pro-inflammatory monocytes may be 
imperative in conditions/diseases in which active monocytosis and recruitment can 
exacerbate the inflammatory response. An example of these conditions is the rapid 
monocyte kinetics triggered by acute myocardial infarction[68].
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Additionally, the three [S]-nanomedicines did not change the metabolic 
parameters in plasma nor significantly alter major biomarkers of HMG-CoA 
reductase inhibitor-induced myo- or hepatotoxicity[37]. Moreover, HDL - one of our 
body’s own nanoparticles - and liposomes are well known for their biocompatibility 
and biodegradability. PM composed of pHPMA polymers are also known to be non-
immunogenic and biocompatible [74–76]; they have been extensively investigated 
for drug delivery (reviewed by Talelli et al.[56]) Moreover, several pHPMA-based 
therapies have been clinically evaluated (reviewed by Duncan and Vicent [77]). Our 
data indicate the safety of our treatments, an important step for the potential clinical 
translation of the nanomedicines under investigation. However, more detailed 
safety studies will need to be executed before any clinical application. Furthermore, 
factors such manufacturability under good manufacture practice (GMP) conditions, 
cost, patient selection, and best therapeutic approach (e.g. high dose short-term 
injections with and without oral therapy) also need to be carefully considered for 
clinical translation[78].

4. CONCLUSIONS
In this systematic head-to-head study, we have adopted sensitive, quantitative 

techniques to evaluate three clinically applicable nanomedicines targeting HMG-
CoA reductase, in regards to their physicochemical characteristics and in vivo 
performance in Apoe—/— mice with advanced atherosclerosis. It was found that [S]-
PM possesses superior efficacy, in comparison to [S]-HDL and [S]-LIP, to locally 
reduce the macrophage burden in advanced atherosclerotic plaques. This is likely 
due to the higher targeted drug delivery efficiency, as a result of the combination of 
the enhanced retention of simvastatin in the polymeric micelles and the high cellular 
targeting efficiency to plaque macrophages. These findings are crucial for further 
development and clinical application of nanomedicines to reduce inflammation in 
advanced atherosclerosis. Furthermore, the work presented in this paper suggests 
that the systematic investigation of nanomaterials, beyond cancer, is crucial for the 
future of nanomedicine design, optimization, and clinical applicability in several 
disease contexts.
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APPENDIX: SUPPLEMENTARY DATA

Supporting Figure 1| GPC chromatogram of mPEG-b-p(HPMA-Bz) copolymer (black) and the amine- 
functionalized mPEG-b-p(HPMA-Bz-co-AEMAm) copolymer (blue).

Supporting Table 1| Characteristics of mPEG-b-p(HPMA-Bz) copolymer and mPEG-b-
p(HPMA-Bz- co-AEMAm) copolymer

Block 
copolymer 
batch

Mn
a Ratio 

monomer/
Ma

Mn
b Mw

b PDIb

mPEG-b- 
p(HPMA-Bz)

16660 47 22170 36960 1.67

mPEG-b-
p(HPMA-Bz-
co-AEMAm)

20930 65 21515 36270 1.69

aCalculated from 1H-NMR spectra. bCalculated from GPC analysis.
Mn; number average molecular weight, Mw; weight average molecular weight, PDI; 
polydispersity index.
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Supporting Figure 2| 1H-NMR spectra of (A) mPEG-b-p(HPMA-Bz) and (B) mPEG-b-p(HPMA-Bz-co- 
AEMA, recorded in DMSO-d6.
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Supporting Figure 3| Effect of simvastatin and simvastatin sodium salt on RAW264.7 macrophage 
proliferation. Data presented as mean ± SEM of two independent experiments (each n≥4), relative to 
control nontreated cells.

Supporting Figure 4| Simvastatin release kinetics study in serum. After incubation with serum, 
simvastatin-associated with either the nanocarrier or serum proteins was separated by size exclusion 
chromatography. The corresponding fractions were collected and simvastatin was extracted for further 
analysis with HPLC.
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Supporting Figure 5| In vivo PET/CT quantification of [S]-nanomedicines in major organs 24 h after 
injection (n=3 per condition).

Supporting Figure 6| Near-infrared fluorescence (NIRF) images of Cy5.5 labeled [S]-nanomedicines 
accumulation, compared to PBS, in selected tissues 24 h after injection. [S]: simvastatin; HDL: high 
density lipoprotein; PM: polymeric micelles; LIP: liposomes.
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Supporting Table 2| Antibodies used for flow cytometry and gating immune cells 

Antibody Clone Source

FC Block (CD16/CD32) 2.4G2 BD Biosciences

CD45 30-F11 BioLegend

CD90.2 53-2.1 eBioscience

CD49b DX5 eBioscience

CD45R RA3-6B2 eBioscience

NK1.1 PK136 eBioscience

Ly-6G 1A8 eBioscience

Ter-119 TER-119 eBioscience

CD11c N418 BioLegend

CD11b M1/70 BioLegend

Ly-6C AL-21 BD Biosciences

F4/80 BM8 BioLegend
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Apoe—/— mice with advanced atherosclerosis. (A) The flow cytometry gating procedures to identify rel-
evant immune cells in the blood. (B) Black ([S]-HDL), blue ([S]-PM), and red ([S]-LIP) histograms show 
the representative signal distribution of blood neutrophils, dendritic cells (DC), and Ly6Chigh monocytes 
in the mice injected with nanomedicines compared with the cells from control animals injected with PBS 
(gray histogram on the left in each graph) (C) Quantification of mean fluorescence intensity (MFI) of each 
immune cells in the blood (n=4 per condition). Lin: lineage; DC: dendritic cells; Cy5.5: Cyanine5.5; [S]: 
simvastatin; HDL: high density lipoprotein; PM: polymeric micelles; LIP: liposomes. Data presented as 
mean ± SEM. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001.
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Supporting Figure 8| Uptake of [S]-nanomedicines by myeloid immune cell cells in the spleen of 
Apoe—/— mice with advanced atherosclerosis. (A) The flow cytometry gating procedures to identify 
relevant immune cells in the spleen (B) Black ([S]-HDL), blue ([S]-PM), and red ([S]-LIP) histograms 
show the representative signal distribution of splenic neutrophils, dendritic cells (DC), macrophages 
(MΦ), and Ly6Chigh monocytes in the mice injected with nanomedicines compared with the cells from 
control animals injected with PBS (gray histogram on the left in each graph) (C) Quantification of mean 
fluorescence intensity (MFI) of each immune cells in the spleen (n = 4 per condition). Lin: lineage; DC: 
dendritic cells; (MΦ): macrophages; [S]: simvastatin; HDL: high density lipoprotein; PM: polymeric 
micelles; LIP: liposomes. Data presented as mean ± SEM. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001.
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Supporting Figure 9| [S]-nanomedicine treatments do not cause metabolic or toxic effects. Mice treated 
with [S]-nanomedicines (n=8-10 treatment group; in Figure 5) did not develop any signs toxicity. Key 
biomarkers were measured in the plasma of the treated mice. Key metabolic markers: A) Cholesterol, 
B) Triglycerides, and C) Glucose. Key toxicity markers: D) Creatine Kinase, E) Alanine Transaminase 
(ALT), F) Aspartate Transaminase (AST), G) Blood Urea Nitrogen, and H) Total Protein. PBS: phosphate-
buffered saline; [S]: simvastatin; HDL: high density lipoprotein; PM: polymeric micelles; LIP: liposomes 
Data presented as mean ± SEM. No significant differences among the treatment groups were found.
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CHAPTER 7
Hyaluronan Nanoparticles Selectively 
Target Plaque-Associated Macrophages 
and Improve Plaque Phenotype in 
Atherosclerosis*

ABSTRACT

Hyaluronan is a biologically active polymer, which can be formulated into 
nanoparticles. In our study, we aimed to probe atherosclerosis-associated 
inflammation by using hyaluronan nanoparticles and to determine whether 

they can ameliorate atherosclerosis. Hyaluronan nanoparticles (HA-NPs) were 
prepared by reacting amine-functionalized oligomeric hyaluronan (HA) with 
cholanic ester, and labeled with a fluorescent or radioactive label. HA-NPs were 
characterized in vitro by several advanced microscopy methods. The targeting 
properties and biodistribution of HA-NPs were studied in Apoe—/— mice, which 
received either fluorescent or radiolabeled HA-NPs and examined ex vivo by flow 
cytometry or nuclear techniques. Furthermore, three atherosclerotic rabbits received 
89Zr-HA-NPs and were imaged by PET/MRI. The therapeutic effects of HA-NPs 
were studied in Apoe—/— mice, which received weekly doses of 50 mg/kg HA-NPs 
during a 12 week high-fat diet feeding period. Hydrated HA-NPs were ca. 90 nm in 
diameter and displayed very stable morphology under hydrolysis conditions. Flow 
cytometry revealed 6 to 40-fold higher uptake of Cy7-HA-NPs by aortic macrophages 
compared to normal tissue macrophages. Interestingly, both local and systemic HA-
NP-immune cell interactions significantly decreased over the disease progression. 
89Zr-HA-NPs-induced radioactivity in atherosclerotic aortas was 30 % higher than 
in wild-type controls. PET imaging of rabbits revealed 6-fold higher standardized 
uptake values compared to the muscle. The plaques of HA-NP-treated mice 
contained 30 % less macrophages compared to control and free HA-treated group. 
In conclusion, we show favorable targeting properties of HA-NPs, which can be 
exploited for PET imaging of atherosclerosis-associated inflammation. Furthermore, 
we demonstrate the anti- inflammatory effects of HA-NPs in atherosclerosis.

*Published in ACS NANO (2017), doi: 10.1021/acsnano.7b01385.
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1. INTRODUCTION
Hyaluronan is a linear polymer consisting of N-acetyl-glucosamine and a 

β-glucuronic acid, which displays distinctive physicochemical and biological 
properties [1]. As a key component of the extracellular matrix, it effectively 
lubricates and binds water, and - by interacting with several hyaluronan receptors 
- hyaluronan regulates cell adhesion, migration and proliferation [2]. During 
inflammation, the hyaluronan lining on vascular endothelium mediates immune 
cell rolling and extravasation, and - at the site of inflammation - the hyaluronic-rich 
microenvironment stimulates the tissue penetration by and division of immune cells 
[3]. In oncology, hyaluronan-CD44 receptor interactions have been proposed as key 
players in tumor progression and metastasis [4–7]. Notably, the biological activity 
of hyaluronan depends strongly on its degree of polymerization. Low- molecular 
weight hyaluronan oligomers have been shown to stimulate inflammation and 
angiogenesis,[8–12] whereas highly polymerized (multi) megadalton (MDa) 
hyaluronan acts as a suppressor of these processes [8–10,13–16].

The aforementioned properties, non-immunogenicity and cost-effective 
production of hyaluronan have propelled its application in biomedicine. At 
present, hyaluronan’s local administration is applied in arthrology, ophthalmology 
and esthetic medicine,[17,18] but its systemic application is highly challenging 
due to rapid blood clearance, [19–22] and susceptibility to hydrolysis. In this 
respect, hyaluronan-based therapeutics might benefit from nanomedicine-based 
formulation strategies, which have shown their tunability for cellular interactions 
[23] and profound impact on the pharmacokinetic properties of various biomaterials 
[24,25]. Although hyaluronan has been deposited on the surface of either lipid or 
polymeric nanoparticles, studies exploiting the polymeric backbones of hyaluronan 
for nanoparticle assembly, which can be achieved by chemical modification of 
hyaluronan carboxyl groups, are scarce [26–32].

In our study, we exploit hyaluronan suprachemistry to formulate nanoparticles, 
which we propose for targeting of atherosclerosis-associated inflammation [33–36]. 
This is motivated by the critical role of hyaluronan-immune cell interactions during 
the inflammatory processes,[3] which drive the atherosclerosis progression and severe 
complications [37,38]. The diagnosis and treatment of high-risk patients still remains 
an unresolved problem [39,40]. Macrophages, the key propagators of atherosclerosis 
and primary phagocytes in atherosclerotic plaques, express several hyaluronan-
binding receptors, including CD44, ICAM-1, LYVE-1, RHAMM and TLR-4 [41–44]. 
Notably, macrophages are highly dynamic cell population, which molecular and 
functional profile is strongly influenced by the tissue microenvironment [45,46]. The 
assessment of these phenotypic alternations may be of important predictive and 
prognostic value in atherosclerosis.
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In view of the rapid hyaluronan degradability, we extensively studied the 
morphological and chemical stability of nanoparticle-formulated hyaluronan. To this 
aim, we employed several advanced microscopy methods, including atomic force 
microscopy, cryo-scanning electron microscopy and super-resolution fluorescence 
microscopy. Flow cytometry allowed us to study the nature of the interactions 
between nanoparticulate hyaluronan and immune cells, and how the atherosclerotic 
plaque progression affects these interplays. Furthermore, we performed 
radiolabeling of HA-NPs with 89Zr for quantitative evaluation of plaque targeting 
efficacy, clearance kinetics and biodistribution in atherosclerotic Apoe—/— mice. The 
translational impact of 89Zr-HA-NPs was investigated by non-invasive imaging of 
atherosclerotic rabbits using fully integrated positron emission tomography and 
magnetic resonance imaging (PET/MRI) system. We also investigated the impact 
of hyaluronan assembly into nanoparticles on its biological activity, by probing the 
atheroprotective effects of HA-NPs.

2. RESULTS AND DISCUSSION

2.1. Morphology of hyaluronan-based nanoparticles 
and the impact of hydrolysis

To determine the morphological characteristics of hyaluronan-based 
nanoparticles (HA- NPs) and their stability under hydrolytic conditions, we applied 
several advanced microscopy methods (Figure 1A). Atomic force microscopy (AFM) 
revealed that the air- dried HA-NPs were spherical structures with a mean diameter 
of 32 ± 0.5 nm (Figure 1AB, first panel). Interestingly, after hyaluronidase (HYAL) 
treatment, the nanoparticles were still highly abundant and their size changed only 
marginally, i.e., we observed them to be 26 ± 5.1 nm in diameter. Cryo-scanning 
electron microscopy (cryo-SEM) of a snap-frozen sample of HA-NPs in buffered 
saline showed larger nanoparticles of ca. 80 nm in diameter (Figure1A, second 
panel). In the HYAL-treated samples, the nanoparticles were also readily present. 
Wet-mode environmental SEM (ESEM) showed larger aggregates of HA-NPs 
compared to all other methods, which was likely induced by the surface drying 
(Figure 1A, third panel). Interestingly, hydrolyzed HA-NPs appeared to retain more 
water, as deduced from their lower image contrast at higher vacuum. dSTORM 
analysis of surface-immobilized Cy5.5-labeled HA-NPs in aqueous conditions 
revealed the presence of fluorescent nanostructures with a median diameter of 90 
nm (Figure 1A,B). HYAL treatment did not affect the nanoparticle size considerably. 
Notably, however, Cy5.5 blinking events appeared to be more disperse for HYAL-
treated nanoparticles. In contrast, dSTORM images of disulfo Cy5-COOH, which 
was used as a small-molecular weight control, showed diffusely distributed Cy5 
molecules and only a small degree of molecule aggregation (Figure S1, supporting 
information).
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The hydrolytic stability of HA-NPs was established by dynamic light scattering 
(DLS). Interestingly, the mean hydrodynamic diameter increased from 100 to 125 nm 
after HYAL treatment (intensity-based) (Figure S2A, supporting information). Under 
both neutral and hydrolytic conditions, there was a small peak (~10-20 %) of larger 
aggregates of 600-800 nm. The zeta potential marginally changed from -31.3±2.6 to 
-33.3±2.2 mV, indicative of a stable nanosuspension. In comparison, the hydrolysis 
of high-molecular weight HA resulted in a zeta potential drop from -19.0±0.5 to 
-8.5±1.2 mV. The summary of quantitative parameters obtained for HA-NPs and 
HYAL-treated counterparts by different methods is displayed in Figure S2B.

HA-NPs and their hydrolysis products were further analyzed by the size exclusion 
chromatography (Figure S3, supporting information). The median retention time 
(tR) of HA-NPs was ca. 9 min, which indicates MDa structures. Hydrolyzed HA-
NPs displayed rather small shift towards longer tR, i.e, the median tR of about 12 
min, ~ 300 kDa. The size distribution was broader but, to large extent, overlapping 
with that of HA-NPs. In the case of free HA, our data indicate its aggregation into 
large structures, i.e, above the exclusion limit of 1.3 MDa. However, HA hydrolysis 
resulted in the formation of smaller HA products, ranging between 50 kDa and 
several hundreds of Da. The aforementioned results show therefore different effects 
of hydrolysis on the NP-formulated HA compared to the linear counterpart. At 
the same time, we observed the intrinsic aggregation of oligomeric HA under the 
investigated conditions.

Moreover, to determine the morphology of in vivo-administered HA-NPs, 
we applied super resolution microscopy (dSTORM). In the Figure 1E, we show 
representative widefield and dSTORM images of aortic endothelium with the 
engulfed HA-NPs, which could be visualized and spatially resolved exclusively by 
the dSTORM technique. The observed NP morphology corresponded to that of the 
in vitro visualized counterparts (Figure 1F), indicative of HA-NP’s stability under in 
vivo conditions.
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Figure 1| A) Hyaluronan nanoparticles (HA-NPs) (upper panel) and HA-NPs after hyaluronidase 
(HYAL) treatment (lower panel) visualized by atomic force microscopy (AFM) (first panel), cryo-scanning 
electron microscopy (Cryo-SEM) (second panel), environmental scanning electron microscopy (ESEM) 
(third panel) and direct stochastic optical reconstruction microscopy (dSTORM) (fourth panel). The scale 
bars shown in lower images refer also to the upper images. White arrowheads in ESEM images indicate 
the location of nanoparticles. The image insets in fourth panel show representative dSTORM images of 
a single nanoparticle at higher magnification. B) The normalized distribution of nanoparticle diameter 
obtained from AFM (left panel) and dSTORM (right panel) data. In the left panel, the size distribution of 
HA-NPs and hydrolyzed HA-NPs (HA-NPs + HYAL) is shown in grey and red, respectively, and, in the 
right panel, in black and grey, respectively. C) The amount of terminal N-acetlyglucosamine (NAcGlc) 
released from hyaluronan (HA) and HA-NPs during hydrolysis with HYAL, which is expressed as the 
percentage of total NAcGlc of substrate hyaluronan. D) Transmitted light image of stained polyacrylamide 
gel showing the migration spots of different molecular weight hyaluronan, i.e. ~75kDa (75k), ~400kDa 
(400k) and ~1.5MDa (1.5M), non-labeled hyaluronan nanoparticles (NPs), fluorescently-labeled HA-
NPs (NPsL), and their hydrolysis products. Symbol “+” indicates the hydrolyzed samples. Two black 
arrowheads point at the poorly migrating high-molecular weight hyaluronan in HA-NP samples. E) 
Widefiled (left panel) and two-color dSTORM (right panel) microscopy images of aortic endothelium of a 
mouse that received an injection of Cy5.5-HA-NPs 2h before the sacrifice. Endothelial cells were stained 
with CD31-Alexa Fluor 555. F) Comparison of HA-NP morphology in a mouse aortic endothelium after 
the in vivo administration of Cy5.5-HA-NPs and on a coverglass after the in vitro seeding of Cy5.5-HA-
NPs, assessed by dSTORM. Scale bars in lower images refer to those in the upper panel.
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The visualization of HA supramolecular structure in solution is very challenging 
due to its high hydrophilicity [47]. We demonstrated that HA-NPs can be successfully 
visualized in the hydrated state by cryo- and environmental SEM, and indirectly 
by dSTORM (Figure 1A). The 3 to 4-fold higher NP size in aqueous conditions 
compared to the AFM-assessed dried form reflects the high water-binding properties 
of HA-NPs. Importantly, all the applied methods showed the limited impact of 
hydrolysis on the nanoparticle morphology and size distribution. Intriguingly, the 
release of terminal N-acetyl-glucosamine, which is a consequence of glycoside bond 
breakdown by HYAL, was only slightly lower for HA-NPs compared to free HA 
(Figure 1C). It needs to be stressed that both the HA crosslinking and conjugation 
of cholanic ester, which occur during NP assembly, do not affect the glycosidic 
bonds. This is in line with the unaltered HYAL activity. At the same time, the 
electrophoresis experiment revealed the presence of larger oligomeric products in 
HYAL- treated HA-NPs (NPs+ and NPsL+) compared to free HA formulations (75k 
+, 400k + and 1.5M +) (Figure 1D). This implies the presence of stable bonds in HA-
NPs, which resisted the HYAL digestion. In the same experiment, the untreated HA-
NPs displayed poor gel migration, corresponding to that of high-molecular weight 
hyaluronan (≥1.5MDa), but also contained some oligomeric HA. NPs and NPs+ 
therefore displayed a different migration profile, which is in contrast to the results 
by microscopy or DLS. Possibly, a high voltage used for electrophoresis (300V) was 
able to dissociate oligomeric components of NPs+, which does not occur under 
neutral conditions.

From the aforementioned experiments, we can conclude that NP-incorporated 
HA undergoes hydrolysis, which does not lead to NP disintegration. We believe that 
the breakdown of glycoside bonds leads to a decreased HA packing in HA-NPs, as 
suggested by DLS and dSTORM measurements. At the same time, HA cross-linking 
by enthylenediamine bridges as well as its covalent and amphiphilic interactions 
[48] with hydrophobic cholanic acid molecules prevented the nanoparticles from 
disintegrating.

2.2. Selectivity of hyaluronan nanoparticles towards 
pro-inflammatory macrophage phenotype

The targeting properties of HA-NPs were studied in vitro in bone marrow-
derived macrophages (BMDM), which were differentiated into several macrophage 
phenotypes using oxidized low-density lipoprotein (oxLDL), interleukin-4 (IL-4) or 
lipopolysaccharide (LPS) and interferon-γ (INFγ). The cellular uptake of HA-NPs 
was measured by flow cytometry, which is displayed in Figure 2A (upper panel). The 
LPS-stimulated macrophages, which represent the pro-inflammatory macrophage 
phenotype, displayed the highest uptake of HA-NPs. It was ca. three fold higher 
compared to the naive and anti- inflammatory (IL-4) macrophages. Interestingly, 
oxLDL, which is an important pro- atherogenic factor[49], significantly decreased 
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the HA-NP uptake efficacy in pro- inflammatory macrophages by approximately 
30 % (p = 0.0043). Similar experiments were performed for Cy5-labeled free HA and 
Cy5.5-labeled dextran-NPs (Figure S4A). In contrast to HA-NPs, relative differences 
between the investigated macrophage phenotypes were much less apparent after 
incubation with free HA or dextran-NPs. Interestingly, and in line with the HA-
NP findings, oxLDL decreased the uptake of HA by 50 %. Although oxLDL is a 
recognized pro-atherogenic factor, its in vitro effects on macrophages are unclear, 
particularly in LPS-stimulated pro-inflammatory macrophages [50]. As oxLDL is 
a poor inducer of foam cell formation under in vitro conditions, the lipid loading 
of macrophages cannot underlay the observed drop in HA-NP uptake efficacy. 
Alternatively, oxLDL can act as a competitor for the scavenger receptors CD36 or 
SR-A, which might lead to a decreased HA-NP uptake.

Phagocytosis is the primary mechanism driving nanoparticle engulfment by 
macrophages [51,52]. However, we also considered an additive effect of HA-NP 
interaction with hyaluronan receptors, expressed by macrophages [41–44]. We 
therefore studied the effects of different stimuli on the expression of hyaluronan 
receptors in BMDM and how it relates to HA-NP-receptor interactions and overall 
HA-NP uptake. Flow cytometry analysis revealed the overexpression of almost all 
hyaluronan receptors, except for ICAM-1, by IL-4 stimulated (anti-inflammatory) 
macrophages (Figure S4A, right panel) (supporting information). This correlated 
well with the enhanced cell membrane association of HA-NP at 4 °C, as visualized 
by confocal microscopy (Figure S4B). Notably, however, this enhanced hyaluronan 
receptor expression did not lead to more efficient HA-NP engulfment, as described 
above (Figure 4A, left panel). Furthermore, we performed competition experiments 
with free HA and CD44 antibody. Interestingly, only in the case of LPS- treated 
(pro-inflammatory) macrophages, the competition with free HA led to a significant 
decrease in the HA-NP uptake (Figure S4C). Anti-CD44 antibody had no or positive 
impact on HA-NP uptake (Figure S4C). It needs to be stressed that previous studies 
have shown that hyaluronan and CD44 antibodies can bind to different sites on 
the CD44 receptor.[53] Furthermore, CD44-mediated hyaluronan binding to 
macrophages requires activation of the receptor [54,55]. We also cannot exclude the 
interference of LPS contamination of anti-CD44 antibody in the latter experiment.

2.3. Hyaluronan nanoparticles target plaque-associated 
macrophages in atherosclerotic mice

The in vivo targeting efficacy and selectivity of HA-NPs was studied in Apoe—/— 

mice, in which either early or advanced atherosclerosis was induced by a six (6w HFD) 
or twelve weeks high-fat diet (12w HFD), respectively. Flow cytometry on digested 
atherosclerotic aortas enabled single-cell analysis of immune cell populations and 
a quantitative comparison of the HA-NP uptake in these cells (Figure 2B). In both 
groups, aortic macrophages displayed the highest median fluorescence intensity 
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per cell (MFI) generated by Cy7-HA-NPs compared to both splenic and bone 
marrow-resident macrophages (Figure 2B). These differences were however the 
most pronounced in the 6w HFD group, i.e. the uptake of HA-NPs by the aortic 
macrophages was 6- and 40-fold higher compared to splenic and bone marrow-
resident macrophages, respectively. In contrast, fluorescent poly(lactic-co-glycolic 
acid (PLGA)-NPs, used as a control nanoformulation, displayed considerably 
higher uptake in splenic macrophages compared to aortic counterparts (Figure S5A, 
supporting information). Among the aortic immune cell populations, macrophages 
were found to engulf some PLGA-NPs (Figure S5B), albeit at lower levels than HA-
NPs, indicative of the latter platform’s favorable atherosclerotic plaque inflammation 
targeting features. Interestingly, we found dramatic differences in HA-NP uptake 
between macrophages in early and advanced aortic lesions, i.e. MFI was 3060 ± 836 
and 697 ± 142 a.u. (arbitrary units), respectively (P = 0.00003). These results coincide 
with our in vitro findings on the negative impact of oxLDL (Figure 2A) and suggest 
the occurrence of phenotypic changes in the macrophage population during disease 
progression. Early lesions are primarily composed of viable and freshly recruited 
macrophages, which display a high phagocytic activity. In contrast, the prolonged 
exposure to high cholesterol/lipid levels induces the macrophage lipid overload, 
and eventually cell apoptosis and necrosis. Other microenvironmental factors, 
such as oxLDL or reactive oxygen species, which concentrations are elevated in 
complex plaques, might have also negative effect on the macrophage activity 
[56]. A similar trend was observed for other immune cell populations in the aorta 
(Figure S6, supporting information) and, interestingly, in other tissues, including 
blood monocytes and splenic macrophages, which suggest a systemic effect of 
prolonged HFD. In line with our findings, the systemic immune effects of HFD have 
been described in the context of enhanced lipid loading of innate immune cells and 
their increased production [57]. We excluded the impact of instrumental error, by 
monitoring MFI for unstained and stained control samples (Figure S7, supporting 
information).

Furthermore, we investigated the relation between HA-NP uptake in aortic 
immune cell populations, the efficacy to bind free HA and the expression of CD44 
receptor. In the early atherosclerosis group, we found a significant correlation 
between HA-NP uptake and both HA-binding efficacy and CD44 expression, with 
Spearman’s correlation coefficients of 0.62 and 0.74, respectively (both P = 0.0001) 
(Figure 2C). In mice with advanced lesions, the aforementioned parameters did not 
correlate. This suggests that initially the hyaluronan receptor-HA-NP interactions 
might play a role in the overall HA-NP uptake, which deprives during the disease 
progression.
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Figure 2| A) Flow cytometry analysis of the cellular uptake of Cy5.5-labeled hyaluronan nanoparticles 
(HA-NPs) in different phenotypes of bone marrow-derived macrophages. The macrophages are divided 
into three main phenotypic groups: naive (-) (white bars), interleukin 4 (IL-4)-stimulated (grey bars), and 
lipopolysaccharide (LPS) and interferon γ (INFγ)-stimulated (black bars). Moreover, three concentrations 
of oxidized low-density lipoprotein (oxLDL) were used for co-stimulation, i.e. 25, 50 and 100 μg/ml. The 
cellular uptake of HA-NPs is expressed as the median fluorescence intensity per cell (MFI). Bars represent 
mean MFI/condition ± SD (ns = 3). Symbol “*” indicates a significant difference and “#” indicates 
significantly higher MFI compared to all other conditions at p < 0.05. B) The uptake efficacy of Cy7-HA-
NPs in aortic, splenic and bone marrow macrophages measured by flow cytometry. Black and grey bars 
represent the data obtained for mice fed with a high fat diet for 6 (6w HFD) and 12 weeks (12w HFD), 
respectively. Symbol “*” indicates inter-group differences, whereas “#” and “&” indicate significantly 
higher MFI compared to all other macrophage populations within 6w HFD and 12w HFD group, 
respectively, and at p < 0.05. C) Scatter plots showing the relation between the uptake efficacy of HA-NPs 
and free hyaluronan (HA)-binding (upper panel), and expression of CD44 receptor (lower panel). All data 
were obtained by flow cytometry and are expressed as the median fluorescence intensity per cell (MFI). 
The correlations were investigated for pooled aortic leukocyte populations, i.e, macrophages, Ly6chigh and 
Ly6clow monocytes and neutrophils, in 6w HFD (left panel, black circles) and 12w HFD mice (right panel, 
grey squares). The black lines serve as guides for the eye. The correlation coefficient, R, was obtained 
from the non-parametric Spearman’s correlation test. D) Representative confocal microcopy images of 
aortic lesions detected in 6w HFD (left image) and 12wHFD group (right image). The Cy5.5-HA-NPs are 
shown in red, CD68 staining of macrophages is shown in green and cell nuclei are blue. E) Selectivity of 
HA-NPs towards plaque-associated macrophages expressed as the percentage of HA-NP-positive area 
that colocalizes with CD68-positive macrophage area. Bars represent mean ± SD. Symbol “*” represent 
the significant difference at p < 0.05.
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Confocal microscopy analysis of mouse aortic arches confirmed the efficient 
uptake of HA-NPs in both early and advanced lesions (Figure 2D). However, based 
on the fraction of HA-NP-positive plaque area that colocalized with macrophage 
staining, we found a higher selectivity of HA-NPs towards macrophages in early 
atherosclerotic plaques, which was 67 ± 19 % (Figure 2E). In advanced lesions, 
the macrophage selectivity was 46 ± 20 %, which means that only this fraction 
of the total accumulated HA-NPs was engulfed by plaque macrophages, and 
implies a considerably higher off-target accumulation of HA-NPs. We believe that 
this might due to the impaired phagocytic activity of macrophages in advanced 
lesions (Figure2B) and the presence of necrotic sites, which may facilitate passive 
accumulation of NPs [58,59].

NP accumulation mechanisms in atherosclerotic plaques are rather scarcely 
explored [60]. Considering very limited neovascularization in mouse lesions, 
i.e, the microvascular fraction of ca. 1 % based on our histological evaluation, the 
dysfunctional host endothelium seems to be a major player in NP plaque retention. 
This can occur via leaky endothelial junctions, which are formed in the response to 
pro-atherogenic stimuli and a high tension induced by the subendothelial plaque 
deposition [49,61,62]. The leaky endothelial junctions have been proposed as a 
primary pathway of LDL accumulation in the vessel wall [40]. Alternatively, NPs 
might enter the plaques via the transcellular migration pathway, by exploiting 
intracellular vesicles [63]. As shown in Figure 1E,F, we could detect diffusely 
distributed HA-NPs in aortic endothelial cells. The subendothelial matrix is known 
to undergo degradation by the infiltrating macrophages and therefore it does not 
create a physical barrier for NPs.

2.4. Atherosclerosis-targeting, circulation kinetics, and 
biodistribution of 89Zr-HA- NPs in mice

The accumulation of 89Zr-HA-NPs in mouse atherosclerotic lesions was determined 
by autoradiography and gamma counting 24 h post-administration (Figure 3A,B). 
Both early and advanced atherosclerotic aortas displayed focal accumulation of 
radioactive material at typical sites of atherosclerotic plaque formation, i.e. aortic 
root, arch and renal artery branching (Figure 3A). In contrast, the aortas of wild-type 
mice displayed low and homogeneously distributed radioactivity. Radioactivity 
quantification of excised aortas by gamma counting revealed significantly higher 
percentage of injected dose (%ID) of 89Zr- HA-NPs in atherosclerotic mice compared 
to their normal counterparts of approximately 30 % (Figure 3B). Interestingly, despite 
a dramatic difference in disease stage, early lesions were equally well detectable 
as advanced plaques, and displayed similar radioactivity concentrations. This was 
confirmed by ex vivo fluorescence imaging of aortas after injection of Cy5.5-HA-NPs 
(Figure S8, supporting information). This may be an important finding in view of the 
present challenges in the detection of early atherosclerosis.[64] In comparison, the 
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previous studies on 18F-FDG-PET, a method that probes cell metabolism, have shown 
an increasing metabolic activity associated with the atherosclerosis progression, 
which suggests an increasing inflammatory burden.[65,66] We believe that these 
discrepancies originate from the fact of assessing different aspects of macrophage 
activity. While macrophage glycolysis was shown to increase significantly in 
advanced lesions[67], their phagocytic activity seems to undergo regression, as 
demonstrated by our FACS data (Figure 2A,B).

Furthermore, we studied the clearance kinetics of 89Zr-HA-NPs by gamma 
counting of blood samples. In contrast to the previously reported fast clearance 
of radiolabeled hyaluronan [19–21], 89Zr-HA-NPs displayed biexpotential decay 
kinetics with a short blood half-life (t1/2,α) of approximately 0.5 h and long t1/2,β of 
9 h (Figure 3C). This might be due to the limited sensitivity of HA-NPs to the blood 
serum HYAL and/or decreased recognition by the hyaluronic acid receptor for 
endocytosis (HARE) in the liver, which mediates systemic clearance of hyaluronan 
from the vascular and lymphatic circulation [68]. Nevertheless, we should also not 
rule out the impact of a relatively high HA-NP dose, which might lead to clearance 
saturation [20]. The quantitative determination of 89Zr-HA- NP biodistribution in 
mice showed that the liver and spleen are the primary clearance organs of HA-NPs, 
containing between 10 and 20 %ID/g (Figure S9, supporting information). The heart, 
which is an important organ in context of human coronary atherosclerosis, displayed 
significantly lower %ID/g compared to the aorta. This suggests a potentially high 
target-to-background signal for PET imaging of coronary disease, which cannot be 
achieved by the clinically applied 18F-FDG-PET since fluorodeoxyglucose is avidly 
taken up by myocardial cells [69]. In our study, we assume the in vivo integrity 
of HA-NPs and a fluorescent or radioactive label, which is based on the covalent 
conjugation and strong in vitro data on the nanoparticle stability. Nevertheless, we 
cannot reject the possibility of partial nanoparticle disintegration, which can occur 
under the in vivo conditions [70].

2.5. PET imaging of rabbit atherosclerosis with 89Zr-
HA-NPs

Subsequently, we investigated the performance of 89Zr-HA-NP for PET imaging 
of atherosclerosis. Three rabbits were dynamically scanned on a PET/MRI scanner 
for 2 h after 89Zr-HA-NP injection, as well as statically at 12 h and 24 h post-
administration. Representative PET/MRI fusion images are displayed in Figure 
3D, on which we non- invasively monitored the circulation kinetics (Figure 3E) and 
time-dependent biodistribution (Figure 3F) of 89Zr-HA-NPs. The initially high aortic 
PET signal, which was generated by the circulating 89Zr-HA-NPs, decreased over 
time (Figure 3D,E). At 12 h post-administration, the aorta showed a relatively low 
but detectable PET signal, with some hot spots localized in the abdominal aorta 
(Figure 3G). The maximum standardized uptake values (SUVmax) were six fold 
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higher for the aorta compared to the skeletal muscle (p = 0.03) (Figure 3G). The signal 
remained constant until 24 h post-administration. The clearance kinetics derived 
from PET images afforded a t1/2 of approximately 3 h (Figure 3F). With respect to 
the biodistribution, assessed at 24 h post-administration by gamma counting, 89Zr-
HA-NPs reached the highest concentration of ca. 0.05 %ID/g in the liver, spleen, 
kidney and lungs, but considering the total organ mass, the liver and spleen were 
the primary clearance organs (Figure 3H). Similar to the mouse data, the heart tissue 
displayed very low radioactivity (~ 0.002 %ID/g), which is desirable in context of the 
coronary atherosclerosis imaging. The confocal microscopy analysis of rabbit aortas 
confirmed the accumulation of Cy5.5-HA-NPs (showed in red) in the abdominal 
aorta, which underwent the balloon injury, and no detectable NP fluorescence in the 
untreated thoracic aorta (Figure 3I). In the abdominal aorta, HA-NPs were localized 
in macrophages-rich areas and were internalized by aortic macrophages (Figure 3I, 
lower image panel).

The aforementioned results underline the translational aspect of our study. We 
applied 89Zr-deferoxamine (DFO)-labeling strategy, which assures an excellent match 
between nanoparticle biological half-life and 89Zr physical half-life[71], and which we 
previously demonstrated in lipid- and polymer-based nanoparticle systems.[72,73] 
We showed that HA-NPs can be effectively labeled with 89Zr-DFO and enable the 
detection of atherosclerosis in two animal models, also at the early disease stage. The 
imaging studies that exploited hyaluronan-mediated targeting of atherosclerosis are 
scarce.[74–76] Previously, only Lee et al.[76] based their nanoformulation on HA 
and proposed for the fluorescence imaging of atherosclerosis. We, however, provide 
in-depth analysis of the underlying HA-NP–immune cell interactions and a strong 
translational aspect by employing non-invasive PET/MRI.

Our study shows also some interspecies differences between the mice and rabbits 
regarding HA-NP kinetics and biodistribution. In mice, 89Zr-HA-NPs displayed bi- 
exponential decay kinetics, which has been previously attributed to the nanoparticle 
size heterogeneity, i.e., larger nanoparticles are more rapidly cleared from the 
circulation compared to smaller counterparts [77]. Moreover, a different clearance 
mechanism needs to be considered. Our FACS data indicate a growing involvement 
of blood phagocytes in the clearance of HA-NPs over time post-administration, as 
shown in the Figure S10A (supporting information) in blood samples taken 15 min 
and 2 h post-injection. Furthermore, we observed a shift in the monocyte population 
towards Ly6chigh phenotype (Figure S10B). Possibly, the fast clearance phase is driven 
by the nanoparticle filtration by reticuloendothelial system, while in the slow phase, 
HA-NPs might be predominantly associated with the blood circulating phagocytes. 
In rabbits, displaying monoexponential clearance kinetics of 89Zr-HA-NPs, these 
mechanisms were not investigated.
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Figure 3| A) Autoradiography images of aortas excised from a wild-type mouse (WT, left) and two 
atherosclerotic mice that were on a high fat diet for either 6 weeks (6w HFD, middle) or 12 weeks (12w HFD, 
right). 24 h before the sacrifice, the mice received intravenous injection of 89Zr-HA-NPs. In the images, 
dark spots indicate higher radioactivity deposition. B) The comparison between the radioactivity levels 
in healthy aortas (WT, white bar) and aortas with early (6w HFD, black bars) or advanced atherosclerosis 
(12w HFD, grey bars). The radioactivity was measured for the entire aorta by gamma counting 24 h 
after i.v. administration of 89Zr-HA-NPs and it is expressed as the percentage of injected dose (%ID). C) 
Blood clearance kinetics of 89Zr-HA-NPs determined by gamma counting in blood samples probed at 
different timepoints after NP injection. The data were obtained for the abovementioned mouse groups 
and are presented as the mean ± SD of %ID per gram of blood (%ID/g) over time. D) Coronal PET/
MRI fusion images of an atherosclerotic rabbit, showing the organ radioactivity distribution at different 
timepoints after intravenous injection of 89Zr-HA-NPs. E) Clearance kinetics of 89Zr-HA-NPs determined 
non-invasively in rabbits by measuring standardized uptake values (SUV) in the aortic blood. F) The 
time- dependent biodistribution of 89Zr-HA-NPs determined by dynamic (20 min – 2 h) and static (12 
h and 24 h) PET imaging in the spleen (black squares), liver (grey circle) and kidney (grey triangles). 
G) Left panel displays a representative PET/MRI fusion image of an atherosclerotic rabbit 12 h after 
the administration of 89Zr-HA-NPs. PET signal hot spot can be observed in the abdominal aorta (white 
arrowhead). In right panel, the bar chart shows the difference between SUV of the aorta and skeletal 
muscle at 12 h post-injection. H) Biodistribution of 89Zr-HA- NPs in different rabbit organs quantified 
ex vivo by gamma counting and presented as %ID/g of tissue. I) Confocal microscopy images of the 
abdominal (upper left) and thoracic aorta (upper right) from a rabbit that was co-injected with both 89Zr-
HA-NPs and Cy5.5-HA-NPs. The Cy5.5-HA-NPs are displayed in red, RAM-11 staining of macrophages 
is shown in green and cell nuclei are blue. In the lower panel, higher magnification images of aortic aorta 
show the engulfed HA-NPs by macrophages. In all bar charts, bars represent mean ± SD and symbol “*” 
indicates the significant difference at p < 0.05.
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With respect to the biodistribution, we report very different retention values of a 
total dose per gram of mouse and rabbit organ. These differences originate from the 
fact that we normalize the organ radioactivity to the total injected dose and organ 
weight. However, the organ weights of a mouse and New Zealand White rabbit differ 
dramatically e.g., for the liver, it is ~1-1.5 g and ~140-150 g, respectively. Therefore, 
10 %ID/g of a mouse tissue represents practically a full organ retention, while 0.05 
%ID/g of a rabbit liver represents a dose retention in only small fraction of this 
organ. Please note that the relative differences between the organs’ radioactivity are 
rather similar in both mice and rabbits.

2.6. Hyaluronan nanoparticles improve the 
atherosclerotic plaque phenotype in atherosclerotic 
mice

In view of the previously reported anti-inflammatory activity of high-molecular 
weight HA [10], we hypothesized that HA-NPs, composed of mega Dalton HA 
aggregates, may also exert anti-inflammatory effects. To test this hypothesis, we 
studied the effects of HA- NPs on atherosclerosis in Apoe—/— mice, which received 
weekly injections of HA-NPs for 12 weeks. The effects were compared to free 75 kDa 
HA (free HA), which served as a substrate for the nanoparticle formulation, and PBS 
(control).

Histological evaluation of aortic roots involved the assessment of mean plaque 
area and plaque composition (macrophages and collagen) (Figure 4A). The HA-
NP-treated mice displayed the most favorable plaque phenotype regarding all the 
aforementioned parameters. The lesions were significantly smaller compared to the 
control group and contained approximately 30 % fewer macrophages compared 
to both the control and free HA-treated mice. Moreover, they displayed 30-40 % 
higher collagen content, which is an important factor for plaque stability [78]. The 
anti-inflammatory effects of HA-NPs were confirmed by flow cytometry analysis of 
aortic arches (Figure 4B) and by CD45 staining of aortic roots (Figure S11, supporting 
information). Both methods revealed ~30-50 % lower number of immune cells in 
the HA-NP-treated mice compared to both free HA-treated and control mice. At the 
same time, we found no systemic immune effects of HA-NPs, as deduced from the 
analysis of blood, spleen and bone marrow (Figure S12, supporting information).
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Figure 4| A) Representative images of aortic roots from mice that received either PBS (Control, left image 
panel), HA-NPs (middle image panel) or free HA (right image panel) during a 12-week high-fat feeding 
period. The sections were stained with hematoxylin and eosin (H&E), macrophage-specific antibody 
(MAC-3) or sirius red (collagen). Scale bar in upper right image refers to all H&E-stained sections. Bar 
charts display the mean plaque area (top), percentage of plaque area containing macrophages (middle) 
and collagen (bottom) in the aforementioned treatment groups. B) Flow cytometry analysis of aortic 
arches of the treated mice. Left panel shows representative cell scatter plots and histograms obtained 
for a Control (upper panel) and HA-NPs-treated mouse (lower panel). The immune cells are defined as 
CD45-positive cells. Bar chart compares the total immune cell count in the Control, HA-NPs- and free 
HA-treated mice. In all bar charts, bars represent mean ± SD and symbol “*” indicates the significant 
difference at p < 0.05.
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We show that nanoparticle-formulated hyaluronan exerted anti-inflammatory 
activity, which was previously attributed exclusively to high-molecular weight linear 
hyaluronan (HMW-HA) [10]. While the application of high viscosity HMW-HA in 
treatment of atherosclerosis is limited by the necessity of local administration[79], 
our formulation displays favorable blood circulation kinetics (Figure 3C,E) and 
selectivity towards pro- inflammatory/plaque-associated macrophages (Figure 
2A,B). Previously developed HA- containing NPs induced therapeutic effects via 
other key-acting therapeutic agents, while exploiting HA as a targeting moiety 
[29,80]. A possible mechanism of HA-NP atheroprotective activity involves a direct 
interaction of HA-NPs with macrophages / monocytes, which might lead to the 
downregulation of inflammatory response. This has been previously described for 
HMW-HA [10] and, in our study, it is implied by the reduced immune cell infiltrates 
and higher collagen content (Figure 4). In line with this hypothesis, our in vitro study 
in bone marrow-derived macrophages (BMDMs) showed that a high concentration 
of HA-NPs significantly inhibited production of nitric oxide (NO) and tumor 
necrosis factor (TNF), the key pro-inflammatory mediators (Figure S13, supporting 
information). Similar trend was observed for the pro-inflammatory interleukins IL-6 
and IL-12. In contrast, oligomeric HA had no significant effect on the expression on NO 
or TNF, while it significantly increased the IL-6 and IL-12 production. Interestingly, 
we also observed a significant stimulatory effect of HA-NPs on the expression of 
arginase-1 gene (Arg-1), which is considered as an important marker of pro-fibrotic 
macrophages and its overexpression may contribute to the atherosclerotic plaque 
stability. Concurrently, we anticipate a potential impact of long circulating HA-NPs 
on the vascular glycocalyx, which is predominantly composed of hyaluronan [81]. 
HA-NPs might serve as a circuiting reservoir of hyaluronan and be “built into” the 
glycocalyx, which, in consequence, might limit the immune cell infiltration into the 
lesion site.

3. CONCLUSIONS
We have developed highly biocompatible HA-NPs as a platform for imaging 

and therapy of atherosclerosis. In our nanoformulation, hyaluronan serves as both 
the primary building block and the targeting/bioactive molecule, which yields 
high morphological stability of HA-NPs under hydrolytic conditions. HA-NPs 
are preferentially taken up by pro-inflammatory macrophages in vitro and display 
high selectivity towards atherosclerotic plaque-associated macrophages in mice. 
Interestingly, we found that the efficacy of macrophage-HA-NP interactions is 
strongly dependent on the disease stage, which we attribute to phenotypic dynamics 
of macrophage population. Furthermore, we showed that radiolabeled HA-NPs 
target mouse atherosclerotic lesions and enable PET imaging of atherosclerosis in 
rabbits. Finally, we demonstrated that HA-NPs exert atheroprotective effects by 
decreasing the immune cell infiltration in aortic lesions.
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4. MATERIALS AND METHODS

4.1. Hyaluronan nanoparticle preparation
Hyaluronan (HA) (66-99 kDa) was purchased from Lifecore Biomedical 

(Chaska, MN USA). 200 mg of HA was dissolved in 10 ml of 2-(N-morpholino)
ethanesulfonic acid (MES) buffer (Sigma-Aldrich, Zwijndrecht, Netherlands) pH 
6 and activated with 92 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (EDC) (Thermo Fisher Scientific, Ermelo, Netherlands) and 104 mg of 
N-hydroxysulfosuccinimide (sulfo NHS) (Thermo Fisher Scientific). EDC and sulfo 
NHS were dissolved in 200 μl of MES buffer pH 6 and added sequentially to HA 
solution during stirring, with 15 min interval. Subsequently, pH was adjusted up to 
7 using 5 M NaOH, 128 μl of ethylenediamine (Sigma-Aldrich) was added and pH 
was rapidly adjusted down to 7 using 5 M HCl. The reaction mixture was stirred at 
room temperature overnight. The amine-functionalized HA (HA-NH2) was purified 
by dialysis against water (Spectra/Por 2 membrane, 12-14kDa cut- off, Spectrum 
Labs, Breda, The Netherlands) and 4 series of ethanol precipitation (3 volumes 
ethanol: 1 volume water). To induce HA precipitation, NaCl (Sigma-Aldrich) was 
added to the post-dialysis water solution of HA to obtain a final concentration of 5 
% NaCl. Subsequently, 3 parts of ethanol was added and the mixture was shaken 
vigorously until white precipitate appeared, which was pelleted by centrifugation 
at 4000 rpm for 20 min. The supernatant was removed by careful pipetting and HA-
NH2-containing pellet was redissolved in ultrapure water. For subsequent series of 
ethanol precipitation, NaCl was added and process was repeated. After the fourth 
ethanol precipitation, the HA pellet was dissolved in ultrapure water, dialyzed 
against water for overnight and freeze-dried (Zirbus VaCo2-II, Zirbus, Bad Grund 
Germany). Dry lyophilizate was weighted (the average yield was 70-80 %) and 
analyzed with respect to the amine content. The number of primary amines per HA 
molecule was 6-12, as determined by the 2,4,6-trinitrobenzene sulfonic acid assay 
(Thermo Fisher Scientific).

In the second step, cholanic NHS ester was prepared by reacting 30 mg of cholanic 
acid with 17 mg of N,N’-dicyclohexylcarbodiimide (i.e, 83 μl of 1M solution) (Thermo 
Fisher Scientific) and 13 mg of N-hydroxysuccinimide in dry dimethylformamide 
(DMF) (all aforementioned chemicals were from Sigma-Aldrich). First, cholanlic 
acid was dissolved in 400 μl of DMF and 83 μl of N,N’-dicyclohexylcarbodiimide 
solution was added, which was followed by vortexing. Next, N-hydroxysuccinimide 
was dissolved in ~50 μl of DMF and added to the reaction mixture and vortexed 
again. The reaction was allowed overnight at room temperature without stirring. The 
precipitate of urea derivative, which is a by- product of the reaction, was removed 
by centrifugation at 10000 rpm for 10 min. The supernatant was aspired carefully 
from above the pellet and was used for further reaction. The supernatant containing 
6 mol excess of cholanic ester, was added drop by drop to the solution of HA-NH2 
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in 0.1 N NaHCO3 pH 9 (20 mg/ml). The reaction was stirred overnight at room 
temperature and its product was purified by dialysis against water and filtration. 
Subsequently, the material was freeze-dried, weighted and stored at -20 0C.

4.2. Fluorescence labeling of hyaluronan nanoparticles
Fluorescent hyaluronan nanoparticles (HA-NPs) were prepared by conjugating 

an NHS- derivative of a fluorescent dye to the residual primary amino groups on 
the nanoparticles. First, HA-NPs were dispersed in 0.1 N NaHCO3 pH 8.5 at the 
concentration of 10 mg/ml and added to a DMF solution of either Cy5.5- or Cy7-
NHS ester (Lumiprobe GmbH, Hannover, Germany) (60 % water-based buffer: 40 
% DMF), and stirred for 4 h at room temperature. 8 mol dye was added per 1 mol 
of residual NH2 group. The unreacted dye was removed by ethanol precipitation (4 
times or until the supernatant was clear) and dialyzed against water for 24 h. The 
labeling resulted in approximately 0.2 mol dye/mol of HA, based on absorbance 
measurements.

4.3. Radiolabeling of hyaluronan nanoparticles
HA-NPs nanoparticles were modified with deferoxamine B (DFO) to enable 

radiolabeling with Zirconium-89 (89Zr). p-SCN-Bn-DFO (Macrocyclix, Plano, TX, 
USA) in DMSO (5 mg/ml) was added to a nanosuspension of HA-NPs in 0.1 M 
carbonate buffer (pH 8.9) (10 mg/ml) in steps of 5 μl until a 2-fold molar excess 
over residual amine groups of NP-incorporated HA. The reaction mixture was 
vortex-mixed after each addition and then shaken at 37 °C for 4 h. The DFO-
modified nanoparticles (HA-NPs-DFO) were purified by spin filtration using 10 kDa 
molecular weight cut-off (MWCO) (Sartorius Stedim Biotech GmbH, Goettingen, 
Germany) and washing 4 times with fresh PBS. The final retentate was diluted with 
PBS to achieve a final HA concentration of 5 mg/ml. The HA-DFO nanoparticles 
were reacted with 89Zr oxalate in PBS (pH 7.4) for 2 h at 37 °C. Radiolabeled HA 
nanoparticles (89Zr-HA-NPs) were separated from unreacted 89Zr by centrifugal 
filtration using 10 kDa MWCO and washing with sterile PBS. The radiochemical 
yield was 94 ± 1 % (n = 3), and the radiochemical purity > 98 % as determined by 
size exclusion chromatography. The number of DFO labels per HA molecule was 
measured to be ~1 by the isotope dilution method.
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4.4. Animal experiments 

4.4.1. Mice

Eight weeks old Apoe—/— mice (Charles River Laboratories) were fed with a high-
fat diet (TD.88137, Envigo, Alconbury Huntington, UK) for either 6 or 12 weeks to 
induce early and advanced atherosclerotic lesions, respectively. The wild-type mice 
served as negative controls. After the diet period, the mice received an injection of 
HA-NPs (25 mg/kg), which were labeled with either a fluorescent dye or radiotracer, 
via the tail vein. 24 h after injection, the mice were sacrificed, perfused with PBS and 
aortas with other organs were removed and underwent different examinations. The 
entire aorta with aortic roots, spleen, blood and bone marrow from mice that received 
Cy7-HA-NPs (n = 7) were analyzed by flow cytometry. The immunohistochemical 
analysis of aortic arches was performed in mice that were administered with Cy.5.5-
HA-NPs (n = 5). The organs from 89Zr-HA-NPs- injected mice were analyzed by 
autoradiography and gamma counting (n = 4).

In the therapeutic study, 8 weeks-old Apoe—/—mice on a high-fat diet received once 
a week for 12 weeks an intravenous injection of either HA-NPs, free HA (both 50 
mg/kg/week) or PBS (ns = 10). After 12 weeks of treatment, the mice were sacrificed 
and aortas perfused with cold PBS. The excised aortic arch and descending aorta 
including the renal arterial branching were analyzed by flow cytometry, whereas 
aortic roots were analyzed by histology. All mouse experiments were performed 
in accordance with protocols approved by the Animal Experiment Committee of 
Academic Medical Center in Amsterdam or Institutional Animal Care and Use 
Committee of Mount Sinai School of Medicine (MSSM) in New Y ork.

4.4.2. Rabbits

Three male New Zealand White rabbits (2.5-3.0 months old) were purchased 
from Charles River Laboratories (Wilmington, MA, USA). To induce the formation 
of atherosclerotic plaques, endothelial denudation of the aorta was performed by 
angioplasty. Animals were anesthetized after an intramuscular (i.m.) administration 
of ketamine (20 mg/kg) (Fort Dodge Animal Health, Overland Park, Kansas, 
USA) and xylazine (5 mg/kg) (Bayer AG, Leverkusen, Germany). A 4F-Fogarty 
embolectomy catheter (Edwards Lifesciences, Irvine, CA) was introduced in the 
femoral artery and ascended up to the level of the left subclavian artery and inflated 
until a pressure of 2 atm was established. Next, the balloon was slowly deflated 
while retracting until the iliac bifurcation was reached, all performed under X-ray 
guidance using a clinical cardiovascular intervention Philips system (Allura Xper 
FD20/10, Philips Healthcare, Best, The Netherlands). Procedure was repeated using 
the contralateral femoral artery as point of entry, 4 weeks after first procedure and 6 
weeks after the initiation of a high cholesterol diet, composed of regular chow diet 
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enriched with 0.3 % cholesterol and 4.7 % coconut oil (Research diets, Inc. Brunswick, 
New Jersey, USA). After 8 weeks, diet was changed to 0.15 % enriched cholesterol 
with 4.7 % coconut oil diet and continued for the remainder of the experiment. The 
rabbit experiments were performed in accordance with protocols approved by the 
Institutional Animal Care and Use Committees of MSSM, and followed National 
Institutes of Health guidelines for animal welfare.

4.5. Flow cytometry of mouse tissues
Flow cytometry (FACS) measurements were performed to determine the targeting 

properties and immune effects of HA-NPs in Apoe—/— mice. 24 h after Cy7-HA-NP 
administration (targeting study) or 12 weeks after HA-NP therapy (therapeutic 
study), the mice were sacrificed and blood was collected by cardiac puncture. 
Subsequently, the mice were perfused with cold PBS and the entire aorta, including 
roots, was excised. After 1 h digestion in 4 U/ml of Liberase TM (Roche Life Sciences, 
Almere Netherlands), 60 U/ml  of hyluronidase (Sigma-Aldrich), 40 U/ml DNase I 
(Sigma-Aldrich) of PBS solution at 37 °C, the aorta digests were resuspended, filtered 
through the cell strainer (Fisher Scientific) and washed 3 times with FACS buffer (1 
% BSA in PBS). The spleen was homogenized manually and strained through the cell 
strainer, whereas bone marrow was flushed out from the femur bone by using cold 
PBS and resuspended into single cell suspension by using 26G needle. Subsequently, 
the blood, spleen and bone marrow underwent erythrocyte lysis (eBioscience, San 
Diego, CA, USA) and washed 3 times with FACS buffer.

The cell suspensions from all the organs were stained for FACS analysis. 
First, the mouse Fc block (BD Pharmingen, Breda, Netherlands) was added. 10 
minutes thereafter, the antibody cocktail was introduced. The following anti-
mouse antibodies were used for FACS staining of mice injected with Cy7-HA-NPs: 
Brilliant Violet 510TM-CD45, Brilliant Violet 711TM-CD11b (both BioLegend, San 
Diego, CA, USA), FITC-F4/80 (CI:A3-1) (Bio-Rad, Oxford, UK), PE-CF594-Ly6c 
(AL-21) (BD Pharmingen), Brilliant Violet 650TM-CD44 (IM7). All the antibodies 
were diluted to 1:200 with FACS buffer. DAPI (ThermoFisher Scientific) was used 
at the concentration of 2 μg/ml as dead cell staining. Moreover, we prepared 
fluorescently labelled hyaluronan to determine the hylaronan- binding efficacy by 
different immune cell populations. In short, HA (60-90 kDa) was dissolved in PBS 
buffer pH 7.2 and reacted with EDC and sulfo NHS (both ThermoFisher Scientific) 
at room temperature, while stirring (quantities are given in the section on HA- NP 
preparation). After 0.5 h, 8 molar excess of disulfo Cy5-hydrazide (Cyandye, Sunny 
Isles Beach, FL, US) in PBS pH 7.2 was added to the EDC- and sulfoNHS-reacted HA 
and stirred for 4 h at room temperature. The reaction product, Cy5-HA, was purified 
by dialysis and ethanol precipitation (4 times). For FACS staining, 50 μg/ml of Cy5-
HA was used in a cocktail with the aforementioned antibodies. The cell suspensions 
were incubated with antibodies and Cy5-hyaluronan for 30 min and washed 3 times 
with FACS buffer.
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The FACS staining of mouse material from the therapeutic study included the 
following antibodies: Pacific Blue-conjugated NK-1.1, CD90.2, Ly-6G, TER-119, 
CD49b and CD45R/B220, Brilliant Violet 510TM-CD45, PE-CD11b, FITC- Ly6c (AL-
21), PE- Cy7-F4/80 (CI:A3-1) and Cy5-HA (custom made). All the antibodies where 
purchased from the BioLegend and used at the dilution of 1:200 excluding FITC-
Ly6c, which was diluted 1:100.

FACS measurements were performed on either BD LSRFortessa (BD Biosciences) 
(targeting study) or BD LSR II (BD Biosciences) (therapeutic study). The obtained 
data were analyzed with FlowJo V10 software (FLOWJO, Ashland, OR, USA). 
The macrophages, monocytes and neutrophils were defined according to the 
gating strategy presented in Figure S6A (supporting information). For these cell 
populations, the uptake of Cy7-HA-NPs was determined and expressed as median 
fluorescence intensity per cell (MFI). Furthermore, MFI of Brilliant Violet 650TM-
CD44 and Cy5-HA were used as quantifiers of CD44 expression and HA-binding 
efficacy, respectively. The analysis of FACS data obtained from mice that underwent 
12 week-treatment was limited to the assessment of total immune cell population 
(CD45-positive), which was due to overall low cell numbers obtained from aortic 
arches.

4.6. Autoradiography of mouse aortas
The perfused and excised aortas were placed in a film cassette against a 

phosphorimaging plate (BASMS-2325, Fujifilm, Valhalla, NY) for 72 h at -20 °C to 
determine the radiotracer distribution. Phosphorimaging plates were read at a pixel 
resolution of 25 μm with a Typhoon 7000IP plate reader (GE Healthcare, Pittsburgh, 
PA). The images were post-processed using ImageJ software.

4.7. Pharmacokinetics and biodistribution in mice
Gamma counting was used to assess the biodistribution and clearance kinetics of 

89Zr- HA-NPs and performed on a Wizard2 2470 Automatic Gamma Counter (Perkin 
Elmer, Waltham, MA). First, the injection samples of 89Zr-HA-NP were measured to 
determine the total injected dose of radioactivity (ID). Two min, 30 min, 2 h, 6 h and 
24 h post- administration, small blood samples were taken from the lateral tail vein. 
At 24 h after injection of 89Zr- HA-NPs, the mice were sacrificed and the aorta, liver, 
spleen, kidneys, lung, heart and a part of the femoral muscle were collected. The 
radioactivity of each sample was measured and normalized to the ID and sample 
weight, and expressed as the percentage of ID that was retrieved in one gram of 
tissue (%ID/g). For statistical comparison of aortas, the aortic radioactivity was 
normalized to the ID only and expressed as the percentage of injected dose (%ID).

To determine the blood clearance parameters, the blood radioactivity data 
were fitted by a mono- and bi-exponential decay model. The best fitting model, as 
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concluded from the correlation coefficient, r2, was used for reporting. The same 
strategy was used for the rabbit data.

4.8. Immunohistochemistry of mouse tissues
The mouse aortic arches were embedded in Tissue-Tek O.C.T. (Sakura; Alphen 

aan den Rijn, Netherlands) and frozen in 2-methylbutane (Sigma) on dry ice. 
Subsequently, was cut into 7 μm-thick sections and fixed with ice-cold acetone for 5 
min. Before staining, they were blocked with 5 % fetal calf serum (FCS) in PBS for 60 
min. Next, the sections were incubated overnight at 4 °C with rat anti-mouse CD68 
primary antibody (AbD Serotec; 1:200 dilution; Clone: FA-11). After washing, Alexa 
Fluor 488-conjugated donkey anti-rat IgG secondary antibody (Thermo Fischer 
Scientific; 1:500 dilution) was applied for 1 hour. Nuclei were stained with DAPI.

The images of stained aortic arches were acquired using Leica TCS SP8 confocal 
microscope (Leica Microsystems) at × 400 magnification. On average, we imaged 
4 different plaque areas in each arch section, while imaging 6 tissue sections per 
mouse. The obtained images were analyzed using Leica LAS-X software. First, we 
defined the plaque area, which was used as normalizing parameter. Furthermore, 
we determined the area positive for Alexa Fluor 488-CD68 (macrophage staining) or 
HA-NPs-Cy5.5. This was done by applying threshold to the appropriate fluorescence 
channel and creating mask, which was used to calculate the fluorescence-positive 
area. Furthermore, the area of colocalization of Alexa Fluor 488-CD68 with HA-
NPs-Cy5.5 was determined. Subsequently, we calculated the percentage of HA-
NP-positive area that colocalizes with macrophage staining, which was used as an 
indicative of the HA-NP selectivity towards plaque-associated macrophages.

To determine the effects of HA-NP treatment on the atherosclerotic plaque 
development, the mouse hearts with aortic roots were fixed in 4 % paraformaldehyde 
(Sigma-Aldrich) and embedded in paraffin, after the process of dehydration. The 
aortic roots were cut into 7 μm-thick sections and stained with 1) hematoxyline and 
eosin (H&E); 2) rat anti-mouse MAC-3 antibody (clone M3/84; BD Pharmingen; 1:30 
dilution; overnight incubation), followed by rabbit anti-rat biotinylated secondary 
antibody (Vector Laboratories, Burlingame, CA; 1:300 dilution, 30 min incubation) 
and avidin-peroxidase (Vectastatin Elite ABC HRP Kit, Vector Laboratories), color 
was induced with ImmPact AMEC red peroxidase substrate (Vector Laboratories); 
and 3) sirius red staining (Sigma- Aldrich) (collagen staining). The stained tissues 
were analyzed with light microscope (Leica) at × 50 magnification. The mean plaque 
area was assessed from H&E-stained sections. This was done by delineating plaque 
areas in 5-6 root sections/mouse. The selected sections had to contain all three aortic 
valves. The average of all measurements was used as the mean plaque area. The 
fractions of macrophage and collagen area were assessed in a similar manner. First, 
the total plaque area was delineated and calculated. The further image analysis 
included only the plaque area. Color images were transformed into grey-scale 
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images. Subsequently, a threshold was set to select only high-intensity pixels and 
create binary image. From the latter one, the threshold-limited area was calculated 
and normalized to the total plaque area. All the aforementioned image analyses 
were performed using Fiji software [82].

4.9. PET/MR imaging in rabbits
Rabbits (n=3, weight: 3.6 ± 0.4 kg) received a 24G-catheter in the right marginal 

ear vein for injection with 89Zr-HA-NPs and Cy5.5-HA-NPs (1.40 ± 0.02 mCi; ~25 
mg total HA). Anesthesia was induced by an intramuscular injection of ketamine 
(20 mg/kg) (Fort Dodge Animal Health, Overland Park, Kansas, USA), combined 
with xylazine (0.5 mg/kg) (Bayer, Shawnee Mission, Kansas, USA). Before scanning, 
all rabbits received a urine- catheter to prevent any disruptions from signal in the 
bladder and were placed in a body matrix coil. During scanning, rabbits received 
isoflurane anesthesia at 1.5 % by inhalation and were oxygenated for the remaining 
of the PET/MR imaging experiment, while vital parameters were monitored.

Shortly after 89Zr-HA-NPs injection, images were acquired in a dynamic fashion 
for the duration of 2 h using a clinical 3 Tesla PET/MRI Biograph mMR (Siemens, 
München, Germany). Attenuation correction of PET images was done using the 
built-in two-point Dixon MR-based attenuation correction (MR-AC) map and images 
reconstructed using the OP-OSEM algorithm. After scout scans, the PET scan was 
initiated and acquired simultaneously with bright-blood time-of-flight (TOF) non-
contrast enhanced angiography was performed for localization of arterial anatomical 
landmarks (renal arteries and iliac bifurcation). Imaging parameters were: TR, 23 ms; 
TE, 2.8 ms; flip angle, 20 degrees; spatial resolution, 0.35 mm2 (interpolated); slice 
thickness, 1 mm. Simultaneously a black blood 3D T2 weighted Sampling Perfection 
with Application optimized Contrasts using different flip angle Evolution (SPACE) 
sequence was used for vessel wall delinetation. Imaging parameters were: TR, 1600 
ms; TE, 115 ms; flip angle, 120 degrees; echo train length (ETL), 83; spatial resolution, 
0.63 mm2 ; slice thickness, 0.63 mm. Static PET scans were performed at 12 ± 1.8 and 
at 24 ± 0.1 h after injection, using a TOF and MR-AC as described above.

Analysis of PET images was performed after all data were processed and divided 
in different time frames using a custom made program written in Matlab (MathWorks, 
Natick, MA, USA). All data was subsequently processed OsiriX imaging software 
(Pixmeo SARL, Bernex, Switzerland) by drawing regions of interest (ROIs) on 
the infrarenal abdominal aorta, and major organs (liver, spleen and kidneys). By 
averaging all acquired ROIs per organ (≥ 10 per organ), mean standardized uptake 
values (mean SUVmax) (g/ml) values for each target tissues were obtained.
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4.10. Pharmacokinetics and biodistribution in rabbits
Radioactivity half-lives were determined by drawing blood from the ear arteries 

at 1 and 30 min, and at 1, 2, 12, and 24 h post-injection. All rabbits were sacrificed by 
an i.v. injected overdose of 100 mg/kg sodium pentobarbital and flushed afterwards 
with a bolus of heparinized saline. All rabbits were pinched in the feet to check for 
reaction prior to systemic perfusion with at least 500 ml of saline solution. Aortas 
were excised and divided in thoracic and abdominal aorta, the latter with celiac 
trunk and renal arteries attached, serving as landmarks. The following organs were 
harvested: heart, lungs, liver, spleen, kidneys, para-aortic lymph node, and muscle. 
All tissues were weighted before counting with a Wizard2 2480 automatic gamma 
counter (Perkin Elmer).

4.11. Immunohistochemistry of rabbit aorta
From rabbits that were coinjected with 89Zr- and Cy5.5-labeled HA-NPs, several 

samples of abdominal and thoracic aorta were collected. The samples were frozen 
in Tissue-Tek O.C.T. (Sakura) and cut into 7 μm-thick sections. Before staining, they 
were fixed for 5 min in ice-cold acetone. After blocking with 4 % FCS, the aortic 
sections were stained with a mouse anti-rabbit macrophage antibody (RAM-11, 
Dako, Heverlee, Belgium). After overnight incubation and washing with Tris-
buffered saline, Alexa Fluor 594-conjugated secondary antibody was added and 
incubated for 0.5 h. DAPI was used as a nuclear staining. The images were acquired 
using confocal microscope Leica TCS SP8 at × 200 magnification or higher.

4.12. Statistical analysis
The normality of data distribution was tested by using Shapiro-Wilk test.[83] 

The in vitro FACS data on the macrophage uptake efficacy of Cy5.5-HA-NPs were 
analyzed with one-way ANOVA with Tukey post hoc test. The same test was used 
to study the differences in the Cy7-HA-NP uptake efficacy between the aortic, 
splenic and bone marrow macrophages. This comparison was done within the same 
mouse group, i.e, 6w HFD or 12w HFD. The inter-group differences were studied 
for each macrophage population separately with the independent samples t-test. 
To study the correlation between the HA-NP uptake and CD44 expression, and 
HA-binding in aortic leucocyte populations, we performed Spearman’s correlation 
test for non-normally distributed data. Furthermore, a t- test was performed for the 
following parameters: the fraction of Cy5.5-HA-NP-positive area that colocalized 
with macrophage staining and SUVmax in rabbits. The %ID in mouse aortas of two 
atherosclerotic mouse groups and wild-type mice were compared with one- way 
ANOVA with Tukey post hoc test. The same analysis method was used to determine 
the effects of weekly dosing of HA-NPs, free HA and PBS. All the analyses were 
performed using IBM SPSS Statistics 23 and setting the significance level at p < 0.05.
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APPENDIX І: SUPPLEMENTARY DATA

Figure S1| Direct stochastic optical reconstruction microscopy (dSTORM) image of surface immobilized 
carboxylic acid-derivative of Cy5.
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Figure S2| A) Representative intensity histograms of hyaluronan nanoparticles (HA-NPs, upper panel) 
and HA- NPs after treatment with hyaluronidase (HYAL) (HA-NPs + HYAL, lower panel), measured by 
dynamic light scattering (DLS). (B) The results obtained by atomic force microscopy (AFM), dSTORM, 
DLS and zeta sizer, displayed as the mean parameter value ± SD.
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Figure S3| Retention time histograms obtained by the size exclusion chromatography for HA-NPs (left 
panel) and linear HA (right panel) at the baseline state (black lines) and after hydrolysis with hyaluroni-
dase (HYAL) (grey lines).
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panel) and Cy5.5-labeled dextran nanoparticles (Dextran-NPs) (lower panel) in different phenotypes of 
bone marrow-derived macrophages. The macrophages are divided into three main phenotypic groups: 
naive (-) (white bars), interleukin 4 (IL-4)-stimulated (grey bars), and lipopolysaccharide (LPS) and 
interferon γ (INFγ)-stimulated (black bars). Moreover, three concentrations of oxidized low-density 
lipoprotein (oxLDL) were used for co-stimulation, i.e. 25, 50 and 100 μg/ml. The cellular uptake of 
fluorescently labeled materials is expressed as the median fluorescence intensity per cell (MFI). Bars 
represent mean ± SD. Symbol “*” indicates the significant difference at p < 0.05. B) Confocal microscopy 
images of bone marrow-derived macrophages that were either non-stimulated (naive) or stimulated with 
either IL4 or LPS + interferon γ, and incubated with 50 μg/ml of Cy5.5-HA-NPs (red, left panel) for 5 
hours at 4 °C. The cells were stained with anti-CD44 antibody (green, middle panel) and cell nuclei with 
DAPI (blue in merged images). In the lower panel, the images of naive macrophages incubated with Cy5-
HA at the same conditions as mentioned above. Scale bar in upper left image refers to all other images. C) 
The level of HA-NP uptake in differently stimulated macrophages (described above) incubated for 24 h 
with HA-NPs only (black bars), HA-NPs in competition with free HA, added at equal concentrations of 
50 μg/ml (white bars), and HA-NPs and anti-CD44 antibody (grey bars).
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Figure S5| Median fluorescence intensity (MFI) per cell generated by the uptake of Cy5.5-PLGA-
NPs in A) aortic, splenic and bone marrow resident macrophages, and B) different aortic immune cell 
populations, including macrophages (Mac), monocytes with a high and low expression of Ly6c (Ly6cH 

and Ly6cL, respectively) and neutrophils (Neu). Bars represent mean ± SD. Symbol “*” represent the 
significant difference at p < 0.05. Symbol “#” indicates significantly higher values compared to all other 
conditions at p < 0.05.

Figure S6| A) Representative scatter plots of aortic cells displaying gates that ware used to define the 
macrophages (Mac), Ly6clow and Ly6chigh monocytes (Mo) and neutrophils (Neu). B) Median fluorescence 
intensity (MFI) per cell generated by the uptake of Cy5.5-HA-NPs in aortic (left panel) and blood (right 
panel) immune cell populations, including macrophages (Mac), monocytes with high and low expression 
of Ly6c (Ly6cH and Ly6cL, respectively), neutrophils and non-immune cells (CD45 negative) (NIC). The 
black and grey bars represent the data obtained for mice fed with a high fat diet for 6 (6w HFD) and 12 
weeks (12w HFD), respectively. Bars represent mean ± SD. Symbol “*” represent the significant difference 
at p < 0.05.
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Figure S7| Median fluorescence intensity (MFI) in Cy7 channel of unstained and Cy7-stained control 
samples, which show minor inter-measurement variability. The samples were measured at the same 
session as one of the mouse groups, i.e., 6w HFD (black bars) or 12w HFD (grey bars).

Figure S8| Representative fluorescence images of mouse aortas without atherosclerosis (WT, left panel), 
with early atherosclerotic lesions induced by 6 weeks high fat diet (6w HFD, middle panel) and with 
advanced atherosclerotic lesions induced by 12 weeks high fat diet (12w HFD, right panel). The mice 
were injected intravenously with Cy5.5-labeled hyaluronan nanoparticles (HA-NPs) 24 h before the 
image acquisition on excised aortas. The images were obtained using IVIS Imaging System and radiance 
efficiency is displayed in a hot color scale.
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Figure S9| Biodistribution of 89Zr-HA-NPs in wild-type mice (WT, white bars), mice with early 
atherosclerosis (6w HFD, black bars) and mice with advanced atherosclerosis (12w HFD, grey bars). The 
organs were collected 24 h after injection of 89Zr-HA-NPs and measured by gamma counter. The results 
were expressed as the percentage of total injected dose (ID) per gram of tissue.

Figure S10| A) Median fluorescence intensity generated by Cy5.5-HA-NPs in blood circulating Ly6chigh 

(Ly6cH) and -low (Ly6cL) monocytes and neutrophils (Neu) 15 min (black bars) and 2 h (white bars) 
after intravenous administration of NPs. B) The percentages of Ly6cH (black bars) and Ly6cL (white bars) 
monocytes in the total monocyte population in blood of non-injected mice (Control) or mice that received 
Cy5.5-HA-NPs 15 min, 2 h and 24 h before the sacrifice. In all graphs, bars represent mean ± SD. “*” 
indicate significant difference at p < 0.05.
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Figure S11| Representative images of aortic roots from mice that received either PBS (Control, left image 
panel), HA-NPs (middle image panel) or free HA (right image panel) for 12 weeks of a high fat diet. The 
sections were stained with immune cell-specific CD45 antibody. The bar chart displays the percentage of 
plaque area that was positive for staining and represent mean ± SD. Symbol “*” indicates the significant 
difference at p < 0.05.

Figure S12| Flow cytometry measurements of different immune cell population, i.e., macrophages (Mac), 
Ly6clow (Ly6cL) and Ly6chigh (Ly6cH) monocytes (Mo) and neutrophils (Neu) in the spleen, blood and 
bone marrow of the PBS- (black bars), HA-NP- (white bars) and free HA-treated mice (grey bars). Bars 
represent the mean percentage of immune cell population ± SD.
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Figure S13 | Anti-inflammatory effects of HA-NPs in bone-marrow-derived macrophages (BMDMs). A) 
The concentrations of pro-inflammatory markers: nitric oxide (NO) (upper left), tumor necrosis factor 
(TNF) (upper right), interleukin-6 (IL-6) (lower left) and interleukin-12 (IL-12) (lower right), excreted by 
BMDMs that were stimulated with lipopolysaccharide (LPS) and interferon-γ (INF-γ) for 24h (Control) 
or first pre-stimulated for 24h with HA-NPs at three different concentrations i.e., 25 μg/ml, 200 μg/
ml or 1000 μg/ml, and subsequently stimulated with LPS and INF-γ. Free oligomeric HA was used at 
the same concentrations and using the same protocol as mentioned above. In the lower left panel, “#” 
indicates significantly higher concentration compared to Control, HA-NPs (all concentrations) and HA 
at 25 μg/ml. In the lower right panel, significant differences “*” are shown only for Control and HA-
NPs 1000 μg/ml. B) The expression of arginase-1 gene (Arg-1) (relative induction compared to naive 
macrophages), which is associated with pro-fibrotic macrophage phenotype. BMDMs were stimulated 
either with interleukin-4 (IL-4) for 24h (Control) or first pre-stimulated with HA-NPs or HA for 24 h at 
the concentrations mentioned above and subsequently stimulated with IL-4. “#” indicates significantly 
higher values compared to Control at p<0.05. In all graphs, bars represent mean ± SD. All data were tested 
by one-way ANOVA with LSD post-hoc test.
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APPENDIX ІІ: SUPPLEMENTARY 
METHODS
1. Preparation of poly(lactic-co-glycolic acid)-based 
nanoparticles (PLGA-NPs)

First, 6 mg of carboxyl-modified Cy5.5 (Lumiprobe, Hannover, Germany) was 
dissolved in 893.4 μl of dichlorometane (DCM) (Sigma-Aldrich, St Louis, MO, USA) 
and mixed with 10.66 μl of 1M N,N′-dicyclohexylcarbodiimide (DCC) (Sigma-
Aldrich) for 5 min. At the same time, 1.3 mg of 4-dimethylaminopyridine (DMAP) 
and 320 mg of PLGA (lactide:glycolide, 50:50; molecular weight: 30-60 kDa; Sigma-
Aldrich) was dissolved in 6.5 ml of DCM. Subsequently, DMAP-PLGA solution was 
added to the Cy5.5 solution and left in the dark under gentile stirring for 16 hours. 
After this time, the reaction mixture was dried in a desiccator at room temperature. 
The dried product was dissolved in 5 ml of acetonitrile (ACN) (Sigma-Aldrich) 
and precipitated using 20 ml ice-cold methanol. After centrifugation at 6000g for 
15 min, the supernatant, containing unconjugated Cy5.5, was discarded and the 
precipitation was repeated 2 more times. The conjugation efficiency of Cy5.5 was 
determined from the fluorescence emission of the product measured against a Cy5.5 
calibration curve. The labeling efficacy was ~ 50%.

20 g PLGA-PEG and 4.2 mg of Cy5.5-PLGA was dissolved in 2.42 ml of ACN 
(10 mg/ml). To form nanoparticles, ACN solution was dripped into 20 ml of PBS 
at a rate of 0.2 ml/min at room temperature under vigorous stirring. The solution 
was stirred continuously for 1h after dripping to induce evaporation of the organic 
solvent. Subsequently, the sample was centrifuged at 4000 rpm for 10 min to remove 
possible aggregates. This was followed by the sample wash with PBS (3 times) using 
a 100kDa vivaspin (Sartorius, Goettingen, Germany). The nanoparticles were stored 
at 4 °C protected from light. They were approximately 50 nm in diameter, according 
to DLS measurements, and their blood half-life was around 3 h (Zhao, Y.et al. Nat. 
Commun., 2016), which is similar to the HA-NP parameters.
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2. Determination of hyaluronan nanoparticle 
morphology 

2.1. Atomic force microscopy (AFM)

50 μl of HA-NPs in ultrapure water (1μg/ml) were spotted onto freshly cleaved 
mica plate (Ted Pella, Inc., Redding, CA) and incubated at room temperature for 
2 min. Subsequently, the liquid was carefully removed with a paper wipe and the 
sample was air- dried for 7 days. At least five different regions on the mica surface 
were examined. Images were collected using a MultiMode AFM with a Nanoscope V 
controller (Veeco Metrology LLC, Santa Barbara, CA) equipped with an E-scanner in 
tapping mode at 22–24 °C. All images were recorded using silicon microcantilevers 
(OMCL-AC160TS-W2, Olympus) withaspringconstantof 2N/m(manufacturer-
specified)andatascanrateof1–3Hz.The target amplitude was 300 mV with a set point 
of 230 mV for all measurements. Images were acquired in different scan directions 
and at different scales to verify the consistency of the evaluated structures. The 
diameter of HA-NPs was determined from the AFM images, normalized, binned, 
and plotted using Matlab (MathWorks, Inc., Natick, MA).

2.2. Cryo-scanning electron microscopy

10 μl of the HA nanoparticles solution was sandwiched between two metal 
discs (3 mm diameter, 0.1 mm cavities) and cryoimmobilized in a high-pressure 
freezing device (HPM10; Bal-Tec). The frozen samples were mounted on a holder 
under liquid nitrogen and transferred to a freeze fracture device (BAF 60; Bal-Tec) by 
using a vacuum cryotransfer device (VCT 100; Bal-Tec). Samples were fractured at a 
temperature of - 140 °C and etched for 5 min at -105 °C at a vacuum higher than 5 × 
107 mbar. Samples were observed uncoated in an Ultra 55 SEM (Zeiss, Oberkochen, 
Germany) by using a secondary electron in-lens detector and a backscattered electron 
in-lens detector (operating at 1.7 kV-1 kV) in the frozen-hydrated state by use of a 
cryostage at a temperature of - 120 °C.

2.3. Environmental scanning electron microscopy

An XL30 ESEM-FEG (FEI) was used to study the HA nanoparticles under the 
gradual dehydration by changing relative humidity (rh). This was achieved by 
controlling vapor pressure in the observation chamber, while keeping the other 
conditions stationary at 5 C and at 25 kV, making use of the factory settings that 
have been programmed into the ESEM using an isobar that associates the pressure, 
temperature and relative humidity.74 The samples were first imaged wet at 7 Torr 
(referred to as wet). They were then dried at 0% rh (∼0.1 Torr) and imaged at different 
humidity, at the water pressure less than 6 Torr samples was observed as totally dry. 
The best results were obtained at the water pressure between 6.5 Torr and 6.3 Torr.
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2.4. Super-resolution fluorescence microscopy

Super-resolution microscopy images of HA-NPs were acquired using Leica SR 
GSD system (Leica Microsystems, Son, Netherlands), using the direct stochastic 
optical reconstruction microscopy (dSTORM) technique. For sample preparation, 
round cover slide glasses (24 mm diameter, thickness 1.5 (0.16-0.19 mm), Thermo 
Fisher Scientific) were cleaned with 1 M KOH (1h incubation) and PBS (4 washes). 
Subsequently, they were coated with 100 mg/ml of poly-D-lysine (Merck Millipore, 
Darmstadt, Germany) for 0.5 h and washed extensively with PBS. Cy5.5-HA-NPs 
were diluted down to approximately 1 ng HA/ml of PBS and administered on the 
coated glass surface. After few seconds of incubation, the glasses were washed 
extensively with PBS. The sample was imaged using a buffer, which contained 20 
mM cysteamine (Sigma-Aldrich), 1% (v/v) mercaptoethanol (Sigma-Aldrich), 170 U 
of glucose oxidase type seven from Aspergillius (Sigma-Aldrich), 1400 U of catalase 
from bovine liver (Sigma-Aldrich) and 10% (w/v) of glucose in 50 mM Tris-HCl and 
10 mM NaCl solution.

The 2D images were acquired using 642/500mW laser and 160× oil immersion 
objective. 18 × 18 μm2 images were acquired using the exposure time of 10 ms and 
by collecting 40,000 frames. The detection threshold was 20 photons and in-plane 
resolution was 10 nm. Data analysis was performed in Fiji using the ThunderSTORM 
plugin software [75].

The HA-NP morphology was also investigated after the in vivo administration of 
Cy5.5- labeled nanomaterial in atherosclerotic mice. 2h after intravenous injection of 
Cy5.5-HA- NPs, the mice were sacrificed, the aortae were excised and fixed using 
4% PFA for 10 min. The vessel samples were subsequently cut-open longitudinally 
to expose the endothelial surface. The endothelial lining was stained with rat anti-
mouse CD31 primary antibody and goat anti-rat Alexa Fluor 555 secondary antibody. 
Just before imaging, the vessel samples were incubated in an imaging buffer (100 μl 
of sodium DL-lactate, 50 μl of 0.5M β-mercaptoethylamine hydrochloride (MEA) 
(pH 8-8.5), 3 μl of 5M NaOH, 15 μl of 3%(v/v) OxyFluorTM (Oxyrase Inc., Mansfield, 
Ohio, USA) and 350 μl of PBS) and mounted in a drop of the same buffer between a 
histological glass and a coverglass (#1.5).

Samples were images on a Leica SR-GSD microscope using 532/500mW and 
642/500mW lasers, and 160× oil immersion objective. First, Cy5.5 (HA-NP label) was 
imaged, followed by Alexa Fluor 555 (CD31). Around 10,000 frames were collected 
with an image size of 18 × 18 μm2. The images were reconstructed with a threshold 
of 50 photons and a pixel size of 10 nm by Leica image software.
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3. Determination of hyaluronan breakdown products 
after hyaluronidase treatment 

3.1. Colorimetric assessment of terminal N-acetylglucosamine

The determination of N-acetyl-D-glucosamine, which becomes exposed at 
terminal ends of hyaluronan as a result of hyaluronidase (HYAL) activity, was 
performed using the colorimetric method described previously by Reissig et al.76 
First, HA and HA-NPs were diluted in PBS pH 6 to the concentration of 0.75 mg/
ml. Subsequently, HYAL (Sigma- Aldrich) was added at the final concentration of 
100 U/ml and incubated in water bath at 37 °C. The samples have been probed 
at several time points during incubation with HYAL i.e., at 0 min (before adding 
enzyme), 2 min, 5 min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 6 h, 24 h and 48 h after 
adding HYAL. HA and HA-NPs without HYAL addition were used as negative 
controls. N-acethyloglucosamine (Sigma-Aldrich) served as positive control. At 
each timepoint, 100 μl of sample was aspired and diluted up to 0.5 ml in PBS in a 
13 X 100 mm test-tube, and heated for 5 min at 100 °C to stop the enzyme reaction. 
Subsequently, 0.1 ml of 0.8M potassium tetraborate (pH 9) was added. The mixture 
was heated in a heating block at 100 °C for exactly 3 minutes and cooled in tap 
water. 3 ml of p- dimethylaminobenzaldehyde (DMAB) reagent (10 g of DMAB 
dissolved in 100 ml of glacial acetic acid containing 12.5 % (v/v) of 10 N HCl; shortly 
before use it was diluted with 9 volumes of glacial acetic acid) are then added, and, 
immediately after mixing, the tubes are placed in a water bath at 37 °C. After 20 
minutes the tubes were cooled under tap water and the absorbance was measured 
at 544 nm wavelength. The experiment was performed in triplicate and using three 
different batches of HA-NPs.

3.2. Determination of hyaluronan polymerization by gel 
electrophoresis

The mobility of HA-NPs and their breakdown products was investigated by 
gel electrophoresis. Free hyaluronan of different molecular weights (Lifecore 
Biomedical), i.e., ~75 kDa (66-99kDa), ~400 kDa (300-450kDa) and ~1.5 MDa 
(1.0-1.8 MDa), was used as a reference. The electrophoresis was performed using 
polyacrylamide gels with a concentration gradient of 4-20 % 8 x 8 cm (Invitrogen), 
TBE buffer (Invitrogen) and X-cell SureLock Mini Cell apparatus. Hyaluronan 
samples were prepared at the concentration of 1 mg/ml in PBS pH 6. The samples 
were incubated for 2 h at 37 °C either without or with HYAL, which was added at the 
final concentration of 100 U/ml. Subsequently, the samples were heated for 5 min at 
100 °C to deactivate the enzyme. 20 μl of each sample was mixed with 5 μl of high-
density loading buffer and pippeted into to gel wells. Electrophoresis was carried 
out at room temperature at the constant voltage of 300 V for ~40 min. After the run, 
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gels were removed from the cassette and stained with 0.005% Stains-All solution in 
50% ethanol for 1 h. Subsequently, the gel was destained in 10% ethanol solution and 
scanned in transmission mode using GenoSmart gel system (GenoSmart Ltd, Hod 
Hasharon, Israel).

3.3. Size exclusion analysis of HA-NPs and their hydrolysis 
products

Fast protein liquid chromatography (FPLC) measurements of HA-NPs and their 
hydrolysis products (treatment as described above) were performed on a Shimadzu 
HPLC system equipped with two LC-10AT pumps and an SPD-M10AVP photodiode 
array detector, and using a Superdex 75 10/300 GL column (GE Healthcare Life 
Sciences, Pittsburgh, PA). PBS was used as an eluent at a flow rate of 1.0 mL/min. 
Oligomeric HA (60-90kDa) and its hydrolysis products were used as comparison 
for HA-NP samples. The exclusion limit was 1.3 MDa, which corresponded to the 
retention time (tR) of 9 min. The following size standards were used: thyroglobulin 
670 kDa, tR: 9.8 min; y-globulin 158 kDa, tR: 13.4 min, ovoalbumin 44 kDa, tR: 16.6 
min, myoglobulin 17 kDa, tR: 19.1 min, vitamin B12 1.35 kDa, tR: 22.8 min. Albumin’s 
(67kDa) tR was 14.7 min. 

4. Bone marrow-derived macrophage experiments
Bone marrow cells were isolated from mouse femur and cultured in RPMI medium 

supplemented with L929-conditioned medium to generate bone marrow-derived 
macrophages, as described by Peiser et al [77]. To induce the pro-inflammatory 
macrophage phenotype, cells were stimulated with 10 ng/ml of lipopolysaccharide 
(LPS) (Sigma-Aldrich) and 10 U/ml interferon gamma (IFN-ɣ) (PeproTech, London, 
UK) for 72 h. To stimulate macrophages towards the anti-inflammatory phenotype, 
cells were treated with 20 ng/ml of interleukin 4 (IL-4) (PeproTech) for 72 h. 
Furthermore, cells were co- stimulated with oxidized low-density lipoprotein (oxLDL) 
(Alfa Aesar, Massachusetts, USA) at three different concentrations: 25 μg/ml, 50 μg/
ml or 100 μg/ml, or contained no oxLDL. The naive macrophages were either non-
stimulated or stimulated with oxLDL. After 48 h from the start of stimulation, Cy5.5-
HA-NPs were added at 200 μg HA/ml. 24 h thereafter, the cells were washed 3 times 
with PBS, detached and analyzed by flow cytometry (FACSCanto; BD Biosciences, 
San Jose, CA, USA). The median flourescence intensity/cell was used as a quantifier 
of the Cy5.5-HA-NP uptake.
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CHAPTER 8 
Summary and Perspectives

1. SUMMARY
Atherosclerosis, a chronic inflammatory vascular disease, which has been 

recently identified in 5000-year mummies [1] remains undefeated. It is the common 
underlying cause of deadly cardiovascular diseases (CVD), including heart attacks, 
strokes, peripheral vascular diseases. Collectively, CVD is the number one killer 
among the non- communicable diseases globally (17.7 million people annually), far 
more deadly than cancer (8.8 million) [2,3]. This tremendous socioeconomic burden 
calls for further investigation and investment to develop effective, innovative, and 
clinically viable interventions for the treatment of atherosclerosis. One important 
initiative in this direction is NanoAthero, a European Consortium that funded 
the research work presented in this thesis. This program aims to demonstrate the 
preliminary clinical feasibility of the use of nanosystems for targeted imaging 
and treatment of advanced atherosclerosis [4]. The enthusiasm generated for 
the use of nanocarrier drug delivery systems in atherosclerosis is mainly driven 
by the significant progress made in the field of oncological nanomedicine [5]. 
Capitalizing on the achievements in the nanomedicine field, the main aim of this 
thesis is to contribute to the development and use of targeted nanomedicines in 
atherosclerosis. To this end, we adopted a ‘disease first’ approach to develop efficient 
targeted nanomedicines, in which particular attention is paid to the underlying 
pathophysiological processes in atherosclerosis. Macrophages are key players in 
these processes that affect atherosclerotic plaque inflammation and vulnerability 
to rupture. Moreover, their phagocytic capacity makes macrophages ideal targets 
for nanomedicine-based approaches. Understanding the role of plaque-associated 
macrophages and their interactions with the different nanocarriers is crucial for 
the successful development of efficacious, clinically relevant nanotherapeutics for 
atherosclerotic cardiovascular diseases.

Chapter 1 represents a general introduction to the subject and an outline of 
this thesis. Chapter 2 provides an overview of the interplay between the advances 
in nanomedicine and our understanding of chronic inflammatory disorders, 
including atherosclerosis. Although atherosclerosis and other chronic inflammatory 
diseases may represent different phenotypical outcomes, they possess a common 
denominator, inflammation, and share interactive pathophysiological features in 
which monocyte recruitment, macrophage polarization, and enhanced vascular 
permeability play critical roles. Understanding and exploiting the commonalities in 
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monocyte/macrophage dynamics and functions in chronic inflammatory diseases 
can facilitate efficient nanomedicine development for such diseases.

The research dealing with the application of nanomedicines for targeting 
inflammatory disorders starts in Chapter 3, which describes the use of the omega-3 
(ω3) polyunsaturated fatty acid docosahexaenoic acid (DHA) as a nature-inspired, 
biologically active component incorporated into PEGylated liposomes. ω3 
polyunsaturated fatty acids (PUFAs) are widely used orally by patients suffering 
from atherosclerotic cardiovascular diseases and cancer, which share common 
key pathophysiological features, including inflammation, oxidative stress, and 
uncontrolled cell proliferation [6,7]. ω3 PUFAs can be used to resolve the underlying 
inflammation via their anti-inflammatory effects and as precursors of pro-resolving 
lipid mediators [8]. However, the beneficial effects of ω3 fatty acids cannot be fully 
exploited unless diets are enriched with high concentrations and used over long 
periods of time (ranging from 0.4 to 4 g/day for at least four months, Clinical Trial 
Identifiers: NCT01078909 and NCT01865448). Chapter 3 introduces a nanomedicine- 
based approach based on DHA liposomes to achieve enhanced delivery of PUFAs to 
inflammatory cells [9]. Liposomes were chosen as they are the front runner platform 
in the field of targeted nanomedicine, and are suitable for parenteral administration. 
We found that DHA liposomes (ω-liposomes) displayed similar physicochemical 
characteristics to control liposomes. The mean diameter and size distribution of the 
ω-liposomes remained unchanged compared to control liposomes, and retained their 
activity upon storage for more than five weeks. ω-liposomes showed antioxidant and 
anti-inflammatory effects in vitro, as demonstrated by the inhibition of the production 
of reactive nitrogen/oxygen species, monocyte chemotactic protein 1 (MCP1), and 
Tumor necrosis factor alpha (TNFα), and reducing NFκB activation in activated 
immune cells. Moreover, the treatment with the ω-liposomal formulation inhibited 
tumor cell proliferation. We concluded that this nanonutraceutical formulation has 
promising potential and deserves further research attention.

The majority of nanopharmaceutical applications are targeted delivery systems 
containing small molecule drugs. The selection of an appropriate drug candidate 
is critical for successful targeted drug delivery strategy in atherosclerosis. Chapter 
4 describes multiple pathway screening assays to select small molecule drug 
candidate(s). We evaluated the effects of these compounds on the primary pathways 
that involve macrophages in atherosclerosis, including lipid metabolism, endoplasmic 
reticulum (ER) stress, macrophage cell proliferation, the release of proinflammatory 
cytokines, and unbalanced oxidative stress. We found that the anti-inflammatory 
effect of prednisolone might be counterbalanced by adverse effects on the lipid 
efflux and ER stress pathways. Conversely, pterostilbene (a natural anti-oxidant 
molecule), liver X receptor (LXR) agonists (lipid efflux stimulators), and statins 
(HMG-CoA reductase inhibitors) were identified to have an overall superior anti-
atherogenic effect, attributed to their beneficial impact on inflammation, oxidative 
stress, lipid handling, and macrophage proliferation. Since both LXR agonists and 
statins are small molecule drugs which have advanced to clinical studies/use, we 
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further investigated these compounds for targeted drug delivery approaches in the 
following two chapters using animal models of atherosclerosis.

In Chapter 5, the LXR agonist GW3965, which failed in clinical trials due to liver 
toxicity [10], was investigated for a nanoparticle-based drug delivery approach in 
the apolipoprotein E-deficient (Apoe—/—) mouse model of atherosclerosis [11]. First, a 
combinatorial library of 17 nanoparticles (NP) with distinct physiochemical properties 
(mainly size and chemical composition) and different immune cell specificities was 
developed and evaluated in vivo. The library’s nanoparticles are based on the natural 
high- density lipoprotein, which can preferentially deliver therapeutic compounds 
to pathological macrophages in atherosclerosis. To improve the therapeutic index 
of an LXR agonist, plaque macrophage-targeted delivery, with minimal delivery to 
nonpathological cells in other tissues, is essential. Using a combination of optical 
methods, immunological techniques, and in vivo positron emission tomography 
(PET) imaging, two nanoparticles from the library were carefully selected for 
subsequent safety and efficacy studies. The hydrophobic GW3965, referred to as Rx 
in the chapter, was loaded into the first nanocarrier candidate, HDL nanoparticles 
(NP 10, Rx-HDL), and found to have high cholesterol efflux efficiency, a relatively 
long blood half-life, high relative aorta-to-liver accumulation, and a high relative 
aortic-to splenic macrophage association ratio. The second candidate (Rx- PLGA-
HDL) was based on polylactic-co-glycolic acid (PLGA) core HDL nanoparticles 
(NP 14) and showed unfavorable characteristics for GW3965 delivery such as poor 
cholesterol efflux efficiency, relatively short blood half-life, and low relative aorta-
to-liver accumulation. The Rx-PLGA-HDL increased the expression of two of the 
three major GW3965-related toxicity genes, while the Rx-HDL’s optimal in vivo 
performance abolished liver toxicity. In the aortic macrophages, Rx-HDL increased 
expression of five GW3965 target genes compared with the vehicle HDL control, 
whereas Rx-PLGA-HDL increased expression of only four genes compared with 
the vehicle PLGA-HDL control. Treatment with Rx-HDL resulted in 28% less total 
lipid in aortic macrophages. Furthermore, the treatment reduced total lipid levels 
in monocytes by 43.0% and in all CD45— cells by 40.0%. In conclusion, targeted 
delivery of the LXR agonist GW3965 to atherosclerotic plaque macrophages using 
HDL nanoparticles improved the therapeutic efficacy of the drug while eliminating 
its hepatotoxicity. Therefore, screening nanoparticles’ specificity to immune cells 
appears to be a viable strategy to develop tailored therapies for atherosclerosis and 
other inflammatory diseases.

Chapter 6 discusses a comprehensive head-to-head analysis of three clinically 
viable nanomedicines targeting the HMG-CoA reductase inhibitor simvastatin 
[S] to advanced atherosclerotic plaques in Apoe—/— mice. Intravenous nanocarrier-
mediated targeting of HMG-CoA inhibitors to atherosclerotic plaques is an 
attractive approach to achieve enhanced anti-inflammatory and anti-atherosclerotic 
effects, beyond statins’ lipid lowering effects [12]. In this study, we compared [S]-
HDL, [S]-N-(2-hydroxypropyl)- methacrylamide benzyl mPEG-b-p(HPMAm-
Bz))-based PEGylated polymeric micelles (mPEG-b-p(HPMAm-Bz); [S]-PM), and 



240 CHAPTER 8 Summary and Perspectives

8

[S]-PEGylated liposomes ([S]-LIP). Liposomes were included as they are often 
regarded as the standard nanomedicine for targeted drug delivery and were the 
first to advance to the clinical stage. Additionally, liposomes have been shown to 
successfully target atherosclerotic plaques in rabbits [13] and humans [14]. HDL, a 
natural self-assembled nanocarrier, has an intrinsic affinity for plaque macrophages 
in different atherosclerosis animal models, as we showed in Chapter 5. The natural 
targeting ability of HDL and the possibility to incorporate hydrophobic compounds 
in its core makes it an attractive platform for drug delivery. A new generation of 
HPMA block copolymer-based micelles was shown to improve the retention of 
hydrophobic chemotherapeutic drugs in their matrix by π-π stacking [15], offering 
effective targeted drug delivery to tumors [16] and inflammatory sites [17]. However, 
they have not yet been appraised in atherosclerosis. Here, we explored their ability 
to target atherosclerotic plaques for the first time and compared their performance 
with previously assessed HDL and liposomal formulations. Our head-to-head 
comparison disclosed marked differences between the platforms:

• Superior drug retention in vitro in [S]-PM under physiological conditions,
• Comparable and longer circulation half-lives of [S]-PM and [S]-LIP
• Similar accumulation of the three [S]-nanoformulations in atherosclerotic plaques
• Distinct uptake of [S]-nanomedicines within the lesion by plaque-associated 

macrophages and monocytes
• Improved efficacy of [S]-PM in reducing plaque macrophage burden

These findings underscore the importance of studying the drug retention in 
nanoparticles while they are circulating in the bloodstream and their uptake by 
target immune cells. Moreover, our head-to-head approach demonstrates the value 
of applying or repurposing nanomaterials to deliver compounds in maladaptive 
inflammation-associated diseases, beyond cancer.

Chapter 7 presents a different innovative strategy involving hyaluronan 
nanoparticles (HA-NPs) to target plaque macrophages and to increase atherosclerotic 
plaque stability. Hyaluronan is a linear biologically active polymer that displays 
unique physicochemical and biological properties [18]. As a primary component of 
the extracellular matrix, and through interaction with several hyaluronan receptors, 
including CD44, ICAM-1, and TLR- 4, hyaluronan regulates cell adhesion, migration, 
and proliferation [19]. At the inflammatory lesions, hyaluronan and hyaluronan-
binding proteins on the vascular endothelium mediate rolling, extravasation, 
and proliferation of immune cells, which can drive the initiation and progression 
of chronic inflammatory diseases [20], including atherosclerosis. Such unique 
biological activities of hyaluronan, supplemented with non-immunogenicity and 
cost-effective production, have boosted its biomedical applications [21], mainly in 
arthrology, ophthalmology and aesthetic medicine. The systemic use of hyaluronan 
is challenging due to its rapid blood clearance and susceptibility to hydrolysis [22]. 
We exploited hyaluronan’s supramolecular chemistry to formulate nanoparticles. 
Several advanced microscopy methods, including atomic force microscopy, cryo-
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scanning electron microscopy, and super-resolution fluorescence microscopy were 
used to assure the morphological and chemical stability of HA-NPs. Flow cytometry 
showed 6- to 40-fold higher uptake of Cy7-HA-NPs by aortic macrophages 
compared to normal tissue macrophages. Remarkably, both local and systemic HA-
NP-immune cell interactions significantly decreased over the disease progression 
period. Additionally, 89Zr- HA-NPs accumulated in atherosclerotic aortas of Apoe—/— 
mice 30% higher than in wild-type controls. The translational potential of HA-NPs 
was also investigated in a rabbit model of atherosclerosis. PET imaging of rabbits 
revealed 6-fold higher standardized uptake values of HA-NPs in the atherosclerotic 
aorta compared to muscle tissue. To investigate HA-NPs therapeutic effects, Apoe—/— 
mice were injected intravenously with 50 mg/kg/week of HA-NPs during a 12 week 
high-fat diet feeding period. The atherosclerotic lesions were significantly smaller 
and contained approximately 30% fewer macrophages compared to both the control 
and free HA-treated mice. Also, atherosclerotic plaques from mice treated with 
HA-NPs displayed 30-40% higher collagen content, which is considered a marker 
of plaque stability. In conclusion, biocompatible HA-NPs were developed, which 
should be further investigated for the potential anti-inflammatory effects.

2. PERSPECTIVE
This thesis adopts a disease-based approach for selecting drug candidates and 

for developing targeted nanomedicines to treat inflammatory atherosclerosis. 
Although the in vitro and in vivo results obtained show that individual small 
molecule compounds and nanoplatforms are potential candidates for the treatment 
of atherosclerosis, further optimization is needed to facilitate clinical translation.

2.1. Bioactive natural compounds and inflammation 
resolution

Selection of the right combination of the therapeutic cargo and the nanocarrier 
is critical for developing efficient targeted nanomedicines for atherosclerosis. Two 
of the compounds (i.e. LXR agonist and simvastatin) that were rated highly as anti-
atherogenic in Chapter 4 were successfully developed into HDL- or polymeric micelle-
based nanomedicines and showed their potential in experimental atherosclerosis 
(Chapter 5 and 6). However, pterostilbene, a natural compound ranked the 
highest as anti-atherogenic in Chapter 4 due to its anti-inflammatory, antioxidant, 
and lipid efflux activity, needs further investigation. In an early pilot study, we 
conducted an experiment in atherosclerotic mice using pterostilbene phosphate 
containing liposomes (PPL). However, this study did not show any differences 
between control empty liposomes and the PPL formulation (unpublished data). The 
following extensive in vivo studies in Chapter 5 and 6 demonstrated that liposomes 
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show limited uptake by plaque-associated macrophages and may not be an ideal 
nanocarrier for targeted drug delivery in mice with advanced atherosclerosis. Thus, 
further investigation is warranted to validate the effects of pterostilbene delivery 
by other carrier systems, herein HDL or HPMA polymeric micelles, in experimental 
atherosclerosis.

Promoting inflammation resolution in atherosclerotic plaques may lead to 
improved therapeutic outcomes. The small molecule drugs studied in this thesis 
demonstrate anti-inflammatory actions, through different pathways. Resolution and 
anti-inflammation are not synonymous. Resolution is an active process that results 
in cessation of proinflammatory signaling, removal of debris from inflamed lesions, 
and the return to homeostatic conditions (i.e. tissue repair) [23]. Investigating 
targeted delivery of pro-resolving molecules in vivo can result in such dual anti-
inflammatory and pro-resolving effects. Examples of precursors of pro-resolving 
molecules are eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 
(Chapter 3), their derivatives such as docosahexaenoic acid docosahexaenoic acid-
containing phospholipids and triglycerides, and their pro-resolving lipid mediators/
metabolites such as resolvin D1, resolvin D2, and maresin 1 [24]. These bioactive 
lipids can be easily incorporated into lipid-based nanoparticles to formulate a 
bioactive carrier per se (work in progress). Also, small molecule drugs may be co-
incorporated to achieve multiple-targeted nanotherapeutics.

More examples of bioactive lipids are oxysterols, which are cholesterol 
metabolites. Such compounds (e.g. desmosterol) have a plethora of physiological 
effects, including regulation of cholesterol, lipid, and glucose homeostasis [25]. 
Additionally, oxysterols can activate nuclear receptors such as LXRs, cholesterol 
sensing nuclear receptors, and can modulate inflammatory response [26]. A high 
level of desmosterol was showed to inhibit pro-inflammatory gene expression 
in atherosclerotic lesions through both LXR-dependent and LXR-independent 
mechanisms [27]. These bioactive lipids share a similar structure with cholesterol 
(Figure 1), an important constituent of some lipid-based nanoparticles. Thus, 
oxysterol containing nanoparticles can be used to enrich oxysterol levels in 
atherosclerotic plaque, improving therapeutic outcome.



243CHAPTER 8Summary and Perspectives

8

2.2. Tailoring disease-specific nanomedicines
This thesis focuses on targeted drug delivery to innate immune cells, such as 

macrophages/monocytes in atherosclerosis, as they are the key effector cells 
and the most prone to take up nanomedicines. Our results demonstrated that 
ω-liposomes (Chapter 5), LXR agonist-HDL (Chapter 5), simvastatin-loaded HDL 
and polymeric micelles (Chapter 6), and hyaluronan nanoparticles (Chapter 7) 
modulate the phenotype and number of plaque macrophages. However, other 
disease-related elements need to be investigated further as well. For example, the 
memory of monocyte/macrophages, a novel concept known as ‘trained immunity’, 
can be modulated by nanomedicines and may have long-term consequences 
on the progression of the disease [28]. Other aspects to consider are the effect of 
nanomedicines on the activation of adaptive immune cells, such as T and B cells, 
and the paracrine signaling between innate and adaptive immunity. The presence 
of activated T cells in atherosclerotic plaques indicates that they can affect disease 
progression, yet the mechanisms remain unclear [29]. Moreover, dissecting the impact 

Figure 1| A) The chemical structure of cholesterol and desmosterol. Effect of blank liposomes (Blank 
LIP) and desmosterol liposomes (Desm. LIP) on gene expression of Cholesterol Transporters B) ABCA1 
and C) ABCG1, relative to the housekeeping gene 36B4, in THP-1 macrophage. Desm.LIP (0.25 mM TL 
equivalent to 50 μg/mL desmosterol; 0.125 mM TL equivalent to 25 μg/mL desmosterol). LXR ag. (LXR 
agonist) T0901317 served as a positive control. mM TL: millimolar total lipid.
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of targeted therapies on innate and adaptive immunity and a better understanding 
of the role of lesion-associated cells, such as smooth muscle cells and fibroblasts, 
will allow the design of better nanotherapeutics tailored to the characteristics and 
pathophysiology of the atherosclerotic disease [30].

In addition to targeting the immune cell compartment, plaque phenotype may 
change during the disease as shown in Chapter 7. Therefore, the strategies to 
develop targeted therapeutics to treat the early phases of the disease may not be 
suitable for late stages [31]. Finally, the most likely clinical scenario for nanomedicine 
application in atherosclerosis is after an acute event, such as myocardial infarction 
(MI). Validating the effects of nanomedicines in preclinical models that imitate this 
setting is essential for clinical translation.

2.3. Imaging-guided revival of nanomedicine
We employed PET/CT and PET/MR imaging modalities (Chapter 5,6 and 7), 

which demonstrated their potential to noninvasively investigate different aspects 
of nanomedicines’ behavior in vivo (e.g. pharmacokinetics and biodistribution). 
However, these powerful imaging modalities can also be utilized to assess the 
effectiveness of nanomedicines noninvasively. In this context of image-guided 
therapy, PET/CT or PET/MR imaging of atherosclerotic plaques using 18F-sodium 
fluoride, a radiotracer used to evaluate plaque microcalcification [32], or 18F-FDG, 
for inflammation [33], can be employed. Additionally, nanobodies, which have 
faster blood clearance than antibodies, can be used for noninvasive nuclear imaging 
of relevant molecular targets of atherosclerotic plaques such as VCAM-1 [34].

Noninvasive imaging can also allow identifying subjects/patients who would 
benefit most from a nanotherapy. The majority of nanomedicine applications rely on 
the passive accumulation of nanoparticles in lesions due to the enhanced retention 
and permeability effect (so-called EPR effect), which may differ from patient to 
patient. Preselection of patients, for example by using a PET nanoreporter [35] 
approach, could improve the success rate of nanomedicine in the clinic.

2.4. Pharmaceutical development of promising 
nanomedicines for clinical translation

Finally, based on the favorable results presented in this thesis, we consider that 
HDL nanoparticles and HPMA polymeric micelles hold promise for future clinical 
applications in atherosclerosis. HDL nanoparticles show high affinity for plaque-
associated macrophages (in Chapter 5 and 6), despite the relatively short circulation 
kinetics. Such characteristics make HDL an ideal imaging platform for noninvasive 
monitoring of lesion-associated macrophages. On the other hand, HPMA polymeric 
micelles (in Chapter 6) possess longer circulation times, high stability/retention 
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of hydrophobic drugs in their matrix, and high uptake by both pro-inflammatory 
monocytes and macrophages. Such features position HPMA polymeric micelles as a 
promising platform for targeted drug delivery to inflammatory lesions.

Scaling up the production of HDL and HPMA polymeric micelles may facilitate the 
clinical translation of these platforms. We reported a microfluidics-based approach 
for the large-scale production of HDL nanoparticles [36]. Through controlling mixing 
rates and lipid to protein ratios, we were able to tune the production of a variety of 
HDL nanoparticles that differ in shape and drug encapsulation efficiency. On the 
other hand,  large-scale production of polymeric micelles is more established. Hrkach 
et al. reported the  clinical-scale manufacturing of poly(lactide-co-glycolide) (PLGA) 
nanoparticles containing docetaxel, which were manufactured via a complicated 
nanoemulsion process, including several steps of solution preparation, high-energy 
emulsification and particle quench [37]. On the contrary, HPMA polymeric micelles 
are prepared in a simple, single step process of nanoprecipitation. Moreover, the 
drug loading and stabilization is via physical interaction, which eliminates the need 
for any chemical crosslinking/conjugation. Of note, a small fraction of the organic 
solvent is introduced during the process of producing HPMA polymeric micelles, 
which can subsequently be removed by simple evaporation or through the use 
of tangential flow filtration (TFF). Due to their small size, both HDL and HPMA 
polymeric micelles can be sterilized by filtration. Together, these simple steps can 
advance nanomedicines based on these two promising platforms to the clinic.
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NEDERLANDSE SAMENVATTING 
Atherosclerose (slagaderverkalking maar beter bekend als ‘aderverkalking’) 

kan hartaanvallen, herseninfarcten en etalagebenen veroorzaken. Dit komt door 
afzetting van vettig materiaal, ook wel atherosclerotische plaques genoemd, op de 
binnenkant van slagaders, hetgeen de bloedstroom door die slagaders bemoeilijkt. 
Uiteindelijk kunnen dergelijke plaques de slagader ernstig blokkeren en zelfs 
geheel afsluiten. Ook kan een plaque scheuren en daardoor plaatselijk trombose 
(bloedstolsels) vormen. Als die stolsels losraken kunnen ze elders een embolie 
(afsluiting van de slagader) veroorzaken. Atherosclerose is de belangrijkste oorzaak 
van morbiditeit en mortaliteit in de westerse wereld. In dit proefschrift worden er 
mogelijkheden onderzocht om behandeling van atherosclerose te verbeteren met 
behulp van nanomedicijnen, nieuwe geneesmiddelen gebaseerd op nanodeeltjes 
die in staat zijn zich preferentieel te lokaliseren (targeting) in ziektegebieden zoals 
atherosclerotische plaques. Deze vom van targeting wordt mogelijk gemaakt door 
de aanwezigheid van een inflammatoir pathologisch proces dat de permeabiliteit 
van wanden van lokale bloedvaten verhoogt en zo de influx van immuuncellen (bv. 
monocyten/macrofagen) mogelijk maakt maar tegelijk ook nanodeeltjes toegang tot 
het ontstekingsgebied verschaft.

Hoofdstuk 1 geeft een algemene inleiding tot het onderwerp van het proefschrift 
en een overzicht van de inhoud. Hoofdstuk 2 schetst uitgebreid hoe nanomedicijnen 
kunnen inwerken op chronische ontstekingsziekten, waaronder atherosclerose, vooral 
op het nivo van de onderliggende pathofysiologische processen. Macrofagen spelen 
een belangrijke rol bij de vorming van ontstekingen in atherosclerotische plaques 
en vergroten de kans dat deze scheuren. Dankzij hun fagocyterende gedrag zijn 
macrofagen een ideale target voor nanomedicjnen die als doel hebben de inflammatie 
in de plaques te verminderen. Hoofdstuk 3 geeft een eerste voorbeeld van een dergelijk 
nanomedicijn. Liposomen, het bekendste voorbeeld van een nanomedicijn, worden 
beladen met docosahexaeenzuur (DHA), een natuurlijk meervoudig onverzadigd 
vetzuur. Omega3-meervoudig onverzadigde vetzuren (PUFA’s, ook bekend als 
het gezondheidsbevorderende ingrediënt van visolie), worden normaal gesproken 
alleen oraal ingenomen door ondermeer patiënten met hart- en vaatziekten en 
kanker. Verwerkt in liposomen vertoonde het omega3-vetzuur sterke antioxidante en 
anti-inflammatoire effecten in vitro, en veroorzaakte bovendien een sterke remming 
van de groei van tumorcellen. Deze ‘nanonutraceutical’ vertegenwoordigt een 
rationele, nieuwe aanpak voor het targeten van relatief veilige zgn. nutraceutische 
componenten bij chronische inflammatoire aandoeningen (waaronder atherosclerose) 
en kanker. Hoofdstuk 4 beschrijft een onderzoek waarin diverse farmaca uitgebreid 
worden onderzocht op hun anti-inflammatoire activiteiten in vitro. Als beste komen 
LXR agonisten and statines uit de bus. Vervolgens worden voorbeelden uit deze 
klassen van farmaca verpakt in nanomedicijnen, wat leidde tot de in Hoofdstuk 5 
beschreven nanoformulering van high-density-proteïne (HDL) met de LXR-agonist 
GW3965, dat faalde in klinische proeven vanwege levertoxiciteit, en de in Hoofdstuk 
6 beschreven nanoformuleringen van simvastatine in polymere micellen, liposomen 
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en HDL. In vitro en in vivo resultaten laten duidelijk zien dat targeting van deze anti-
inflammatoire farmaca naar macrofagen therapeutische voordelen kan opleveren. 
In het laatste onderzoekshoofdstuk (Hoofdstuk 7) worden nanodeeltjes, gemaakt 
van het biologisch actieve polymeer hyaluronan, onderzocht op anti-inflammatoire 
effecten. Deze laatste aanpak is vooral interessant omdat de resultaten laten zien dat 
inbouw van farmaca niet noodzakelijk is om een anti-atherosclerotische werking 
in vivo te verkrijgen. Hoofdstuk 8 sluit af met een samenvatting van de bereikte 
resultaten en een visie op toekomstige toepassingsmogelijkheden van plaque-
getargete nanomedicijnen voor de behandeling van atheroclerose.
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