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Abstract

Light chain (AL) amyloidosis is a disease associated with significant morbidity and mortality
arising from multi-organ injury induced by amyloidogenic light chain proteins (LC). There is no
available treatment to reverse the toxicity of LC. We previously showed that chaperone
glycoprotein clusterin (CLU) and nanoliposomes (NL), separately, restore human microvascular
endothelial function impaired by LC. In this work, we aim to prepare PEGylated-nanoliposomal
clusterin (NL-CLU) formulations that could allow combined benefit against LC while potentially
enabling efficient delivery to microvascular tissue, and test efficacy on human arteriole
endothelial function. NL-CLU was prepared by a conjugation reaction between the
carboxylated surface of NL and the primary amines of the CLU protein. NL were made of
phosphatidylcholine (PC), cholesterol (Chol) and 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[carboxy(polyethylene glycol)-2000] (DSPE-PEG 2000 carboxylic acid) at 70:25:5 mol%.
The protective effect of NL-CLU was tested by measuring the dilation response to acetylcholine
and papaverine in human adipose arterioles exposed to LC. LC treatment significantly reduced
the dilation response to acetylcholine and papaverine; co-treatment of LC with PEGylated-
nanoliposomal CLU or free CLU restored the dilator response. NL-CLU is a feasible and
promising approach to reverse LC-induced endothelial damage.
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Introduction

Light chain (AL) amyloidosis is a protein misfolding disease

characterized by an overproduction of amyloidogenic light-

chain proteins (LC) and tissue deposition of amyloid fibrils

that lead to multiple organ failure (Migrino et al., 2014;

Sanchorawala, 2006). Currently, the therapeutic approach is

focused on reducing the production of LC by eliminating the

clonal plasma cells that produce them by chemotherapy with

or without autologous stem cell transplantation (Eisele et al.,

2015). However, this approach can be associated with

significant morbidity and mortality especially in patients

with advanced disease (Dispenzieri et al., 2004b). There is

currently no treatment that reverses the tissue toxicity of

circulating LC.

Liposomal formulations have been used as delivery agents

for therapeutic cargo to treat amyloid diseases. Lipid-based

formulations have been successfully used in a Phase I clinical

trial for the treatment of patients with transthyretin (TTR)

amyloidosis, another disease characterized by the formation

of amyloid TTR deposits in the heart and peripheral

nerves (Coelho et al., 2013). These lipid formulations

were comprised of the cationic amino lipid 2,2-dilinoleyl-

4-dimethylaminoethyl-[1,3]-dioxolane (DLin-KC2-DMA),

distearoylphosphatidylcholine (DSPC), cholesterol and

(R)-2,3-bis(octadecyloxy)propyl-1-[methoxy poly(ethylene

glycol)2000]propylcarbamate (PEG-lipid) and contained

antiTTR siRNA. These loaded cationic liposomes resulted

in the knockdown of TTR protein expression in 32 patients

(Coelho et al., 2013; Jayaraman et al., 2012).

Unlike the approach just described, we previously showed

that nanoliposome formulations alone, without therapeutic

cargo, reversed the endothelial dysfunction in human

arterioles induced by LC (Franco et al., 2016; Truran

et al., 2014) and b-amyloid (Truran et al., 2016). In a

separate study, we showed similar protective effects by
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clusterin (CLU) against LC in preserving endothelial

function and viability (Franco et al., 2012). CLU is a

constitutively expressed glycoprotein; although CLU does

not refold proteins, it binds a variety of partly unfolded,

stressed proteins, thereby preventing their precipitation

through the formation of high molecular weight complexes,

which in turn stabilize stressed proteins. (Humphreys et al.,

1999; Lakins et al., 2002; Poon et al., 2002). Furthermore,

CLU reduced the aggregation of b-amyloid peptides (Oda

et al., 1995). Therefore, CLU seems to play a crucial role in

the overall process of stabilizing damaged proteins and in

preventing the formation of amyloid deposits. There are

potential challenges in administering CLU intravenously to

treat amyloid diseases. Because CLU is an apolipoprotein,

like other lipoproteins, it could be diverted while in

circulation to perform lipid transport functions prior to

reaching the microvasculature, which reduces its ability to

act as a chaperone protein on amyloidogenic protein species

in relevant microvascular beds such as in coronary circula-

tion. In addition, CLU is prone to degradation with rapid

elimination from circulation and a reported half-life of 52 h

(Rizzi et al., 2009). Functionalizing CLU into PEGylated

nanoliposomes would allow the design of biologics that

could persist in circulation and reach desired tissue targets

for optimal efficacy. In this article, we describe the

preparation of nanoliposomes functionalized with CLU and

perform initial proof-of-concept functional assays to deter-

mine whether the formulation protects human arterioles

against LC-induced endothelial dysfunction.

Methods

Lipids and chemicals

L-a-phosphatidylcholine (egg, chicken, PC), cholesterol

(Chol) and 1,2-distearoyl-sn-glycero-3-phosphoethanola-

mine-N-[carboxy(polyethylene glycol)-2000] (DSPE-PEG-

COOH 2000 carboxylic acid) were purchased from Avanti

Polar Lipids (Alabaster, AL). 2-(N-Morpholino)ethanesulfo-

nic acid hydrate (MES hydrate), N-(3-dimethylaminopropyl)-

N0-ethylcarbodiimide hydrochloride (EDC), N-hydroxysulfo-

succinimide sodium salt (sulfo-NHS) and Ficoll PM 400

were purchased from Sigma Aldrich (St. Louis, MO).

Purified recombinant CLU, transcript variant 1 was

purchased from Origene (Rockville, MD). Human Clusterin

Quantikine ELISA was purchased from R&D Systems

(Minneapolis, MN).

Preparation of PEG-functionalized liposomes

Small unilamellar vesicles (SUVs) consisting of PC, Chol,

DSPE-PEG-COOH (2000) (70:25:5 mol%) were prepared by

ultrasonication (Klibanov et al., 2003; Lasch et al., 2003). The

corresponding lipid mixture dissolved in chloroform was

added to a 10-mL pear-shaped flask followed by removal of

the solvent by a rotary evaporator. The dried lipid film

obtained was then hydrated with 0.1 M MES buffer, pH 4.7

and sonicated using an ultrasonic probe for 45 min at a power

output of 5 Watts in an ice bath to avoid overheating. After

sonication, the liposomes were centrifuged at 3 000 rpm for

15 min at 4 �C in order to remove the shed titanium particles

from the sonicator tip.

PEGylated-nanoliposomal CLU preparation

Nanoliposomes consisting of PC:Chol:DSPE-PEG-COOH

with surface-linked CLU (Figure 1) in 0.1 M MES buffer

pH 4.7 were prepared as previously described by Klibanov

et al. (2003). Briefly, pre-formed nanoliposomes were mixed

with a 0.25 M solution of EDC and a 0.25 M solution of sulfo-

NHS, previously dissolved in water. After 10 min incubation

at room temperature, the reaction was neutralized to pH 7.4

with 2 M NaOH, followed by the addition of the CLU protein

and incubation overnight at 4 �C with gentle stirring. The

PEGylated CLU nanoliposomes (PC:Chol:DSPE-PEG-CLU)

at a final lipid concentration of 50 mg/mL with CLU at

500 ng/mL were collected and stored at 4 �C for further

analysis.

CLU-PEGylated nanoliposome purification

CLU-conjugated nanoliposomes (PC:Chol:DSPE-PEG-CLU)

were separated from unbound protein by isopycnic centrifu-

gation. A 0.5 mL of nanoliposomes were mixed with 1 mL of

30% Ficoll 400 to make a final concentration of 20%. Three

milliliter of 10% Ficoll 400 were layered on top of the

mixture, followed by the addition of 0.5 mL of 0.1 M MES

buffer, pH 7.4. The tube was centrifuged at 100,000 � g for

30 min at 4 �C using a swinging rotor. After centrifugation,

the separated CLU-conjugated liposomes and free CLU

protein (unbound CLU) fractions were collected.

Particle size and zeta potential measurements

Particle size, polydispersity index (PdI) and zeta potential of

PC:Chol:DSPE-PEG-COOH and CLU-conjugated nanolipo-

somes (PC:Chol:DSPE-PEG-CLU) were determined by

dynamic light scattering (DLS) and laser Doppler

Figure 1. Schematic representation of the conjugation reaction between PEG-functionalized liposomes and the protein CLU via a carboxy-to-amine
reaction in the presence of the crosslinker and stabilizer EDC and NHS.

2 D. Guzman-Villanueva et al. J Liposome Res, Early Online: 1–9



electrophoresis using the instrument Zetasizer Nano (Malvern

Instruments, Westborough, MA). All measurements were

carried out in triplicate in 0.1 M MES buffer, pH 7.4.

Atomic force microscopy of nanoliposomes

Nanoliposomes were imaged by atomic force microscopy

(AFM). Briefly, nanoliposomes were deposited on fresh-

cleaved mica surfaces. After 15 min, the solution was removed

and the surface was rinsed three times with imaging buffer

(20 mM Tris, 150 mM KCl, 25 mM MgCl2, pH 7.8) to remove

the unbound liposome molecules. CLU (1 ng/uL) was

immobilized on APS-modified mica surface as previously

described (Senapati et al., 2013). All AFM imaging was

carried out in contact mode using Veeco Multimode AFM

(Veeco Instruments Inc, Town of Oyster Bay, NY). Silicon

nitride probes with spring constant 0.06 N/m were used for

imaging. All the images were analyzed using Nanoscope

(Bruker Corporation, Santa Barbara, CA) and Gwyddion

(Czech Metrology Institute, Brno, Czech Republic) software.

CLU-to-liposome coupling reaction efficiency

The efficiency of the coupling reaction between CLU and

PEG-functionalized nanoliposomes (PC:Chol:DSPE-PEG-

COOH) was indirectly evaluated using the free CLU protein

fraction (unbound protein) collected after isopycnic separ-

ation and compared with the initial CLU concentration.

Protein quantification was determined by enzyme-linked

immunosorbent assay (ELISA), using the Quantikine ELISA

kit (R&D Systems, Minneapolis, MN) kit. Standards and

samples were prepared according to the manufacturer’s

instructions. The optical density was registered at 450 nm

with a wavelength correction set at 570 nm using a microplate

reader.

Nanoliposome stability assay

After liposomes preparation, the effect of temperature on the

liposome size distribution was investigated. PEG-functiona-

lized nanoliposomes (PC:Chol:DSPE-PEG-COOH) were

incubated at 37 �C or room temperature and at different

time points the particle size distribution of nanoliposomes

was determined by DLS. All measurements were performed

in triplicates.

Human LC purification

LC from the urine of two biopsy-proven AL subjects with

cardiac amyloidosis (51 ± 8 years old, both males, both

lambda type) were purified as per previous protocol

(Migrino et al., 2010, 2011) using dialysis, size exclusion

filtration and Affigel blue filtration. LC protein was verified

by both Western blot (WB) and ELISA (human antiserum to

lambda and kappa; Sigma-Aldrich, St. Louis MO). The

sources of LC and adipose arterioles provided informed

consent for collection and the study was approved by and

under the supervision of the Institutional Review Boards of

the Phenix Veterans Affairs Health Care System and the

Medical College of Wisconsin.

Human arteriole vasoreactivity

Subcutaneous abdominal adipose tissues were collected by

surgeons following informed consent from eight male volun-

teers (50.5 ± 6.1 years old) who were undergoing routine

planned elective abdominal surgeries for clinical indications.

These volunteers are not known to have AL, cardiovascular

disease or diabetes. Arterioles were isolated from adipose

tissue (�80–300mM pressurized diameter) and then cannu-

lated and pressurized to 30 and then 60 mmHg (approximate

physiologic pressure of similar sized vessels in vivo) similar

to our previous methods (Migrino et al., 2010, 2011).

The arterioles were pre-constricted with endothelin-1 at

successive doses (10�9–10�4 M) to achieve �60% of max-

imum diameter. Thereafter, baseline (control) dilator

responses to acetylcholine (10�9–10�4 M) and then papaver-

ine (10�4 M) were measured by video microscopy to assess

endothelium-dependent (acetylcholine) and smooth muscle-

dependent (papaverine) responses. Following washout, arteri-

oles were then exposed for 1 h to 20 mg/mL of LC alone

or together with 1) free CLU (300 ng/mL) and 2)

the corresponding volume of PEGylated-nanoliposomal

CLU to 300 ng/mL. A second (post-treatment) dilator

response to acetylcholine and papaverine was again measured.

About 20 mg/mL LC was chosen as it is close to physiologic

concentrations of LC in patients (Palladini et al., 2006) and

the dose of NL was chosen as it was the dose used in our prior

study that showed vascular protection against LC injury

(Truran et al., 2016).

Data and statistical analyses

Data are expressed as mean ± standard error of means with

significant p values set at p50.05 (two-sided). Maximum

dilator response to acetylcholine (10�4 M) and papaverine

(10�4 M) were compared between treatment response and

baseline control response using paired t-test. Dilator

responses between treatments were compared using unpaired

t-test. Acetylcholine effective concentration 50% (EC50) is

the dose of acetylcholine that produced 50% maximum

dilation. EC50 was calculated using nonlinear regression

using variable slope (four parameters) and least-squares

ordinary fit similar to our previous method (Migrino et al.,

2011) using GraphPad Prism 5.0 (GraphPad Software, San

Diego CA). EC50 (expressed as LogM) was compared

between treatment responses and baseline control responses

as well as between treatment responses using paired and

unpaired t-test, respectively. Statistical analyzes were also

performed using Sigmastat 3.5 (Richmond, CA).

Results

Liposomes consisting of PC, Chol and DSPE-PEG-COOH

(70:25:5 mol%) were prepared by ultrasonication followed

by their surface functionalization with CLU to obtain

PEGylated-nanoliposomal CLU (PC:Chol:DSPE-PEG-CLU).

The presence of the carboxy group at the distal end of DSPE-

PEG-COOH residue anchored in the liposomes, allowed the

covalent attachment of CLU via a carboxy-to-amine cross-

linking reaction in the presence of EDC and sulfo-NHS

DOI: 10.1080/08982104.2016.1274756 NL-CLU for amyloidogenic light chain induced endothelial dysfunction 3



(Figure 1). The conjugation reaction took place after the

carboxy groups on the liposomes were activated and

incubated with CLU in 0.1 M MES buffer overnight

(Veronese, 2001).

CLU-conjugated liposomes (PC:Chol:DSPE-PEG-CLU)

were separated from unbound CLU protein by isopycnic

centrifugation using Ficoll 400 gradients. After centrifuga-

tion, the liposomes formed a milky layer in the interface

between 10% Ficoll 400 and 0.1 M MES buffer, pH 7.4, while

the free protein remained at the bottom of the tube. Both

CLU-conjugated liposomes and unbound CLU fractions were

collected.

The particle size distribution and zeta potential analysis of

nanoliposome formulations measured by DLS and laser

Doppler electrophoresis are shown in Table 1. The nanolipo-

somes containing only PC and cholesterol (PC:Chol) showed

an average particle size of 121 nm, while those that

incorporated the DSPE-PEG-COOH residue in the nanolipo-

some membrane (PC:Chol:DSPE-PEG-COOH), slightly

increased their size to �131 nm. When analyzed, statistically

significant differences between these two formulations were

found (Figure 2), which suggest the incorporation of DSPE-

PEG-COOH in the liposome membrane. Additionally, after

CLU was conjugated to the DSPE-PEG-COOH residue in the

nanoliposome surface no modifications in the size were

observed. On the other hand, all the nanoliposome formula-

tions resulted in a negative zeta potential as observed in

Table 1 and Figure 2.

Often, the force applied by the AFM tip during imaging

affect the morphology of the nanoliposomes, making them

look wider (convolution effect) (Canet-Ferrer et al., 2014;

Rouzi et al., 2007, 2011). Therefore, the height rather than the

diameter of the nanoliposomes was recorded for AFM

analysis. As observed in Figure 3, our AFM data showed

that CLU protein had an average height of �3.05 ± 0.7 nm

(Figure 3A), while PEG-functionalized liposomes were

8.5 ± 1.5 nm high (Figure 3B). After the conjugation reac-

tion took place and the unbound CLU protein was removed,

CLU-conjugated liposomes (PC;Chol:DSPE-PEG-CLU)

showed an average height of 12.8 ± 3.2 nm (Figure 3C),

which was higher than either CLU or PEG-functionalized

liposomes alone (Figure 3D), confirming that the conjugation

reaction occurred.

The coupling reaction efficiency between CLU and PEG-

functionalized nanoliposomes (PC:Chol:DSPE-PEG-COOH)

was determined indirectly by quantifying the amount of

unbound protein by ELISA. The unbound CLU protein was

first separated by isopycnic centrifugation from the CLU-

conjugated nanoliposomes and subsequently quantified. The

results showed that the coupling reaction of CLU to

Figure 2. Determination of particle size distribution (A) and zeta potential (B) of nanoliposomes before and after CLU conjugation. Statistically
significant differences were found between the non-PEGylated (PC:Chol) and PEGylated formulations. *p50.05 versus PC:Chol, ***p50.001 versus
PC:Chol, respectively.

Table 1. Liposomal formulations and their characterization.

Lipid composition Particle size (nm) PdI* Zeta potential (mV)

PC:Chol (70:30) 121.5 ± 4.84 0.29 ± 0.005 �18.1 ± 1.04
PC:Chol:DSPE-PEG-COOH (70:25:5) 131.2 ± 2.70 0.24 ± 00 �9.7 ± 0.85
PC:Chol:DSPE-PEG-CLU (70:25:5) 128.8 ± 1.1 0.23 ± 0.005 �10.04 ± 0.83

*PdI. All nanoliposome formulations were measured in 0.1 M MES buffer, pH 7.4 in triplicate.
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PEGylated nanoliposomes was very efficient as 99.4% of the

CLU protein was covalently linked to the PEG-functionalized

nanoliposomes.

The stability of PEG-functionalized liposomes

(PC:Chol:DSPE-PEG-COOH) was also evaluated by moni-

toring the changes in the particle size distribution of the

liposomes after incubation at room temperature and 37 �C for

1, 24, 48 h and 1 week in 0.1 M MES buffer, pH 7.4. After the

established time points the particle size distribution of

liposomes was measured by DLS. Figure 4 shows that no

significant differences in the average particle size of PEG-

functionalized occurred at room temperature after a week.

Differences between the particle size of nanoliposomes

(PC:Chol:DSPE-PEG-COOH) incubated 37 �C and room

temperature were also not found.

We investigated the effect of PEGylated-nanoliposomal

CLU (PC:Chol:DSPE-PEG-CLU) on LC-induced human

endothelial dysfunction using our previously reported

method, which measures the arteriole vasoreactivity response

to acetylcholine and papaverine after exposure to LC. As seen

in Figure 5, after exposure to LC arterioles had a significant

reduction in dilation response to acetylcholine (Figure 5A and

B) and papaverine (Figure 5C) compared to the baseline

control. Treatment of arterioles with free CLU as well as with

PEGylated-nanoliposomal CLU restored the dilation response

to both acetylcholine and papaverine, which indicated that

CLU conjugation to the nanoliposomal surface did not alter

its protective activity. In addition, when compared to free

CLU, PEGylated-nanoliposomal CLU did not show statistic-

ally significant differences in response.

Discussion

The novel aspects of our study include the design of a

formulation of CLU-containing nanoliposomes by

PEGylation and the initial proof-of-concept that the formu-

lation protects against LC-induced human microvascular

endothelial dysfunction. This is potentially relevant in efforts

to develop novel therapeutic agents that directly reverse tissue

toxicity of amyloid proteins.

AL amyloidosis remains a disease associated with signifi-

cant mortality and morbidity. We showed that soluble LC-

induced endothelial dysfunction in human adipose and

coronary arterioles (Migrino et al., 2011), which is consistent

with reports by other investigators that the prefibrillar protein

species confer tissue toxicity (Shi et al., 2010). Currently,

there is no available treatment that directly reverses LC

toxicity. Contemporary treatment relies on use of chemother-

apeutic drugs with or without stem cell transplantation to

remove neoplastic plasma cells that produce the LC, an

approach that often cannot be offered or has to be modulated

Figure 3. AFM imaging of nanoliposomes. (A) 2D images of CLU protein, (B) PEG-functionalized liposomes, (C) purified CLU-PEGylated
nanoliposomes and (D) their height analysis. ***p50.001 versus CLU, +++p50.001 versus CLU-PEGylated nanoliposome.

Figure 4. Stability assay of PEG-functionalized nanoliposomes. The
integrity of PEG-functionalized liposomes at room temperature and
37 �C was monitored by DLS after 1, 24, 48 and 168 h.

DOI: 10.1080/08982104.2016.1274756 NL-CLU for amyloidogenic light chain induced endothelial dysfunction 5



to milder regimens/doses in patients with advanced cases in

light of high treatment-related mortality (Dispenzieri et al.,

2004a; Skinner et al., 2004).

CLU, also known as apolipoprotein J, is a constitutively

expressed chaperone glycoprotein displaying cytoprotective

properties, including the stabilization of damaged unfolded

proteins, which subsequently prevents the formation and

accumulation of amyloid fibrils. Several studies have shown

that the protective effect of CLU on stressed proteins is

associated with the formation of high molecular weight

complexes via hydrophobic interactions which later favors

their refolding by the heat-shock protein Hsp70 (Humphreys

et al., 1999; Poon et al., 2002).

We reported that human endothelial cells exposed to LC

showed reduced viability that was associated with reduction

of CLU expression and secretion (Franco et al., 2012).

Importantly, co-treatment with exogenous CLU restored

endothelial cell viability and microvascular endothelial func-

tion. In-vivo, CLU was reported to have a short half-life

(52 h) (Rizzi et al., 2009), limiting its potential utility when

administered intravenously on its own. CLU also acts as an

apolipoprotein that could potentially be diverted for lipid

transport while in circulation before it can interact with LC at

the target microvascular tissue. One way of transporting CLU

to vascular tissue is through the utilization of a carrier system.

We chose nanoliposomes as they are well-established

Figure 5. Human arteriole dilation response. A and B show response to acetylcholine with A showing maximum dilation response (10�4 M dose) and B
showing EC50 values. Light chain treatment reduced dilator response to acetylcholine compared to baseline control. Co-treatment of LC with free CLU
and PEGylated-nanoliposomal CLU (NL-CLU) restored dilator response to acetylcholine. Note that the y-axis of B is in inverse order. C shows
response to papaverine. There was a modest reduction in dilator response in LC treated arterioles; LC co-treatment with free CLU or NL-CLU showed
no significant difference with baseline control response. There was no significant difference in dilator response to acetylcholine or papaverine in
arterioles treated with LC and NL-CLU versus LC and free CLU.
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biodegradable, biocompatible, and nontoxic drug delivery

systems (Lian & Ho, 2001). Additionally, we showed that

nanoliposomes composed of 70 mol% phosphatidylcholine,

25 mol% cholesterol and 5 mol% of either phosphatidic acid

(Truran et al., 2014) or monosialoganglioside (Franco et al.,

2016) also restored endothelial function of human arterioles

exposed to LC via increased NO bioavailability and reduced

oxidative stress. We also showed that nanoliposomes may

have chaperone protein-like properties when we demonstrated

alteration in b-sheet properties of LC (Truran et al., 2014) and

prevention of amyloid fibril formation of Ab peptide (Truran

et al., 2016) and LC (unpublished data). Because of these

complementary protective effects on LC injury by CLU and

nanoliposomes, we decided to pursue the design of a

formulation of PEGylated-nanoliposomal CLU to maintain

its protective effects while potentially creating a carrier

system that would allow CLU to reach target tissue when used

in-vivo.

We prepared PEGylated-nanoliposomal CLU composed of

PC (70 mol%), Chol (25 mol%) and DSPE-PEG-COOH

(2000) (5 mol%) at a final protein concentration of 500 ng/

mL. The conjugation of CLU to the surface of the PEG-

functionalized liposomes (PC:Chol:DSPE-PEG-COOH) was

carried out by using a carboxy-to-amine reaction, where we

first activated the carboxy groups present at the distal end of

the PEG residue with the crosslinker carbodiimide to produce

the intermediate O-acylisourea, which was reactive towards

amines in an aqueous solution containing CLU. To further

increase the efficiency of this reaction we also added sulfo-

NHS so that the isourea was converted into a succinimide

ester, which also reacted with the CLU amines (Dent, 2005).

PEGylation of proteins, i.e. this covalent attachment of PEG

to proteins is a widely used method for protein modification

in order to alter their PK in vivo, as this polymer is neither

toxic nor immunogenic and it has been approved by the FDA

as safe (Jevsevar et al., 2010). In addition, a major advantage

of using this method is the reduction of risk of protein

denaturation or loss of activity as no ligand modifications are

required prior to the conjugation reaction (Nobs et al., 2004).

Due to the high sensitivity and selectivity to detect very

small quantities of proteins (Gan & Patel, 2013), ELISA was

used to determine the CLU protein coupling efficiency to

PEG-functionalized nanoliposomes. The attachment of CLU

to PEG-functionalized nanoliposomes was indirectly evalu-

ated by measuring the amount unbound protein fraction

collected after isopycnic separation and compared with the

initial CLU concentration. As described in the results section,

the conjugation reaction resulted in a highly efficient coupling

of CLU protein to PEGylated nanoliposomes. We attributed

this efficiency to the high number of PEG activated groups on

the surface of the liposomes (1/785 CLU to DSPE-PEG-

COOH molar ratio), and the presence of both EDC and sulfo-

NHS in the reaction, which in combination have shown to

significantly increase the stability of the amine-reactive

intermediates leading to highly efficient coupling reactions

(Hermanson, 2013; Mercadal et al., 1999). Additionally, the

conjugation reaction between the PEGylated nanoliposomes

and CLU protein was facilitated by the excess of EDC/sulfo-

NHS, which ultimately activated the carboxy groups in the

surface of the nanoliposomes (PC:Chol:DSPE-PEG-COOH)

to react with CLU. The conjugation of CLU to the PEG-

functionalized liposomes was also confirmed by AFM

imaging, showing that the height of the CLU-PEG-nanolipo-

some conjugate resulted in the sum of the individual heights

of CLU and PEG-functionalized liposomes. This high

coupling efficiency is consistent with other results published

elsewhere. For example, Mercadal et al. (1999) attached

proteins to the distal end of the PEG-terminus in liposomes

composed of 5 mol% total PEG derivatives and with an

average particle size of 125 nm. After the reaction, Mercadal

obtained coupling efficiencies ranging from 89 to 100%. The

group also described that the amount of protein bound to

liposomes was dependent on the number of reactive groups on

the liposome surface as well as the reactive groups-to-protein

molar ratio in the reaction.

In addition to the high coupling efficiency, PEG-functio-

nalized nanoliposomes (PC:Chol:DSPE-PEG-COOH) appear

to be stable under room temperature and 37 �C. Although

analysis of nanoliposomes in the presence of serum remains

to be tested, PEGylated nanoliposomes are expected to be

stabilized not only by the presence of the PEG, but also by

cholesterolat. Guo et al. (1980), for example, showed that

cholesterol prevented the disruption of liposomes in the

presence of whole serum compared to PC only-containing

liposomes by inhibiting the biding of the serum proteins to

liposomes. Similar findings were described by Kirby et al.

(1980), who also reported that increasing amounts of

cholesterol inhibited the phospholipid exchange of liposomes

with serum proteins as well as their association, thus reducing

their clearance by the reticuloendothelial system. This effect

has been attributed to the ability of cholesterol to increase the

phase transition temperature of phospholipids and to reduce

their permeability (Gregoriadis et al., 1986).

By modifying the surface of liposomes with the hydro-

philic and flexible polymer PEG the nanoliposomes could

also potentially protect CLU from being recognized by the

reticuloendothelial system and being rapidly removed from

circulation, as PEG creates a steric effect that reduces

nonspecific interactions with blood components (Klibanov

et al., 1990; Mu et al., 2013). As a result, the circulation

lifetime of liposomes is increased. In addition, the prolonged

persistence in the circulation could increase the time and

opportunity by which CLU residing on the surface of the

liposome could interact with its endocytic receptors glyco-

protein 330/megalin (Kounnas et al., 1995; Zlokovic et al.,

1996) leading to increased intracellular delivery of CLU.

Our main goal for this article was to assess the impact of

PEGylation on the activity of CLU using our experimental

model of arteriole vasoreactivity and compare the functional

activity of PEGylated-nanoliposomal CLU with free CLU.

Our results clearly show that the protective effect of CLU

against LC-induced endothelial damage was not diminished

upon conjugation as both PEGylated CLU nanoliposomes and

free CLU restored endothelial function. Our finding is

supported by Mori (Mori et al., 1991) and Tanifum

(Tanifum et al., 2012) who reported that the presence of

DSPE-PEG (2000) on the surface of liposomes did not

interfere with the binding of ligands to their receptors and

suggested DSPE-PEG (2000) as the optimal polymer for

target binding (Mori et al., 1991).
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Although our PEGylated-nanoliposomal CLU

(PC:Chol:DSPE-PEG-CLU) showed protective effect on

isolated ex-vivo human arterioles, our study is limited in

that we have not yet demonstrated whether it would also be

effective on in-vivo animal models. By demonstrating this

proof-of-concept, however, testing efficacy, bioavailability,

safety, pharmacodynamics and pharmacokinetics of the

formulation in-vivo will be the focus of future investigations.

Additionally, the specific mechanisms by which PEGylated-

nanoliposomal CLU confer protection need to be investigated

especially in relation to known protective mechanisms by

CLU and nanoliposomes alone.

Conclusion

PEGylated-nanoliposomal CLU provided a cellular delivery

platform for CLU and maintained its protective effect against

LC-induced human arteriole endothelial dysfunction, thus

demonstrating its high potential to directly reverse the

vascular toxicity of AL amyloid light chain proteins at the

target organ level.
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