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Abstract Amphipols (APols) are polymeric surfactants

that keep membrane proteins (MPs) water-soluble in the

absence of detergent, while stabilizing them. They can be

used to deliver MPs and other hydrophobic molecules in vivo

for therapeutic purposes, e.g., vaccination or targeted delivery

of drugs. The biodistribution and elimination of the best

characterized APol, a polyacrylate derivative called A8–35,

have been examined in mice, using two fluorescent APols,

grafted with either Alexa Fluor 647 or rhodamine. Three of

the most common injection routes have been used, intrave-

nous (IV), intraperitoneal (IP), and subcutaneous (SC). The

biodistribution has been studied by in vivo fluorescence

imaging and by determining the concentration of fluorophore

in the main organs. Free rhodamine was used as a control.

Upon IV injection, A8–35 distributes rapidly throughout the

organism and is found in most organs but the brain and spleen,

before being slowly eliminated (10–20 days). A similar pat-

tern is observed after IP injection, following a brief latency

period during which the polymer remains confined to the

peritoneal cavity. Upon SC injection, A8–35 remains essen-

tially confined to the point of injection, from which it is only

slowly released. An interesting observation is that A8–35

tends to accumulate in fat pads, suggesting that it could be

used to deliver anti-obesity drugs.
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Introduction

Amphipols (APols) are polymeric surfactants that maintain

membrane proteins (MPs) water-soluble in the absence of

detergent, while stabilizing them (Popot et al. 2011; Zo-

onens and Popot 2014). Their physical–chemical properties

make them as promising vehicles for the delivery of MPs,

or, possibly, other therapeutic agents, such as hydrophobic

membrane-targeting peptides (Nasarre et al. 2010). Previ-

ous studies have shown that A8–35, a polyacrylate-based

APol (Tribet et al. 1996), is not toxic when added to cell

cultures at a concentration sufficient to deliver MPs to their

plasma membrane (Popot et al. 2003), or when injected to

mice at doses sufficient to formulate a vaccine (Tifrea et al.

2011). A8–35 is non-immunogenic by itself (Popot et al.

2003), but, when used to trap a MP used as an immunogen,

it potentiates the protection afforded to vaccinated animals

(Tifrea et al. 2011, 2014). Above a very low critical

aggregation concentration (*0.002 g L-1; Giusti et al.

2012), A8–35 self-associates into well-defined, *40-kDa

particles (Gohon et al. 2006). Its binding to MPs, albeit

non-covalent, is very stable even at high dilution (Charv-

olin et al. 2009; Tribet et al. 1997, 2009; Zoonens et al.

2007), as inevitably happens when injecting MP/APol

complexes into humans or animals. This, as well as its

stabilizing effect, may contribute to the higher efficacy of

vaccines formulated with APols rather than detergents

(Tifrea et al. 2011, 2014).
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Our previous work on COS cells revealed the stable

integration of a fluorescent, NBD-labeled version of A8–35

(FAPolNBD) in the cell membrane up to 96 h before inter-

nalization and lysosomal degradation. When FAPolNBD was

injected in tumor-bearing mice by the intraperitoneal (IP)

route, a fluorescent signal was detected in blood vessels

vascularizing the tumors and deep into the adjacent tissue

(Popot et al. 2011). This suggested that APols exhibit good

biodistribution profiles. However, nothing is known about

their long-term behavior in animals, and systematic biodis-

tribution profiles have not been established yet. Here, we

report the distribution profiles of two fluorescent versions of

A8–35 carrying, respectively, the far-red fluorophore Alexa

Fluor 647 (FAPolAF647) or the red fluorophore rhodamine

(FAPolrhod). Profiles were obtained 4 h to 20 days post-

injection through three different routes: intravenous (IV), IP,

and subcutaneous (SC). While confirming the good biodis-

tribution of APols, this study reveals an interesting site-

specific behavior of A8–35, opening the way to unexpected

applications for long-term local delivery of MPs or other

hydrophobic therapeutic agents (Nasarre et al. 2010).

Materials and Methods

Materials and Instrumentation

Poly-acrylic acid, ammonium formate, triethylamine (TEA),

dicyclohexylcarbodiimide, octylamine, and isopropylamine

were from Sigma-Aldrich. Methanol, dimethylformamide

(DMF), and N-methylpyrrolidone were from SDS. Palladium

on activated charcoal, sodium methoxide, 1-hydroxybenzo-

triazole, and Celite were from Acros. AF647 carboxylic acid

succinimydyl ester (AF647-NHS) was from Life Technolo-

gies. A8–35 was synthesized according to the procedure

described in Gohon et al. (2004, 2006). UV–visible spectros-

copy measurements were carried out on a HP-8453 UV–VIS

spectrometer (Agilent Technologies). Fluorescence spectros-

copy was performed on a PTI fluorescence spectrometer

(Serlabo Technologies) controlled by Felix software. NMR

spectroscopy experiments were performed on a Bruker Avance

400 MHz instrument (Bruker, Wissembourg, France).

Synthesis and Purification of AF647- and Rhodamine-

Labeled A8–35

AF647-labeled A8–35 (FAPolAF647) was obtained by graft-

ing AF647 carboxylic acid succinimydyl ester (AF647-

NHS) onto the amine moiety carried by an amino-prefunc-

tionalized A8–35 (UAPol-NH2), whose synthesis has been

described elsewhere (Zoonens et al. 2007) (Fig. 1). UAPol-

NH2 was reacted with AF647-NHS according to the fol-

lowing procedure. 80.3 mg (18.67 lmol) of UAPol-NH2

was dissolved in 6 mL of DMF under magnetic stirring at

40 �C. 5 mg (3.85 lmol) of AF647-NHS was dissolved in

250 lL of DMF, and 5 lL of TEA (as a basic activator) was

added to the reaction medium. The temperature was lowered

to 30 �C overnight. The reaction medium was protected from

light. The solution was purified by three cycles of precipi-

tation at acidic pH (5 % sodium phosphate, pH 2)/cen-

trifugation/dissolution at basic pH (1 M borate, pH 8), as

described in Gohon et al. (2004, 2006). The FAPol solution

was filtrated on a 0.22-lm acetate filter, dialyzed against

water with Spectra Por 7 membrane (cut-off 2 kDa) and

freeze-dried. To further separate FAPolAF647 from a sec-

ondary product, the crude FAPol was purified by size

exclusion chromatography (SEC) on an HR Superose 12

16/50 column in a buffer containing 20 mM Tris/HCl, pH 8,

and 100 mM NaCl. Finally, the solution was dialyzed

against water and freeze-dried, yielding 50 mg (yield

*60 % with respect to UAPol-NH2) of purified FAPolAF647

as a turquoise-blue powder.

Rhodamine-grafted A8–35 (FAPolrhod) was synthesized

as described in Giusti et al. (2012).

Chemical Composition of FAPolAF647

The chemical composition of FAPolAF647 was character-

ized by 1H and 13C NMR spectroscopy of its UAPol pre-

cursor (content of octyl- and isopropylamine) and by

spectrophotometry (amount of AF647 grafted; cf. Fig. 2c).

UAPol contains 2.6 % of amino linker, corresponding to

*8 amine functions per 40-kDa particle. The grafting ratio

of AF647 is *0.3 %, or *1 fluorophore per particle.

Solution Behavior of FAPolAF647

The solution behavior of FAPolAF647 was characterized by

SEC performed on an Äkta Purifier 10 FPLC system (GE

Healthcare) equipped with a Superose 12 10/300 GL col-

umn. Detection was performed at 220 and 650 nm. Elution

buffer was 20 mM Tris/HCl, pH 8, 100 mM NaCl. The

elution flow rate was 0.5 mL min-1 and the injected

polymer concentration 5 g L-1 (Fig. 2a, b). The absorption

spectrum of FAPolAF647 was recorded on a 0.1-g L-1

solution in 20 mM Tris/HCl, pH 8 (Fig. 2c) and the fluo-

rescence emission and excitation spectra on a 0.001-g L-1

FAPolAF647 solution in the same buffer (Fig. 2d). The

absorption and fluorescence spectra of FAPolrhod are shown

in Giusti et al. (2012).

Preparation of Solutions

FAPolAF647, FAPolrhod, and free rhodamine were prepared

as stock solutions of 5 g L-1 in ultra-pure water and

diluted to 0.1 g L-1 with PBS before injection.
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Whole-Body In Vivo Biodistribution

18 female NMRI Nude 10-week-old mice (two per injec-

tion mode) were subjected to IP, SC, or IV retro-orbital

sinus injections of 100 lL of FAPolAF647, FAPolrhod, or

free rhodamine solutions, corresponding to 10 lg of pro-

ducts. Fluorescence was detected on gas-anesthetized ani-

mals, thanks to a Bioimager (Nightowl LB-983, Berthold),

as previously described (Destouches et al. 2011; Page et al.

2011). The fluorescence was measured for each animal

from the ventral and the dorsal sides at t0 (before injection),

10 min, 1 h, 4 h, 24 h, 48 h, 72 h, 10 days, and 20 days.

Acquisitions were performed during 30 s for IP and IV

injections and 1 s for SC injections.

Ex Vivo Biodistribution

30 female Balb/C 10-week-old mice were subjected to IP,

SC, or IV retro-orbital sinus injections (two animals per

injection mode) with 100 lL of FAPolAF647 solution. Two

mice of each group were sacrificed at 4 h, 24 h, 72 h,

10 days, and 20 days after injection and dissected in order

to collect organs (liver, kidney, spleen, fat pads, heart,

lungs, and brain). Acquisitions were performed during 1 s.

Data Analysis

All images were collected and analyzed using the Night-

Owl 2 software. Images and quantitative signals were

exported to Excel and GraphPad for data analysis and

graphic representations.

Results

Synthesis and Solution Behavior of FAPolAF647

FAPolAF647 was synthesized following the same route as

used previously for the synthesis of FAPolNBD (Zoonens

et al. 2007), namely by grafting a derivative of the fluo-

rophore onto an amino arm carried by a functionalized

A8–35 (Fig. 1; see ‘‘Materials and Methods’’ section). It

was purified by repeated cycles of precipitation at acidic

pH and re-dissolution at basic pH, followed by SEC. As

classically observed for APols grafted with small ligands

(Zoonens et al. 2007; Le Bon et al. 2014), the solution

behavior of FAPolAF647, examined by SEC (Fig. 2), was

identical to that of ungrafted A8–35, namely self-associa-

tion into *40-kDa globular particles (Gohon et al. 2006),

the purified polymer comprising *1 fluorophore per

Fig. 1 Synthesis of FAPolAF647

by functionalization of UAPol-

NH2. (a) AF647-NHS, DMF,

TEA (cat.), 40 �C, 12 h,

yielding FAPolAF647. Chemical

compositions: UAPol-NH2:

x & 32.4 %, y & 25 %,

z & 40 %, u & 2.6 %;

FAPolAF647: x & 32.4 %,

y & 25 %, z & 40 %,

v & 2.3 %, and w & 0.3 %
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particle. FAPolAF647 presents an absorption maximum at

651 nm (Fig. 2c, d) and an emission maximum at 668 nm

(Fig. 2d). The crude product not only contains a majority

of AF647-grafted APol particles, but also a small fraction

(*25 % w/w) of much smaller objects, probably small

polymers that are not hydrophobic enough to associate into

particles but are strongly labeled (Fig. 2a). These con-

taminants were removed by SEC and are absent in purified

FAPolAF647 (Fig. 2b).

Biodistribution of FAPolAF647 Following IV Injection

IV injection is one of the most common routes of

administration and is considered to give the best

bioavailability. Indeed, following injection of FAPolAF647

in the retro-orbital sinus, the fluorescent signal propa-

gated rapidly throughout the whole body of the animals

(Fig. 3). Strikingly, the signal was extremely stable,

profiles obtained 10 min post-injection being similar to

those obtained at 72 h. A significant decrease was first

seen at 10 days post-injection. Ventral views of the

animals revealed, as expected from IV injection, a rapid

concentration in the liver. This hepatic signal was clearly

detectable up to 72 h, with a maximal intensity seen at

4 h. The concentration of the signal in the liver was

confirmed when collecting organs at different time-points

in some of the animals. As seen in Fig. 3, 94 % of the

signal was measured in the liver, the rest being

Fig. 2 Solution and spectroscopic properties of FAPolAF647. a Elution

profiles at 220 nm (solid line) and 650 nm (dashed line) of crude

FAPolAF647. The concentration injected was 5 g L-1. Elution buffer:

0.1 M NaCl, 20 mM Tris/HCl, pH 8. au arbitrary units, Vel elution

volume, V0 excluded volume, VT total volume. b Elution profiles at

220 nm (solid line) and 650 nm (dashed line) of purified FAPolAF647.

Same conditions. The profiles were normalized to the same

maximum. c Absorption spectrum of 0.1 g L-1 FAPolAF647 in the

same buffer. d Emission (solid line) and excitation (dashed line)

spectra of a 0.001 g L-1 solution of purified FAPolAF647; same buffer
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distributed among the lungs (3.3 %), the heart (0.6 %),

and the kidneys (2.1 %), the latter signal being consistent

with an excretion process. Interestingly, there was no

detectable signal in the spleen or in the brain. Since all

organs (except liver) were negative at 24 h when

removed from the body, the observed fluorescent signal

in the whole body at this time-point is mainly due to the

persistence of APols in the circulation.

Biodistribution of FAPolAF647 Following IP Injection

IP injections are widely used in animal studies because of

the ease of the procedure. Following injection of

FAPolAF647, the fluorescent signal remained concentrated

in the peritoneal cavity for *1 h (Fig. 4). It then reached

the circulation to produce a uniform signal in the body,

concomitant with a persistent and intense staining of the

liver for up to 72 h. As for the IV route, the signal pro-

gressively disappeared at 10 and 20 days post-injection,

confirming the slow release of APols from the body. The

collection of organs at different time-points showed a large

amount of signal in abdominal fat pads (45 %) and in the

liver (55 %) up to 72 h. With the exception of a faint signal

in the liver, signals were barely undetectable at 10 and

20 days, suggesting complete elimination. In all cases, no

signal was observed in the lung, heart, spleen, and brain,

implying no accumulation of APols in these tissues. A very

modest signal in kidneys presumably reflected renal elim-

ination. It was difficult to monitor due to the slow release

from fat and liver, generating very low doses of APol to

eliminate at any given time point. Hence, as for the IV

route, a majority of APols remains circulating once dif-

fusing from fat and is progressively eliminated, presumably

via the hepatic route.

Biodistribution of FAPolAF647 Following SC Injection

The SC route is known to lead to slow but complete

absorption of drugs. Indeed, following injection of the

FAPolAF647 bolus, a compact and restricted signal was

observed at the injection site for the entire period of ana-

lysis (Fig. 5). The intensity of the spot decreased very

slowly, but was still detectable after 20 days. This high

site-specific concentration effect impeded detection of

APols in the rest of the body, including at the ventral view.

Consistently, fluorescence was found associated with the

dorsal fat pads, which appear to be a very efficient natural

reservoir for APols. With the exception of the liver, which

showed significant staining, suggesting hepatic elimination

of APols, and hence, diffusion from the injection site,

APols could not be detected in any of the collected organs,

due to their low circulating concentration.

IV injection
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Fig. 3 Biodistribution of

FAPolAF647 following

intravenous injection. a Time-

series images of a representative

animal before and after

intravenous injection of 10 lg

FAPolAF647. Upper row dorsal

view, lower row ventral view.

b Time-series images of organs

collected at different time-

points. c Quantitation of

fluorescent signals measured in

organs over time
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Biodistribution of a Rhodamine-Labeled APol

To validate the biodistribution profiles, experiments were

repeated using a rhodamine-labeled version of A8–35

(FAPolrhod; see Giusti et al. 2012). As seen in Fig. 6, dis-

tribution profiles fully matched those obtained for

FAPolAF647. The profiles are presented for each adminis-

tration route with the corresponding distribution of free

rhodamine, which served as a control experiment. This

confirmed that the observed persistent signals do corre-

spond to FAPolrhod, given that the signal of the free dye

(although *1009 concentrated compared to the label

carried by FAPolrhod) reaches a peak around 1 h and is

almost gone at 72 h. Free rhodamine was detectable in

urine 1–4 h post-injection using a plate reader (Tristar II,

Berthold; not shown). In all cases, FAPolrhod remained

undetectable in spite of a detection sensitivity compatible

with the measure of 1,0009 less FAPolrhod-containing

solution than the one being injected (data not shown). This

is consistent with very slow release of FAPolrhod, gener-

ating fluorescent signal intensity below the detection

threshold.

Discussion

The present study was designed to visualize the distribution

profiles of fluorescent versions of APols. This was

motivated by the results of previous studies (Popot et al.

2011; Tifrea et al. 2011, 2014) demonstrating that APols

can be used in vivo as vehicles for MPs or hydrophobic

therapeutic agents. The systematic evaluation of three of

the major administration routes (IV, IP, SC) revealed that

APol A8–35 exhibits a long-lasting distribution in the

whole body circulation up to 10–20 days. It also showed

that fat pads can trap APols, which are subsequently slowly

released over time.

Following administration of FAPols using the IV route,

a rapid and broad diffusion of the fluorescent signal was

observed, consistent with efficient circulation of APols in

the blood flow. The hepatic signal seen 10 min post-

injection is consistent with the detoxification function of

this organ. The fluorescent signals in the liver parenchyma

were clearly confirmed when imaging dissected organs,

whereas most of the other organs were not fluorescent. This

suggested that the majority of the detectable FAPols

remains in blood circulation. However, because low doses

of FAPols were used, and given limitations to the sensi-

tivity of the imaging system, it cannot be excluded that a

fraction of FAPols can exit the blood flow to enter organs.

This is indeed seen at the histologic level when using a

higher concentration of FAPolNBD (1 mg L-1) in tumor-

bearing mice in which vascularized tumors had strong

APol signals distant from the blood flow (Popot et al.

2011). The persistent signal in the blood flow suggests that

APols can interact with serum lipoproteins and/or the

IP injection
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Fig. 4 Biodistribution of

FAPolAF647 following

intraperitoneal injection.

a Time-series images of a

representative animal before

and after intraperitoneal

injection of 10 lg FAPolAF647.

Upper row dorsal view, lower

row ventral view. b Time-series

images of organs collected at

different time-points.

c Quantitation of fluorescent

signals measured in organs over

time
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membranes of circulating red and white cells. From the

control experiments performed with rhodamine, one can

conclude that the observed distributions correspond to

intact FAPols, and not to cleaved fluorescent dye, because,

as expected, free rhodamine is rapidly eliminated from the

body. To our knowledge, there is very few if any report of

detergent or detergent-like compounds biodistribution

using in vivo live imaging. This renders difficult any

comparison with our study on APols with other drug

vehicles. The closest situation is certainly the case of lip-

osomes, exosomes, and/or microvesicles (EV) that share

some of the biochemical properties of APols. Indeed, a

very recent study of Lai et al. (2014) provided in vivo data

nicely and precisely detailing the tissue distribution of

luminescent EVs. This revealed that the EVs first undergo a

rapid distribution phase followed by a longer elimination

phase via hepatic and renal routes within 6 h. Particular

EVs retention was observed in hepatic and renal or tumor

tissues similar to our description of IV injections of APols

here or as previously described (Popot et al. 2011). Hence,

the distribution profile obtained with SC injection of APols

is quite unique and we were not able to find reports of

similar activity. Future experiments will use single photon

emission computed tomography imaging using gamma-

emitting radioisotope-coupled APols to obtain pharmaco-

kinetic data in a more quantitative and sensitive manner

(Ding and Wu 2012). Additionally, it would be interesting

to analyze the biodistribution profile of orally adminis-

trated APols because this route is still the preferred route of

administration of drugs. However, transdermal delivery

may also represent an exquisite approach because this

administration route is circumventing two of the most

important disadvantages of other routes by reducing first-

pass metabolism associated with oral delivery and is less

painful than injections. This is particularly interesting in

the context of vaccine (Schoellhammer et al. 2014) which

is indeed a clear and already validated indication for the

use of APols (Tifrea et al. 2014).

When using IP or SC routes, long-term body retention of

FAPols was also observed. Fat pads, in particular, were

found to trap FAPols that were slowly released from the

injection sites. This intriguing property may reflect the

amphipathic nature of APols, which may find in lipophilic

areas a natural reservoir. This unforeseen result opens

interesting opportunities to use APols for the delivery of

anti-obesity drugs such as CLA (conjugated linoleic acid;

see Blankson et al. 2000). Indeed, recent work has shown

that nano-emulsions enhanced the bioavailability of CLA

SC injection
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Fig. 5 Biodistribution of FAPolAF647 following subcutaneous injec-

tion. a Time-series images of a representative animal before and after

subcutaneous injection of 10 lg FAPolAF647. Upper row dorsal view,

lower row ventral view. b Time-series images of organs collected at

different time-points. c Quantitation of fluorescent signals measured

in organs over time
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and its anti-obesity effect (Kim et al. 2013). The stable

localization observed under the skin also suggests the

interesting possibility of using APols for long-term and

slow release of drugs. This is in turn opening the possibility

to extend the use of APols for the delivery of hydrophobic

drugs in the context of the several chronic diseases

requiring long-term delivery of drugs such as chronic pain,

psychiatric disorders, hypertensive diseases, HIV, or

cancer.

As a conclusion, the biodistribution profile of APols is

compatible with several in vivo applications. Depending on

the administration route, APol-associated MPs or drugs can

Fig. 6 Biodistribution of

FAPolrhod. Dorsal view time-

series images of representative

animals receiving a an

intravenous injection of 10 lg

FAPolrhod (upper row) or 10 lg

free rhodamine (lower row),

b an intraperitoneal injection of

10 lg FAPolrhod (upper row) or

10 lg free rhodamine (lower

row), or c a subcutaneous

injection of 10 lg FAPolrhod

(upper row) or 10 lg free

rhodamine (lower row)
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be delivered in a long-term manner, eventually benefitting

from natural reservoirs such as fat. One may also note that,

because it is possible to functionalize APols with essen-

tially any desirable molecule (Le Bon et al. 2014), target-

ing MPs, peptides, or drugs to selected organs using APols

tagged with organ-specific ligands is a realistic proposition.
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