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A B S T R A C T

Here, long-circulating behaviors of Inulin-based nanomicelles are demonstrated for the first time in vivo. We show the
synthesis and evaluation of biotin (BIO)-decorated polymeric INVITE micelles constituted of substances of natural ori-
gin, Inulin (INU) and Vitamin E (VITE), as long-circulating carriers for receptor-mediated targeted drug delivery. The
resulting INVITE or INVITE-BIO micelles, nanometrically sized, did not reveal any cytotoxicity after 24 h of incubation
with Caco-2 cells. Moreover, in vitro studies on Caco-2 cells monolayers indicated that the transport of INVITE-BIO
micelles was faster than surface unmodified INVITE micelles. In vivo optical imaging studies evidenced that, upon in-
travenous administration, INVITE-BIO micelles were quantitatively present in the body up to 48 h. Instead, after oral
administration, the micelles were not found in the systemic circulation but eliminated with the normal intestinal content.
In conclusion, INVITE-BIO micelles may enhance drug accumulation in tumor-cells over-expressing the receptor for bi-
otin through receptor mediated endocytosis.

© 2016 Published by Elsevier Ltd.

Polymeric micelles are interesting nanostructured platforms char-
acterized by a core-shell structure and obtained by self-assembly of
amphiphilic polymers in aqueous solutions. The core is formed by the
hydrophobic portion of the polymer, while the hydrophilic part con-
stitutes the shell. Due to their small size (10–100 nm), low toxicity,
capacity to solubilize lipophilic drugs in the core, and high drug load-
ing these nanocarriers are effective drug delivery systems.1 Among the
hydrophobic polymers, poly(propylene glycol (PPG), poly(D,L-lac-
tide) polycaprolactone are often employed, while polyethylene gly-
col (PEG) is frequently used as hydrophilic moiety, and therefore the
majority of polymeric micelles described in literature are based on
biodegradable and synthetic copolymers.2
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In the context of our research project aimed at evaluating
biodegradable amphiphilic polymers of natural origin and from renew-
able resources, according to the sentence “learning from Nature, dis-
covering through Nature”, we designed nanomicelle systems based on
Inulin (INU, a fructan-type oligosaccharide) and Vitamin E (VITE),
denoted as INVITE. The INVITE nanomicelles, previously demon-
strated effective biomedical and pharmaceutical properties, such as
high biocompatibility, suitability for intravenous administration, rapid
uptake by the cellular membrane, solubilization and delivery of highly
hydrophobic drugs, and favorable pharmacokinetic in vivo after intra-
venous administration.3–6

We selected INU as the main component because it is a nat-
ural polysaccharide extracted from many plants, hydrophilic, cheap,
FDA-approved and routinely used by intravenous injection, i.e., it
has an exceptionally-high safety profile. Furthermore, it has been
used for pharmaceutical applications in different forms such as hy-
drogels,7–11 micelles,12–14 nanoparticles15 and iron-supplementing sys-
tems.16 When INU is intravenously administered, it does not bind to
plasmatic proteins17,18 and it is freely filtered by the kidney where it
is neither secreted nor reabsorbed and it is not metabolized by the kid-
ney.19 INU shows a mean molecular radius of 1.5 nm and a molecular
weight of approximately 5000 Da.20 Moreover, notable applications
of inulin concern stabilization of proteins, modified drug delivery and
targeting and adjuvanting vaccine formulations.20

VITE is a vitamin normally found in many foods, especially in
olive oil and other fat-derived nutrients.21 It is one of the most power-
ful anti-oxidant that nature uses in its cycles, and in the human body

http://dx.doi.org/10.1016/j.nano.2017.01.001
1549-9634/© 2016 Published by Elsevier Ltd.
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is involved in several processes including cancer and oxidative
stress.22,23 VITE is hydrophobic and its use for pharmaceutical appli-
cations is widely documented.24,25

Concerning the targeting properties of polymeric micelles, their
small size allows passive targeting to be achieved by extravasation
through the leaky tumor vessels via enhanced permeability and reten-
tion effect (EPR) effect. However, to increase the intracellular uptake
of these drug delivery systems to the target site, the presence of an ac-
tive targeting moiety on the surface of these nanocarriers would enable
and exploit the receptor-mediated active targeting strategy.

The aim of the present work was to evaluate BIO surface modified
INVITE nanomicelles as carriers for targeted drug delivery. Among
the cellular surface targets potentially useful for receptor mediated tar-
geted drug delivery, BIO, a natural nutrient, is widely employed be-
cause of its overexpression in several tumors and for its strong inter-
action with avidin.26 Indeed, several aggressive cancer lines such as
leukemia (L1210FR), ovarian (OV 2008, ID8), colon (Colo-26), mas-
tocytoma (P815), lung (M109), renal (RENCA, RD0995), and breast
(4 T1, JC, MMT06056) cancer cell lines27,28 overexpress receptors for
BIO.29 It is important to note that BIO cannot be synthesized by mam-
malian cells, thus, BIO must be obtained from exogenous sources via
intestinal absorption.30

The so called sodium-dependent multivitamin transporter (SMVT)
is an important membrane transporter for BIO which is found along
the small and large intestines. Several essential nutrients such as BIO,
are taken-up by this transporter which have been shown as the respon-
sible for the antitumor activity of BIO functionalized camptothecin on
multi-drug resistant human ovarian cancer cell line A2780.31,32 Inter-
estingly, its SMVT overexpression was found to exceed that of its fo-
late receptor.33 This is mostly due to the fact that BIO belongs to a par-
ticular category of exogenous micronutrients which are required for
cellular functions and, particularly, for cell growth.34 Consequently,
the BIO demand in tumors is higher than normal tissues.35

In 2006 Park Keun-Hong and coworkers were among the pioneers
in preparing nanogels from pullulan and BIO (PU/Bio) as a valuable
method to deliver anticancer drugs using specific receptor-mediated
targeting between BIO and tumor cells.36 In the last years, more and
more evidence points on the effectiveness in using BIO as a drug tar-
geting molecule.27,37,38 Moreover, BIO binds to plasmatic protein only
in very small amount.39 In this way, we would not substantially mod-
ify the plasmatic behaviors of INU, when modifying the hydrody-
namic properties of the polymer.

These premises led us to hypothesize that a drug delivery system
composed by INU-based micelles would retain the main behaviors of
the parent polymer, since the external shell of the micelle would be
chemically composed by the polysaccharide and, eventually, by the
non-plasma-protein binder BIO. What would be modified should es-
sentially be the spatial conformation of the polymer especially when
BIO is found on the surface of the micelle. Since glomerular filtration
is strongly influenced by size and shape of the substances we thought
that such a system, based on INU, would “acquire” long-circulation
behaviors to be exploited for drug delivery purposes.

Thus, herein we rationally designed and investigated an am-
phiphilic inulin-vitamin E (INVITE) bioconjugate, surface modified
with BIO (INVITE-BIO), as specific carriers with long-circulating
and targeting behaviors. In particular, the synthesis and characteriza-
tion of INVITE-BIO nanomicelles are described in this paper. More-
over, the fate of the targeted micelles was monitored in vitro on
Caco-2 cells as well as in vivo by optical imaging biodistribution stud-
ies.

Methods

Materials and cell lines

All reagents were of analytical grade, unless otherwise stated. An-
hydrous N,N-dimethyl formamide 99.8% (DMF), triethylamine ≥99%
(TEA), N,N′-dicyclohexyl carbodiimide 99% (DCC), pyrene, d-α-to-
copherol succinate semisynthetic 1210 IU/g, inulin from dahlia tu-
bers (INU, approx. 5500 Da), fluorescein 5-isothiocyanate (FITC) and
N-Hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich
(Milan, Italy). N-hydroxysulfosuccinimide sodium salt ≥98% (NHSS),
biotin (BIO) and DMSO-d6 99.96 atom % D were purchased from
TCI Europe, Zwijndrecht, Belgium. Cyanine5.5 NHS ester (Cy5.5)
was from Lumiprobe, Hallandale Beach, USA. Caco-2 cells (Caco-2
Passage 43) were obtained from the European Collection of Authenti-
cated Cell Cultures Cell Bank (ECACC, Salisbury, UK). All reagents
used for cell cultures were purchased from Eurcolone (Milan, Italy).
Fetal bovine serum was obtained from Hyclone (GE Healthcare, Mi-
lan, Italy).

Six to eight week-old female BALB/c mice derived from and were
housed in our specific pathogen free (SPF) animal facility. Procedures
involving animals and their care were in conformity with institutional
guidelines that comply with national and international laws and poli-
cies (D.L. 26/2014 and subsequent implementing circulars), and the
experimental protocol (Authorization n. 1050/2015-PR) was approved
by the Italian Ministry of Health.

Results

Synthesis and characterization of INVITE and INVITE-BIO and their
derivatives

In this work we synthesized and characterized five new INVITE
derivatives plus one intermediate. Namely we synthesized: i) FITC
derivative of INVITE to be used for in vitro transport studies on
Caco-2 cell monolayer, named INVITE-FITC, ii) Cy5.5 derivative
of INVITE to be used for in vivo biodistribution studies by NIR
fluorescence imaging, named INVITE-Cy5.5, iii) N-hydroxysuccin-
imide ester of BIO for subsequent conjugation to INVITE, named
BIO-NHS, iv) BIO derivative of INVITE to be used for cytotoxic-
ity studies on Caco-2 cells, named INVITE-BIO v) FITC derivative
of INVITE-BIO to be used for in vitro transport studies on Caco-2
cell monolayer, named INVITE-BIO-FITC, and vi) Cy5.5 deriva-
tive of INVITE-BIO to be used for in vivo biodistribution studies by
NIR fluorescence imaging, named INVITE-BIO-Cy5.5 (Figure 1). All
new molecules were characterized by 1H–NMR (performed for all
the samples), 13C–NMR (INVITE, INVITE-BIO), CAC (INVITE, IN-
VITE-BIO), SEM (INVITE-BIO), elemental analysis for sulfur detec-
tion by SEM (INVITE, INVITE-BIO). Purifications were performed
by washing the reaction product in selected solvents and by further ex-
haustive dialysis. Furthermore, as shown below, due to the nanomet-
ric dimension of the obtained micelles, sterile filtration has been used
throughout in vitro/in vivo studies.

The synthesis of INVITE-BIO proceeded through the isolation of
the N-hydroxysuccinimide ester of BIO which was characterized by
1H–NMR and melting point, confirming identity and purity of the
sample (see SI1 for 1H–NMR of BIO-NHS). INVITE polymer, in the
presence of TEA, freely and quantitatively reacted with the synthe-
sized BIO-NHS. The NMR (1H, 13C) spectra were acquired after ex-
haustive dialysis to assure high purity of the samples. 1H–NMR spec-
trum of the synthesized INVITE-BIO is shown in Figure 2.
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Figure 1. Schematic representation of the synthesis performed in the present work for the production of INVITE, INVITE-FITC, INVITE-Cy5.5, INVITE-BIO, INVITE-BIO-FITC
and INVITE-BIO-Cy5.5.

Figure 2. 1H–NMR spectrum, registered in DMSO-d6, of the synthesized INVITE-BIO polymer: integrals values are shown for the peaks at ppm 6.40/6.36 (2NH BIO), 4.30 (1H
BIO), 4.06–3.50 (7H INU) and 0.82 (12H VITE), please see experimental part for full peak attribution.

The peaks at ppm 6.40 (s, 1H, NH, BIO), 6.36 (s, 1H, NH, BIO)
and 4.30 (s, 1H, −NH-CH-CH-, ring BIO) were used to identify BIO
in the conjugate and to calculate the DD (degree of derivatization). In
particular, the peak integrals at ppm 6.40 and 6.36 relative to the two
NH protons in BIO ring were used to confirm the DD value obtained
by comparing the integral of the proton of BIO at ppm 4.30 with the
integral from the 7 protons belonging to Inulin ring. This additional
measure was necessary due to the overlapping of the peak at ppm 4.30
with those from INU. A further confirmation of the chemical conju-
gation was from 13C–NMR study which showed a significant upfield
shift of the carbonyl carbon at ppm 174.96 of free carboxyl group from
BIO to ppm 173.98 for carbonyl carbon of the new-formed ester in
INVITE-BIO (see SI2). A similar observation was made from FT-IR
studies (see SI3–4).

Critical aggregation concentration (CAC) was determined to eval-
uate the effect of the BIO pendant group on the aggregation ability of
INVITE which in turn has demonstrated CAC values as low as a 10−3

magnitude in mM. The CAC value for INVITE-BIO was
1.2⋅10−3 mM, which could be considered very low, thus predicting a
good stability at dilution for the synthesized system in aqueous en-
vironment (lower is the CAC value higher is the stability) (Table 1).
Moreover, it indicates that BIO does not influence the INVITE hy-
drophobic core, likewise because BIO could be found on the nanomi-
celle surface. This result is of notable importance since the recogni-
tion of the micelles by specific receptors for BIO could occur only if
BIO is exposed to the environment. To confirm this assumption, an
elemental analysis of the nanomicelles surface was performed by the
SEM, coupled with an energy dispersive X-Ray detector. The results,
which should be considered qualitative, showed that no sulfur is pre-
sent on INVITE micelles, while a detectable percentage was observed
on the surface of INVITE-BIO micelle.

SEM studies were allowed to establish both morphology and size
range of the micelles, Figure 3. The number-weighted size distribu
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Figure 3. SEM micrograph of INVITE-BIO micelles at the dry state: left 100Kx, right 200Kx.

Table 1
Physical–Chemical characterization of INVITE and INVITE-BIO polymers.

Sample Mw (1H–NMR) Da⁎ Size (nm) ± sd CAC (mM)

INVITE 8148 8.7 ± 0.6 8.5 · 10−3

INVITE-BIO 9874 11.2 ± 1.2 1.2 ⋅ 10−3

⁎ INU Mw 5000 Da.

tion for empty INVITE and loaded micelles has been measured by dy-
namic light scattering (DLS) which shows a mean diameter size of
11.2 ± 1.2 nm and a polydispersity index of 0.38.

The SEM micrograph shows a round shape of the micelles and it
confirmed a particle size of about 10 nm. Obviously, with the mea-
surement performed at the dry state, no discrete micelle could be seen
but single structures are present, Figure 3. As summarized in Figure
1, different INVITE and INVITE-BIO derivatives have been synthe-
sized in order to broadly characterize the obtained product by in vitro/
in vivo studies. The main 1H–NMR data for the identification and DD
calculation relative to the obtained conjugates have been summarized
in Table 2.

It is important to note that the amount of Cy5.5 used for the re-
actions is calculated to administer an established dose of NIR probe
for each animal. In particular, it has been calculated that one molecule
of Cy5.5 should be present for each micelle. This assumption arises
from the fact that each micelle is composed of 2–3 INVITE chains40

and every chain contains ≈ 30.86 of fructose repeating units (degree

Table 2
Main diagnostic peaks from 1H–NMR analysis for each INVITE derivative, the peak in-
tegral used for degree of derivatization (with respect to INU fructose protons) and found
DD vs theoretic one.

Sample Diagnostic peaks (ppm)Δ
Integral for DD
(peak ppm)⁎

Found DD %
(Theoretic)

INVITE 2.89, 2.71, 1.99, 1.88, 1.72, 1.48,
1.33, 1.21, 1.04, 0.81

0.81 19.9 ± 0.90
(20.0)

INVITE-
FITC

8.00, 7.68, 7.12–7.18, 6.84 8.00 0.97 ± 0.05
(1.00)

INVITE-
Cy5.5

8.43, 8.23, 8.05, 7.71, 7.48, 1.95 8.05 1.95 ± 0.10
(2.00)

INVITE-
BIO

6.40, 6.36, 4.30, 3.10, 2.81/2.58 4.30/6.40/6.36 24.6 ± 1.20
(25.0)

INVITE-
BIO-FITC

7.99, 7.66, 7.13–7.17, 6.85 7.99 0.99 ± 0.05
(1.00)

INVITE-
BIO-Cy5.5

8.43, 8.23, 8.05, 7.71, 7.48, 1.95 8.05 2.01 ± 0.10
(2.00)

Δ Diagnostic peaks are referred to the substituent, i.e., VITE, FITC, Cy5.5 or BIO.
⁎ The ppm indicates the peak which integral has been related to the integral relative to
the 7 protons of INU fructose backbone.

of polymerization). It means that a single micelle will contain ≈ 62–93
fructose repeating units so a DD at around 2% (2 Cy5.5 every 100
RU of fructose) should assure, statistically, one molecule of Cy5.5 for
each micelle.

Biological in vitro characterization of INVITE and INVITE-BIO

The in vitro cytotoxicity of INVITE-BIO micelles was evaluated
by MTT test using Caco-2 cells up to 24 h of incubation. INVITE-BIO
micelles did not show any appreciable cytotoxicity (see SI5). On the
other side, these findings confirm our previous data on fibroblasts,
mesenchymal stromal cells and erythrocytes with respect to INVITE
micelles.4–6

To perform the transport experiments on Caco-2 cells, IN-
VITE-BIO was functionalized with FITC. At the same time INVITE
micelles were functionalized with FITC to measure their crossing by
fluorescence measurement in the different media and to compare two
similar systems, one containing BIO and one in which such a targeting
moiety is missing.

Here, we performed transport experiments in both directions, i.e.,
apical to basolateral (AB) and basolateral to apical (BA), sampling
from both sides, i.e., from donor or acceptor compartment. In all
the performed experiments the sample concentration was maintained
above CAC.

The results obtained from such transport study, clearly indicated
that within 30 min the whole amount of fluorescein-labeled IN-
VITE-BIO micelles were transported from the apical side (AP) to
the basolateral one (BL) when the INVITE-BIO-FITC micelles were
loaded in the AP compartment, i.e., the micelles cross the cell-mono-
layer “freely”, Figure 4, A and B. After 30 min, the same amount of
micelles is re-transported in the opposite direction BL to AP, Figure
4, A. When INVITE-BIO-FITC micelles were loaded in the BL com-
partment no transport was detected, Figure 4, B.

To clearly attribute any effect to the presence of BIO on the sur-
face of the micelles, INVITE-FITC micelles instead of IN-
VITE-BIO-FITC, were used for the same transport study (Figure 5, A
and B).

As seen for INVITE-BIO-FITC, even INVITE-FITC showed a fast
crossing of Caco-2 monolayer from AP to BL with a complete efflux
BL to AP after 30 min. On the other side, when INVITE-FITC was
loaded in the BL compartment, no crossing was evidenced.

Biodistribution analysis of INVITE-BIO and INVITE in BALB/c mice
by optical imaging studies

INVITE polymers were chemically conjugated to an established
amount of Cy5.5 probe to perform optical imaging studies (see
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SI6–7). The in vivo biodistributions of Cy5.5-labeled INVITE and IN-
VITO-BIO micelles were assessed in BALB/c mice after oral or i.v.
administration.

When the INVITE or INVITE-BIO micelles were administered in-
travenously, their presence in the whole body was detected at least up
to 48 h (Figure 6).

Furthermore, the quantitative determination of the residual fluores-
cence indicated that almost the whole amount was still in the body
throughout the period of analysis and, after an initial very rapid phase
of hepatic accumulation, it appeared homogeneously distributed in all
body compartments.

On the other hand, when the biodistribution of Cy5.5-labeled IN-
VITE and INVITE-BIO was studied upon oral administration, the flu-
orescent signals were detected to progress along the intestinal tract of
the animals, and were eliminated in 24 h, Figure 7.

Discussion

The preparation of long-circulating nanocarriers for drug deliv-
ery purposes is often challenging, mostly because a great number of
colloidal delivery systems are rapidly cleared from the blood stream
when intravenously injected.41 Thus, upon intravenous injection,
nanoparticulate systems could be rapidly cleared from the blood (even
within few minutes) by the reticulum endothelial system (RES) and,
particularly, by hepatic Kupffer cells.41,42 Among the adopted strate-
gies to overcome nanoparticles clearance, their surface functionaliza-
tion with sterically stabilizing macromolecules such as PEG is one
of the most applied. Despite the effectiveness of the approach, it re-
quires at least an additional chemical step for the functionalization
and involves a synthetic polymer within the structure of the nanosys-
tem which could be or not composed by biodegradable substances.
Without any doubt, building up a nanoparticulate system with “native”
stealth behaviors is a desirable goal.

In 2001, Moghimi et al quoted, in a review article, a sentence from
Aristotele: “If one way be better than another, you may be sure it
is nature's way”, further stating that: “it seems appropriate to design
a long-circulating carrier based on nature's principles”.43 This is ex-
actly what we are aiming to the modification of natural substances to
work as they are designed. Thus, we started from the experimental ev-
idences which demonstrate that INU, as well as BIO, does not bind
to plasmatic proteins.17–19,39 Furthermore, INU is freely filtered by the
kidney and is neither reabsorbed nor secreted in the urinary tract. Sup-
ported by these data, we designed to use biotinylated (targeted), or not,
INU-based nanomicelles to escape the immune system of the blood
(i.e., RES) and to avoid plasma protein binding. At the same time, we
thought that modifying size and shape of native INU by including it in
a biotinylated micelle system would reduce, if not avoid, the glomeru-
lar filtration of the substance so working as a reservoir/long-circulat-
ing/targeted drug delivery systems. With these aims in mind, INU was
functionalized with Vitamin-E (VITE) to gain the amphiphilic poly-
mer INVITE which, in turn, was further functionalized with BIO to
provide the system with tumor-targeting moieties and to evaluate the
effect of BIO on the circulating behaviors of the carrier. To test the
efficacy of INVITE and INVITE-BIO micelles were conjugated also
with various molecules including different fluorescent probes.

Since Caco-2 cells are from human epithelial colorectal adenocar-
cinoma, in our study, they were used as a cellular model to simulate
the oral absorption. In fact, Caco-2 cells are often used to simulate
the gut epithelial cells and are usually grown in monolayers in sin-
gle-cell culture or in the so-called Transwell® system which allows to

simulate the transport (or passage) of drugs or nanoparticulate across
the epithelial layer.44

In our study, Caco-2 cells were chosen to evaluate the possibility
of oral administration of INVITE-BIO micelles and because of the ex-
pression of the receptor for BIO on their surface.45,46 Several papers
in literature report on strongly increased transport rate of biotinylated
molecules in the gut.31,47 Thus, it has been supposed that the presence
of BIO on the micelle surface should increase the transport rate of the
micelles with respect to BIO un-decorated micelles when orally ad-
ministered.48

In general, it is accepted that substances that are transported by
passive diffusion, usually show a comparable permeability in both
directions in the Caco-2 model.49 Based on these findings, an ac-
tive transport P-glycoprotein (Pgp)-mediated efflux seems as the most
probable mechanism involved in the case examined. This hypothesis
is supported by at least two reasons i) no passive (concentration) equi-
librium is reached by the system in both directions and this would ex-
plain the active transport of the micelles, ii) the efflux is active (again
no equilibrium) but induced (activated) by AP to BL passage, thus, it
supports the Pgp activation, only in one direction, Figure 4.

To clearly attribute any effect to the presence of BIO on the surface
of the micelles, INVITE-FITC micelles instead of INVITE-BIO-FITC
were used for the same transport study (Figure 5, A and B).

As seen in Figures 4 and 5, the amount of INVITE-BIO-FITC
crossed was nearly 50% higher than INVITE-FITC at 30 min. This re-
sult should be linked to the presence of BIO on the INVITE-BIO mi-
celles surface.

Different studies in literature could help in understanding the main
gained outcomes. Thus, for example, previously, it has been reported
that Caco-2 cells internalized labeled lactoferrin only from the apical
membrane side, but not from the basolateral side, so suggesting that
Caco-2 cells expressed the lactoferrin receptor in the AP side, and that
the cellular membrane of the cells bound lactoferrin specifically.45 It
should be noted that lactoferrin is a glycoprotein which oligosaccha-
ride portion is often involved in their recognition. It is also known
that different substances show opposite behaviors in terms of flow di-
rection, i.e., BL to AP transport is strongly supported and this is in-
dicative of secretion of the substances from the cells into the lumen.49

Francis and coworkers found that dextran and hydroxypropylcellu-
lose hydrophobically modified by polyoxyethylene cetyl ether, shown
a Caco-2 cell permeability higher in the BL-AP direction, compared
to the AP-BL permeability50; these results are similar to other findings
obtained on hydrophilic dendrimers.51 In our system it is clear that the
efflux mechanism is not influencing the micelles uptake in the early
stage of the experiment.52 Furthermore, in the case of micellar sys-
tem, it is broadly demonstrated that amphiphilic molecules and macro-
molecules are often substrates for the efflux pump Pgp when in the
monomer form, i.e. below their CMC/CAC, while they do not show
P-gp inhibition effect when in the “micellear” form. Of course, Pgp
has to be considered as the main pump in the substances' efflux and its
inhibition accepted to cause the block of the efflux itself.52,53

In the absence of specific Pgp inhibitors, it could be supposed that
the INVITE based micelles are taken-up by Caco-2 cells by an active
mechanism which acts only in the apical side of the monolayer deter-
mining the efflux of the micelles in the BL-AP direction after 30 min
incubation. The presence of BIO on the micelles surface may stress
this mechanism in terms of an increased amount of micelles taken-up.

On the contrary, the micelles did not activate any active mech-
anism when loaded in the BL compartment nor activate the efflux
pump. No passive diffusion could be evidenced in both directions.
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So, it could be postulated that the presence of BIO on the micelle sur-
face: i) increases the amount of taken-up micelles, ii) the micelles are
subjected to an active transport, iii) no passive diffusion is detected,
iv) the micelles activate an efflux mechanism uniquely in the direc

tion AP-BL and v) no transport nor passive diffusion could be ap-
preciated in the BL-AP direction. As for the transport mechanism of
polymeric micelles across Caco-2 cells monolayer only few investi-
gations have been reported in the literature on this topic which de

Figure 4. Transport study on Caco-2 cells of INVITE-BIO-FITC (A) sample was loaded in the apical side and the sampling was performed in both apical (blue) and basolateral (red)
side up to 240 min (B) sample was loaded in the basolateral side and the sampling was performed in both apical (red) and basolateral (blue) side up to 240 min.

Figure 5. Transport study on Caco-2 cells of INVITE- FITC (A) sample was loaded in the apical side and the sampling was performed in both apical (blue) and basolateral (red) side
up to 240 min. (B) Sample was loaded in the basolateral side and the sampling was performed in both apical (red) and basolateral (blue) side up to 240 min.

Figure 6. Biodistribution analysis of INVITE-BIO and INVITE in BALB/c mice. (A) Mice were injected i.v. with Cy5.5-labeled-INVITE-BIO (upper panels) or Cy5.5-labeled-IN-
VITE (lower panels). Biodistribution kinetics of the compounds was assessed by fluorescence optical imaging as total body scanning with a 670 nm laser and a 693LP filter; spatial
resolution/scan step was fixed at 1.5 mm, exposure time was 0.5 s, and laser power was automatically adjusted for each scan session. The figure shows one representative experiment
of two that produced similar results. (B) The vertical histograms represent the total photons emitted from ROI of the total body. Data are expressed as photon flux and quantified as
photon × second−1. Two mice per group were analyzed and data are reported as mean ± S.D., (P = 0.07).
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Figure 7. Biodistribution analysis of INVITE-BIO and INVITE in BALB/c mice. (A) Mice were administered by the oral route with Cy5.5-labeled-INVITE-BIO (upper panels) or
Cy5.5-labeled-INVITE (lower panels). Biodistribution kinetics of the compounds was assessed by fluorescence optical imaging. The figure shows one representative experiment of
two that produced similar results. (B) The vertical histograms refer to the total photons emission from mouse total body ROI. Data are expressed as photon flux and quantified as
photon × second−1. Two mice per group were analyzed and data are expressed as means ± S.D., (P = 0.1).

serves to be thoroughly studied in future studies.54 Based on the re-
ported conclusions, the transport of polymeric micelles occurs via en-
docytosis by transcellular pathway rather than the paracellular one.54

At the best of our knowledge, the finding of Pgp/INVITE micelles in-
teraction has not been reported in the literature and deserves further
studies to better understand the mechanism, its consequences and pos-
sible applications.

In vivo studies demonstrated that, after intravenous administration,
the micelles were not eliminated from the body up to 48 h, so support-
ing the premises of our work, Figure 6. To verify that Cy5.5 was not
released during the in-vivo administration, an in-vitro experiment was
performed as specified in SI part 2.4.4. This experiment confirmed
that Cy5.5 is not released in free form in the tested time and condi-
tions. The micellar systems we used in this study are mainly consti-
tuted by INU which could be found in the outer shell of the micelles
which are nanometrically sized. It could be postulated that after intra-
venous administration the micelles do not bind to plasmatic proteins
and, since they have nanosized dimension, could spread in the whole
body including the capillary system. On the other side, the filtration
by the kidney could be impaired due to the different hydrodynamic
size of the polymer when constituting the micelle with respect to the
INU in its “natural” linear form. It should be remembered that filtra-
tion is a “mechanical” process and plasmatic protein or antibody bind-
ing are “chemical” processes. Consequently, being that the chemical
properties of INU are not altered even when BIO is used to decorate
the micelles, it could retain its main behaviors, while the mechanical
properties could be altered by the different conformation of the poly-
mer. Considering the long permanence time, the possible payload of
the prepared drug delivery systems could be released by following es-
tablished and predictable kinetics. Notably, even 48 h post-injection,
animals did not show any appreciable sign of toxicity. An independent
study was performed to verify the presence of the INVITE-Cy5.5 na-
nomicelles up to 72 h (see SI8). This study confirmed that the nanomi-
celles are still distributed in the body up to the tested time and that the
intensity of the signal is comparable to that at 48 h.

In the literature some examples can be found of polysaccharide
based micelles which have been studied for their biodistribution in
vivo. For example, in a recent study from Zhang et al, pH-responsive
dextran-g-poly(lactide-co-glycolide)-g-histidine copolymer micelles,
were studied for the intracellular delivery of paclitaxel and intra-
venously administered in mice which was performed by NIR fluores

cence, and the animals were sacrificed after 24 h.55 Another system
based on chitosan micelles showed a remarkable tumor targeting with
limited body diffusion.56 Another polysaccharide of great pharmaceu-
tical interest is hyaluronic acid (HA)57 which has been also studied in
the form of micelles for drug targeting and delivery. In a recent study,
Thomas et al, described the use of HA micelles for targeting CD44
overexpression in cancer cells. They found that after intravenous ad-
ministration in mice, the micelle system was distributed in the body up
to 5 days.58

No systemic absorption was detected upon oral administration.
This last finding well fits the transport studies, suggesting that Pgp ac-
tivation determines an important efflux of the micelles as seen in the
Caco-2 cell line. On the other side, at 24 h small amount of fluores-
cence could be detected, thus, it could be proposed the use of the IN-
VITE based micelles for the oral delivery of highly hydrophobic drugs
also considering that INU is specifically degraded by the microflora
found into the colon.

Rationally designed nanomicelles based on inulin and vitamin-E,
surface modified with BIO were prepared and investigated in the pre-
sent study. In particular, the synthetic procedures from INVITE to IN-
VITE-BIO nanocarriers and their fluorescent derivatives resulted effi-
cient and reproducible. A deep in vitro/in vivo characterization of the
resulting micelles was performed to better understand the fate of the
proposed system after their administration. In vitro studies on Caco-2
cells indicated that the transport of micelle surface modified with bi-
otin, was faster than INVITE micelles (without BIO), but both stimu-
lated the efflux protein Pgp. MTT test did not reveal any cytotoxicity
of both INVITE or INVITE-BIO micelles after 24 h of incubation with
the cells. Finally, in vivo optical imaging studies evidenced that, when
intravenously administered, the micelles where quantitatively present
in the body up to 48 h. After oral administration, due to Pgp efflux
pump activation, the micelles were not found in the systemic circu-
lation but were likely eliminated with the normal intestinal content.
Therefore, it can be concluded that intravenously administered BIO
conjugated INVITE polymeric micelles as long-circulating drug deliv-
ery systems may target the incorporated drug to tumor cells over-ex-
pressing the receptor for BIO through receptor mediated endocytosis.
In particular, INVITE-BIO micelles should be promising nanocarriers
for targeted drug delivery of lipophilic antitumor drug (e.g. paclitaxel)
in the treatment of tumors expressing the BIO receptor.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nano.2017.01.001.
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