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a  b  s  t  r  a  c  t

In  this  work,  the  potential  application  of  gold  nanoparticles  for GLP-1  analogues  delivery  was  studied.
For  this  purpose,  the  original  sequence  of  the  incretin  GLP-1  was  slightly  modified  in the  C-terminal
region  by  adding  a cysteine  residue  to facilitate  conjugation  to the  gold  surface.  The interaction  between
peptides  and  gold  nanoparticles  and also the colloid  stability  of  the  conjugates  were  studied  by  UV–vis
spectrophotometry,  TEM,  IR  and  XPS  spectroscopy.  Moreover,  the  permeability  of these  conjugates  was
eywords:
LP-1
old nanoparticles
aco-2 cells
olid-phase peptide synthesis
ncretin

assayed  using  a Caco-2/goblet  monolayer  model.  On  the  basis  of the  stability  and  permeability  results,  one
of the  conjugates  was  chosen  to  be  administered  intraperitoneally  to  normoglycemic  rats.  The  intraperi-
toneal  delivery  of  the  GLP-1  analogue  using  gold  nanoparticles  led  to  decrease  levels  of  blood  glucose  in
the same  way  as  native  GLP-1,  thereby  demonstrating  that  the  formulation  of the analogue  is  stable  in
physiological  conditions  and  maintains  the  activity  of this  incretin.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Glucagon like peptide-1 (GLP-1) is an incretin hormone secreted
y intestinal L cells in response to nutrient intake. It has two
iological active forms: GLP-1 (7–36) amide {80% of circulating
LP-1}  and GLP-1 (7–37) [1]. GLP-1 and its analogues induce
leiotropic physiological effects manifested via the stimulation of
lucose-dependent insulin secretion and insulin biosynthesis, the
nhibition of glucagon secretion, reduced appetite, and delayed
astric emptying. In addition, these peptides support prolonged
ormoglycemia, preserve �-cell function, increase insulin sensi-

ivity, improve cardiac function, decrease blood pressure, improve
ipid profiles, reverse fatty liver, and reduce oxidative stress [2].
or these reasons, currently GLP-1 is not only important for its
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∗∗ Corresponding author at: University of Barcelona, Martí i Franquès 1, Barcelona
8028, Spain.

E-mail addresses: aalvarrez@ciq.uchile.cl (A. Álvarez-Lueje), albericio@ub.edu
F. Albericio), mkogan@ciq.uchile.cl (M.J. Kogan).

1 These authors contributed equally.

ttp://dx.doi.org/10.1016/j.colsurfb.2017.06.015
927-7765/© 2017 Elsevier B.V. All rights reserved.
therapeutic potential for the treatment of type 2 diabetes melli-
tus but it is also emerging as a new strategy for the treatment of
other non-communicable chronic diseases related to diabetes and
the metabolic syndrome. However, like other peptides, GLP-1 and
its analogues present a major drawback with respect to stability in
order to be considered as drugs. In this regard, most of the effects
of GLP-1 in vivo last for a brief period of time (t1/2 < 2 min) because
it is rapidly inactivated by dipeptidyl peptidase-4 (DPP-4).

Several strategies have been developed to increase the half-life
of GLP-1 and achieve clinical use, including exendin-based ther-
apies, DPP-4-resistant analogues, and analogues of human GLP-1
[3]. Currently, there are three commercially available analogues,
namely exenatide immediate-release, exenatide extended-release
(long-acting), and liraglutide. However, all of these drugs are mar-
keted in injectable dosage form only [4].

A non-invasive route of administration for GLP-1 or its ana-
logues would augment patient compliance and acceptability, while
oral delivery, in addition, would preserve the portal/peripheral

ratios naturally experienced upon the secretion of this incretin,
thereby more closely mimicking its physiological state.

However, oral peptide delivery is a challenge for the pharma-
ceutical industry, since peptides have low oral bioavailability due to

dx.doi.org/10.1016/j.colsurfb.2017.06.015
http://www.sciencedirect.com/science/journal/09277765
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heir poor permeability and low stability under physiological con-
itions. Thus, permeation enhancers, protease inhibitors, enteric
oatings and novel carrier systems have all been employed, with
arying degrees of success, for the development of non-invasive
iomolecule formulations [5–7]. Among these, nanoscale devices
ave shown new and improved pharmacokinetic and pharmacody-
amics properties (enhanced bioavailability, high drug loading and
ystemic stability) when used as drug delivery systems [8]. In this
egard, gold nanoparticles (AuNPs) could be considered ideal agents
or this purpose because of their chemical inertness and mini-

al  toxicity [9–12]. Additionally, in contrast to organic colloids,
he surface of colloidal gold does not require modification for the
hemisorption of ligands. Thus, AuNPs can be functionalized easily
ith a variety of biomolecules such as peptides, proteins, enzymes

nd DNA, and also small molecule-based drugs. These AuNP-based
onjugates retain the activity of the cargo, improve its stability,
nd reduce dose and also possible side effects [13]. AuNPs are more
ffective as drug delivery systems than the traditional naked drug as
hey can reduce drug delivery time significantly, improve cell pen-
tration, and enhance the pharmacodynamic activity [14–18]. As
xample, Joshi et al. observed an extraordinary reduction of blood
lucose levels of diabetic rats when insulin was delivered by AuNPs
ia both the transmucosal and oral route [19,20].

Nevertheless, despite the large number of studies that have
emonstrated that AuNPs are non-toxic to living cells, biocom-
atible, and easily conjugated to a spectrum of biological ligands,
eports on their application for drug delivery purposes have been
imited to cancer therapies [8,16–18,21].

In this work, three new analogues of incretin GLP-1 were syn-
hesized in order to facilitate attachment to AuNPs. Peptides were
haracterized in terms of their secondary structure, ability to stim-
late the release of insulin, and toxicity in vitro, while their AuNP
onjugates were also fully characterized in terms of size, charge,
eptide loading, and stability. The permeability of peptide-AuNP
onjugates across Caco-2 cells and toxicity were also examined
n vitro. The interaction of these peptides with the gold surface

as studied by XPS and IR spectroscopy. Also, the way  in which
his interaction affected the stability and permeability of the con-
ugates was studied. Finally, to test the efficacy of this new potential
elivery system, the effect of one of the three conjugates on blood
lucose levels was tested in normoglycemic mice and compared
ith the respective free GLP-1 analogue and the native GLP-1.

. Experimental section

.1. Synthesis of gold nanoparticles

AuNPs were synthesized by reducing HAuCl4 with sodium cit-
ate, 1:4 molar ratio, as described in a previous study [22].

.2. Characterization of gold nanoparticles and conjugates

Bare AuNPs and AuNPs conjugated to GLP-1 analogues were
tudied by spectrophotometry, transmission electron microscopy
TEM), infrared spectroscopy (IR), X-ray photoelectron spec-
roscopy (XPS), dynamic light scattering (DLS) [23] and zeta
otential [24]. For details of each technique, see supporting infor-
ation.

.3. Estimation of the number of peptide molecules per AuNP

The peptide load of the AuNPs was calculated by dividing the

mount of peptide grafted (determined by amino acid analysis)
y the amount of AuNPs in solution, which was estimated fol-

owing Liu et al. [25]. For this purpose, the number of gold atoms
er nanoparticle, according to the size determined by TEM, and
s B: Biointerfaces 158 (2017) 25–32

the concentration of gold in solution, obtained by ICP-OES, were
considered. To determine peptide concentration, an amino acid
analysis was performed on the pellet obtained after centrifugation
of 10 mL  of bare or conjugated AuNPs at 16100 × g16100g for 30
and 60 min, respectively.

2.4. Conjugate stability

The colloidal stability of the non-functionalized and function-
alized AuNPs was  evaluated spectrophotometrically and by DLS  in
simulated gastric fluid (buffer solution pH 1.2), simulated intestinal
fluid (buffer solution pH 6.8), HBSS, and saline solution (0.9% NaCl)
for 96 h at room temperature. Simulated gastric and intestinal fluids
were preparing following USP specifications [26].

2.5. In vivo studies

The capacity of free GLP-1(7–37)Lys(PEGCys)-NH2 and GLP-
1(7–37)Lys(PEGCys)-NH2 conjugated to AuNPs to lower blood
glucose was  tested after intraperitoneal administration to normo-
glycemic rats. Male Sprague Dawley rats weighing 180–200 g were
provided by the animal house of the Faculty of Chemical and Phar-
maceutical Sciences of the University of Chile, Chile. The animals
were housed at 25 ◦C under a 12/12 h light/dark cycle and fed a
standard pellet diet with access to water ad libitum. Animal han-
dling was  performed following Good Laboratory Practices (GLPs).
See supporting information for experimental details.

3. Results and discussion

3.1. Rational design of GLP-1 analogues for conjugation to AuNPs

GLP-1 activity is related to its N-terminal region and C-terminal
amidation, which determine its interaction with GLP-1 receptor
[27,28]. Additionally, amidation of GLP-1 protects it from degra-
dation by carboxypeptidases present in the bloodstream, thus
improving its stability [29].

Here we synthesized three analogues of GLP-1(7–37) with a
slight modification at their C-terminal region in order to main-
tain stability against carboxypeptidases and facilitate conjugation
to AuNPs (Table 1).

In the three peptides, a residue of amidated Lys was incorpo-
rated at the C-terminal to serve as a spacer between the peptide and
the AuNP surface. In the second and third analogue, a residue of Cys
was incorporated through the amino side chain of the Lys, directly
or through a polyethylene glycol spacer (PEG). The Cys served to
mediate the interaction with the AuNP surface through its thiol
group. In contrast, in the first analogue the �-amino function of the
Lys was  acetylated. This peptide was used as a reference to corrob-
orate any other type of interaction with AuNPs and to study the
effect of these interactions on the stability of the conjugates.

3.2. Peptide characterization and in vitro biological activity

After purification, the three products obtained had a chromato-
graphic purity over 95% (Fig. SI-1). MALDI-TOF-MS was used to
identify the corresponding quasi-molecular ions (Table SI-1). Using
HPLC–MS, the mass-to-charge ratio (m/z) to the ionic species was
found to be nearly identical to the theoretical m/z  in each case (Table
SI-2). The spectra obtained in the exact mass analysis confirm the
chromatographic purity of the peptides and their molecular masses
(Fig. SI-2).
To corroborate that the modifications made in the original
sequence of GLP-1 do not alter its secondary structure, which is
important for the interaction with GLP-1 receptor [30], circular
dichroism (CD) analysis was performed for the three analogues in



M. Pérez-Ortiz et al. / Colloids and Surfaces B: Biointerfaces 158 (2017) 25–32 27

Table  1
Sequences of the GLP-1(7–37) and GLP-1 analogues synthesized.

Peptides Sequences

GLP-1(7–37) His-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr-Leu-Glu-Gly-Gln-Ala-Ala-Lys-Glu-Phe-Ile-Ala-Trp-Leu-Val-
Lys-Gly-Arg-Gly-COOH

GLP-1(7–37)-Lys(Ac)-NH2 His-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr-Leu-Glu-Gly-Gln-Ala-Ala-Lys-Glu-Phe-Ile-Ala-Trp-Leu-Val-
Lys-Gly-Arg-Gly-Lys(Ac)-NH2

GLP-1(7–37)-Lys(Cys)-NH2 His-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr-Leu-Glu-Gly-Gln-Ala-Ala-Lys-Glu-Phe-Ile-Ala-Trp-Leu-Val-

er-Asp
NH2
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Lys-Gly-Arg-Gly-Lys(Cys)-NH2

GLP-1(7–37)-Lys(PEGCys)-NH2 His-Ala-Glu-Gly-Thr-Phe-Thr-S
Lys-Gly-Arg-Gly-Lys(Peg-Cys-)-

ater, PBS and various percentages of TFE. In all these conditions,
he CD spectra of the peptides showed a characteristic �-helix pat-
ern, as indicated by the presence of negative bands around 222 and
08 nm and a positive band at 190 nm (Fig. SI-3). Also, we  observed
hat in PBS, the conformation of the three GLP-1 analogues com-
rised a combination of unordered, � sheet and �-helix structure
Table SI-3), as has been described for aqueous solutions of pep-
ides of a similar size, which usually have relatively flexible and
isordered structures, random coils and � sheets being the main
omponents [31].

To determine the bioactivity of these new GLP-1 analogues,
nsulin secretion from �-TC6 cells was measured. As expected, in
lucose-free medium, the cells did not show any significant release
f insulin in response to GLP-1 or its analogues, even at a high
oncentration (100 nM)  [32]. However, in the presence of 25 mM
lucose, significant insulin secretion was observed after 30 and
20 min  stimulation with all the peptides (100 nM). In this case,
hen the treatment was performed for 30 min, insulin secretion
as detectable (average of 15 �g/L) but there was no difference

etween secretion in the presence and absence of the peptides
r between them. In contrast, when the assay was  carried out for
20 min, insulin levels reached 100 �g/L and clear differences were
bserved between those cells treated with peptides and those that
ere not (Fig. 1).

After 120 min, the three GLP-1 analogues stimulated the insulin

elease over four-fold that of the glucose control. There was  no sig-
ificant difference in potency between the analogues or between
hem and native GLP-1. Thus, our results demonstrated that the

ig. 1. Insulin levels obtained from the in vitro activity assays using �-TC6 cells. All
he  peptides were tested at 100 nM in the absence and presence of 25 mM glucose for
0 and 120 min. The graph corresponds to the results obtained in three independent
xperiments performed in triplicate, expressed as mean ± SEM. Statistical analysis:
NOVA, Tukey’s Multiple Comparison Test.
-Val-Ser-Ser-Tyr-Leu-Glu-Gly-Gln-Ala-Ala-Lys-Glu-Phe-Ile-Ala-Trp-Leu-Val-

three analogues have insulinotropic effects on pancreatic cells and
retain the biological activity of the native peptide at this level.

Additionally, none of the peptides had deleterious effects on
�-TC6 cell viability at the concentration tested (100 nM), even
after 16 h of treatment. This finding is in accordance with previous
reports that indicate that GLP-1 has no toxic effects at the cellular
level (Fig. SI-4) [2].

3.3. Synthesis and characterization of AuNP-Peptide conjugates

The AuNPs synthesized had a surface plasmon resonance band
of 519 ± 1 nm (n = 10) and a diameter of 12.7 ± 1.7 nm (n = 1000),
as shown by TEM images (Fig. SI-5). Particles diameter was
20.4 ± 0.5 nm,  as determined by DLS, and the Zeta-potential of AuNP
dispersion at pH 9 was  −46 ± 2 mV,  thereby confirming the forma-
tion of a negatively charged surface in this citrate-stabilized gold
dispersion. All these parameters were in accordance with previous
reports [22,23].

Typically, the surface modification of AuNPs is reflected in a plas-
mon  band shift to longer wavelengths due to the change that occurs
in the refractive index and dielectric constant of the medium. The
characteristic shift of the surface plasmon resonance band from 519
to about 527 nm was observed in the conjugates (Fig. 2). The change
occurred within a few minutes, suggesting that the conjugation
process is fast. In addition, no significant broadening of the spectra
was seen after conjugation, thereby indicating that the interparticle
distance was  even greater than the particle radius and thus no sig-
nificant aggregation occurred after adsorption of the peptides onto
the AuNP surface [33]. The conjugates were stable for more than 6
months, as corroborated by UV–vis spectra (data not shown).

TEM analysis revealed a characteristic edge (thickness between

3 and 5 nm) on the surface of the nanomaterial with all GLP-
1 analogues, confirming their conjugation to the AuNP surface
(Fig. 3). Other changes that confirm the conjugation are shown
in Table 2. No great differences in the Zeta-potential were
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2
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2

Fig. 2. Absorption spectra of bare AuNPs and AuNPs conjugated to GLP-1 analogues.
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Fig. 3. TEM images of: (A) GLP-1(7–37)-Lys(Ac)-NH2-AuNPs, (B) GLP-1(7–37)-Lys(Cys)-NH2-AuNPs, (C) GLP-1(7–37)-Lys(PEGCys)-NH2-AuNPs staining with uranyl acetate.
The  arrows indicate the characteristics edges produced by the presence of the peptides layers on the gold surfaces of the nanoparticles.

Table 2
Values of �max for the plasmon band, hydrodynamic diameter (DH) and polydispersity index (PDI) obtained by DLS for bare AuNPs and AuNPs conjugated to GLP-1 analogues.
Results are expressed as mean ± SD, n = 3.

AuNPs UV-vis �max (nm) DLS DH (nm)a DLS PDI Zeta-Potential (mV)

Bare 519 ± 1 20.9 ± 1.0 0.214 ± 0.007 −46 ± 2
GLP-1(7–37)-Lys(Ac)-NH2 526 ± 1 34.2 ± 2.0 0.369 ± 0.009 −38 ± 4
GLP-1(7–37)-Lys(Cys)-NH 528 ± 1 31.0 ± 1.0 0.308 ± 0.002 −41 ± 2
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GLP-1(7–37)-Lys(PEGCys)-NH2 528 ± 2 

a DH obtained from average intensity value.

ppreciated between bare and conjugated AuNPs. This observation
an be explained by the electrostatic nature of these molecules,
hich have three negative charges at pH 9.

The particle sizes obtained by TEM were smaller than those
hown by DLS (Fig. 3 and Table 2). This finding is explained by the
act that the particle size obtained by DLS measurements included
he solvent or stabilizer (GLP-1 analogues) added, thus determining
he hydrodynamic diameter (DH) of the particle. Moreover, the DLS

ethod provides information on the size distribution of the differ-
nt species present in the sample as aggregates. In this regard, the
olydispersity index (PDI) by DLS was less than 0.4 but higher than
.1 for all the conjugates, thereby indicating a moderately polydis-
erse distribution type [23]. However, no bimodal distribution was
bserved (Fig. 4).

Notably, it is important to mention that for AuNPs conjugated
o GLP-1(7–37)-Lys(Ac)-NH2 the highest PDI and the broadest par-
icle size distribution (Fig. 4) was observed regarding to the AuNPs
onjugated to Cys-containing peptides (GLP-1(7–37)-Lys(Cys)-
H2 and GLP-1(7–37)-Lys(PEGCys)-NH2). This observation could
e attributed to a degree of interparticle aggregation. In this
egard, in the case of GLP-1(7–37)-Lys(Cys)-NH2 and GLP-1(7–37)-
ys(PEGCys)-NH2, it is likely that Cys-modified peptides are
hemisorbed mainly to the surface of AuNPs via the S-Au bond,
hich could facilitate the formation of an ordered monolayer in
hich the peptide molecules can be located orthogonally with

espect to the gold surface, thus reducing interparticle interactions
22]. In contrast, when bare AuNPs (citrate-stabilized) were capped
ith GLP-1(7–37)-Lys(Ac)-NH2, this peptide was not chemisorbed

n the surface; however, other types of interaction would occur.
n this regard, Lys and Arg residues can be protonated and interact
lectrostatically with the negatively charged AuNPs, whilst hydro-
en bonding between peptide molecules and the citrate layer may
lso occur, as can hydrophobic interactions between the aromatic
ing of phenylalanine and the gold surface [34]. Consequently, the
eptide molecules are arranged in an unorderly fashion on the
uNP surface, thereby exposing the peptide residues to the solution

nd favoring interparticle aggregation.

We used a combination of IR spectroscopy and XPS to demon-
trate that the peptides indeed form the ligand shell of the particles
nd to characterize the interactions that occur between peptide
.8 ± 1.3 0.329 ± 0.026 −41 ± 4

molecules and the AuNP surface (see Figs. SI-6, SI-7, SI-8, SI-
9, SI-10, SI-11, SI-12 and Table SI-4, Supporting information). IR
and XPS results revealed that AuNPs conjugated to GLP-1(7–37)-
Lys(PEGCys)-NH2 are better coated than those conjugated to
GLP-1(7–37)-Lys(Cys)-NH2 and considering the stability of this
interaction would be more suitable for further in vivo studies.

3.4. Estimation of the number of peptide molecules per AuNP

According to the results (Table 3), thiolated peptides showed a
higher degree of functionalization, which confirms that the inter-
action between the thiol group of Cys and that the metal surface
is highly preferred. The low number of peptide molecules found
in the case of GLP-1(7–37)Lys(Ac)-NH2 could be due to the type
of interaction between the peptide and gold surface, which would
be weaker (electrostatic interaction and hydrogen bonding with
the citrate layer) regarding S-Au binding. Therefore, some peptide
molecules could have been lost during the centrifugation prior to
amino acid analysis.

The difference between the two  thiolated conjugates can be
attributed to the presence of PEG, since this spacer would help to
orient the molecules on the gold surface. Therefore, in the GLP-
1(7–37)Lys(PEGCys)-NH2 conjugate, peptide molecules would be
arranged in an more orderly way on the surface of AuNPs than
those of the GLP-1(7–37)Lys(Cys)-NH2 conjugate, thus explaining
the greater number of peptide molecules per AuNP found.

3.5. Stability of the conjugates

Given that the bonding nature between GLP-1 analogues and
gold surface can affect the stability of the formulation, as well
as determine the facility with which peptides are released from
AuNPs, we studied the stability of the three colloidal systems fol-
lowing the changes in the plasmon band and DH of AuNPs.

When bare AuNPs (citrate-capped) were resuspended in all the
media assayed, the colloidal solution immediately changed colour

from red to blue, thereby indicating the instability of this system.
Absorbance at 519 nm became weaker and blue-shifted while a
new broad band around 660 nm appeared due to dipole coupling
between the plasmons of neighboring particles that were aggre-
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Fig. 4. Representative particle size distribution (PSD) determined by DLS for: (A) Bare AuNPs, (B) AuNPs conjugated to GLP-1(7–37)-Lys(Ac)-NH2, (C) AuNPs conjugated to
GLP-1(7–37)-Lys(Cys)-NH2 and (D) AuNPs conjugated to GLP-1(7–37)-Lys(PEG-Cys)-NH2.

Table 3
Concentration of AuNPs, peptides and number of peptide molecules per AuNP for the three conjugates. Results are expressed as mean± SD, n = 3.

Peptides AuNP concentration (nM) Peptide concentration (nM) Peptide molecules per AuNP
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GLP-1(1–37)-Lys(Ac)-NH2 11.1 ± 0.4
GLP-1(1–37)-Lys(Cys)-NH2 11.6 ± 0.8 

GLP-1(1–37)-Lys(PEGCys)-NH2 11.0 ± 1.2 

ated (Fig. SI-13A). In fact, particles settled completely in less than
 h (Fig. SI-13B). DLS measurements confirmed this finding, since
he DH increased from approximately 20 nm to more than 300 nm
n less than 30 min  (Fig. SI-13C). This size increment led to particle
ggregation, which was also reflected by the increase in polydis-
ersity (Fig. SI-13D).

The low stability of bare AuNPs has been seen before, since
olloidal stability is governed by the balance of Van der Waals
ttraction, double-layer repulsion and steric interaction forces,
hen these particles are suspended in media with a high concen-

ration of electrolytes the thickness of the double layer decreases,
aking the attractive forces prevail over the repulsive. In addi-

ion, the absence of a high molecular weight molecule adsorbed or
rafted onto their surface make no possible the steric stabilization.
owever, colloidal stability increases considerably when polymers
r biomolecules are conjugated to these particles, as they provide
mmediate protection from electrolyte-induced aggregation [35].

When the GLP-1 analogues were conjugated to citrate-capped
uNPs, these colloids were much more stable, since the presence
f the peptides on the surface formed a protective barrier that kept
articles separated by mean of a steric effect additional to the elec-
rostatic repulsion resulting from functional groups in the amino
cid side chains. For this reason, the pH of the colloidal solution is
rucial, as when the pH is close to the isoelectric point of peptides,
hich is about 7, the global charge will be near zero, thus reducing

tability.
Although the three analogues of GLP-1 did not show large

tructural differences, the stability of their conjugates differed com-

letely. The cysteine added to the thiolated peptides conferred a
ore stable interaction with AuNPs (by means of S-Au binding),

hus keeping particles disperse and much more stable than the sys-
em stabilising with the peptide without cysteine (this can form
4261 ± 255 383 ± 30
5926 ± 1323 515 ± 134
7396 ± 1619 673 ± 141

only weak interactions, which can be broken easily when changes
in the pH or medium composition occur).

Nevertheless, unlike bare AuNPs, AuNPs conjugated to GLP-
1(7–37)Lys(Ac)-NH2 were stable to centrifugation and resuspen-
sion, although bathochromic and hypochromic changes were
observed by spectrophotometry after pellets were resuspended in
the different media assayed (Fig. SI-14A, SI-14-B). Finally, after 8 h,
these particles sedimented in all the conditions tested (Fig. SI-14).
With the exception of particles in PBS, all the others were resus-
pended by means of slight shaking (data not shown).

Concomitant to the shift in the plasmon band, DLS showed an
increment in the DH from 35 nm (typical for AuNPs conjugated to
GLP-1 analogues, see Table 2) to over 500 nm after 20 min, when
AuNPs conjugated to GLP-1(7–37)Lys(Ac)-NH2 were resuspended
in any media (Fig. SI-14C). The increase in the size of the particles
led to a decrease in the interparticle distance, thus causing particle
aggregation and subsequent sedimentation of these AuNPs. How-
ever, the presence of the peptide on the AuNP surface prevented
their complete aggregation. In this regard, they formed a kind of
pink floccule, thus allowing their re-suspension after precipitation.
This observation contrasts with bare AuNPs, which formed a blue
“cake” that could not be resuspended.

Thiolated peptide colloids proved to be considerably more
stable than the previous ones, as reflected in the stability of
their plasmon band and DH (Figs. SI-15A and SI-16A). When
AuNPs were conjugated to GLP-1(7–37)-Lys(Cys)-NH2 or GLP-
1(7–37)-Lys(PEGCys)-NH2, the plasmon band range between 525
and 527 nm,  except when AuNPs conjugated to GLP-1(7–37)-

Lys(PEGCys)-NH2 were resuspended in simulated intestinal
medium (SIM) at pH 6.8. In this medium a shift of the plasmon band
was observed after 4 h, which corresponded to a slight increase in
DH (Fig. SI-16). A similar increment in DH was observed when these
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Fig. 5. Caco-2 cell viability assay after 4 h of treatment with conjuga

articles were resuspended in simulated gastric medium (SGM) at
H 1.2; however, in this case no shift in the plasmon band was
etected. In all the other conditions, the hydrodynamic diameter
emained around 35 nm for both thiolated conjugates. In addition,
t is important to mention that these particles were stable for more
han 96 h.

The high stability of AuNPs conjugated to the thiolated pep-
ides, even at pH near their isoelectric point, would be provided
argely by the steric stabilization that the peptide molecules confer
o the system, in spite of the presence of a minimum electrostatic
ffect. Additionally, these particles showed an uncommon stabil-
ty in SGM, as under these pH conditions both peptides had a
ositive net charge (pI ∼ 7), as revealed by Zeta-potential measure-
ents, where AuNPs conjugated to GLP-1(7–37)Lys(Cys)-NH2 and
LP-1(7–37)-Lys(PEGCys)-NH2 showed values of +26 ± 2 mV  and
28 ± 2 mV,  respectively.

.6. Permeability assay

In the in vitro permeability assay (carried out for 2 h), as we
xpected, free peptides could not be detected in the basolateral
ompartments. However, neither did we detect AuNPs in the baso-
ateral side in the case of the conjugates. In this case, a large amount
f gold remained in the apical chamber and very low amounts were
etected in the filters that held the cell monolayers (Table SI-5).

Remarkably, increasing the concentration of gold in the apical
ompartment did not increase its retention in the cell monolayer
amples. In fact, gold retention remained the same for thio-
ated conjugates, while it tended to decrease for the conjugate of
LP1(7–37)Lys(Ac)-NH2. These results could be explained by a sat-
rable transport mechanism, which would be involved in the cell
ptake of AuNP conjugates (Table SI-5).

After 2 h, practically no differences in gold retention inside
ells were observed between conjugates of the two thiolated pep-
ides in the range of concentrations assayed (∼0.002% of gold
etention). However, a slight difference between the conjugates
f these two thiolated peptides and those of AuNPs conjugated
o GLP-1(7–37)Lys(Ac)-NH2 was detected. Conjugates of GLP-
(7–37)Lys(Ac)-NH2 showed a higher concentration of gold in cell
onolayers, with 0.006, 0.004 and 0.003% of gold retention when

oncentrations of this metal of about 60, 100 and 200 �g/mL,
espectively, were assayed, whilst conjugates of thiolated peptides
id not exceed 0.003% at similar concentrations (Table SI-5).

In view of these results, we assayed the permeability of
he conjugates after 4 h at a gold concentration of 100 and
00 �g/mL; however, again it was impossible to detect gold

n the basal compartment, although an increase in gold reten-

ion by cell monolayers treated with GLP-1(7–37)Lys(Ac)-NH2
nd GLP-1(7–37)Lys(PEGCys)-NH2 conjugates was appreciated.
n this regard, an evident increase in gold retention for GLP-
(7–37)Lys(PEGCys)-NH2 conjugate to AuNPs (0.016% when gold
 AuNP-GLP-1 analogues. Results are expressed as mean±  SEM, n = 3.

concentrations about 200 �g/mL were tested) was observed (Table
SI-5).

Interestingly, in this model, AuNPs conjugated to GLP-
1(7–37)Lys(Cys)-NH2 did not improve penetration when cells were
incubated for 4 h (Table SI-5). This result suggests that the incorpo-
ration of a PEG sequence as spacer is important for improving cell
penetration/biocompatibility of functionalized AuNPs. In fact, some
authors have reported that the incorporation of PEG chains con-
jugated to the surface of AuNPs attached with pharmacologically
active molecules facilitate the gastrointestinal absorption of AuNPs.
The absorption would be influenced by the PEG and type of ligand
used to functionalized AuNPs, with low molecular weight deriva-
tives (∼400 g/mol) giving the best permeability results [36,37].

On the other hand, several authors have reported that AuNP
absorption depends largely on the size, surface charge and coat-
ing material [38,39]. In the present study, we have shown that the
interaction between the coating material and the gold surface also
significantly affects the behaviour of particles under physiological
conditions, since weak interactions between ligands and AuNPs,
as occurred in the conjugate to GLP-1(7–37)Lys(Ac)-NH2, leads to
an easier ligand exchange when AuNPs are exposed to an envi-
ronment rich in proteins, such as that of the mucus layer of the
epithelium. The presence of weak interactions between the ligand
and the surface of the particles would explain why  AuNPs con-
jugated to GLP-1(7–37)Lys(Ac)-NH2 were mostly outside the cells
compared to PEG-thiolated conjugate (Figs. SI-17 to SI-19).

In parallel to the permeability study, we performed some tests
to evaluate the potential toxicity of the conjugates on the cell
monolayer. These results showed that the conjugates at an AuNP
concentration of 10 and 20 nM did not affect the integrity of tight
junctions (Fig. SI-20) and did not have negative effects on the
metabolic activity (viability) of intestinal epithelial cells after 2 and
4 h of exposure (Fig. 5).

3.7. Hypoglycemic activity in vivo

As previously shown, all three GLP-1 analogues had similar
in vitro insulinotropic activity; however, as revealed by the per-
meability assays, not all the conjugates were able to penetrate
Caco-2 cells in the same way. This finding indicates that some of
them would not be good candidates to cross biological barriers and
therefore neither would they be suitable potential delivery sys-
tems. Therefore, to study in vivo hypoglycemic activity, we selected
the conjugate of GLP-1(7–37)Lys(PegCys)-NH2 to AuNPs, since it
penetrated a higher proportion of Caco-2 cells than the others
(see permeability assay section) and also showed good physical-
chemical stability as this peptide was  more efficient at coating

the AuNP surface (see IR analysis and estimation of the number
of peptide molecules per AuNP section).

As can be seen in Fig. 6A, glycemia values reached a max-
imum at 30 min  and returned to normality after 2 h. At this
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ime, the glucose levels were: 104 ± 7 mg/mL  for native GLP-
, 94 ± 9 mg/mL  for the analogue GLP-1(7–37)Lys(PEGCys)-NH2,
5 ± 7 mg/mL  for conjugated AuNPs and 115 ± 8 mg/mL  for the
ontrol. These values demonstrate that GLP-1(7–37)Lys(PEGCys)-
H2 peptide conjugated to AuNPs is able to achieve a significantly
reater decrease in blood glucose than the native GLP-1 (mean dif-
erence = 18.40; q = 5.270). This decrease was not observed after
ree GLP-1(7–37)Lys(PEGCys)-NH2 administration. Indeed native
LP-1 and its analogue did not show statistical differences regard-

ng blood glucose levels 2 h after intraperitoneal administration
mean difference = 9.40; q = 2.692). In addition, the analysis of the
reas under the curve (AUC) revealed that there were no statistical
ifferences among the three compounds tested, with hypoglycemic
fficacy being 18.7 ± 6.7%, 22.1 ± 8.3% and 27.6 ± 6.3% for the GLP-1
nalogue, endogenous incretin and the conjugate to AuNPs, respec-
ively (Fig. 6B). On the basis of these results, we can conclude that
he conjugation of a PEG-thiolated GLP-1 analogue to AuNPs is a
hysiologically stable system that can maintain the insulinotropic
ctivity of this incretin and achieve a greater reduction of glycemia
fter 2 h of administration than that reached with the free peptide.

. Conclusions

We  have demonstrated that incretin GLP-1 can be used as a base
o construct a GLP-1-AuNP conjugate with promising properties to
e used as drug. An optimal modification of the GLP-1 sequence

nvolves elongation at the C-terminal by a residue of amidated Lys,
earing in its �-amino group a mini PEG spacer and Cys, whose thiol
roup binds to the AuNP by chemisorption providing improved cap-
ing of the gold surface, along with high stability. The incorporation
f PEG is beneficial for improving biocompatibility with biologi-
al barriers and increases the absorption efficient of this conjugate
hen non-invasive administration routes are used. This construct
roved stable and non-toxic for epithelial and pancreatic cells.

urthermore, it reduced glycemia levels, showing hypoglycemic
fficacy similar to that of GLP-1. On the basis of our findings, we  con-
lude that conjugation to AuNPs may  provide an effective delivery
ystem for GLP-1 and potential analogues.
re pre-treated with: saline solution, GLP-1(7–37), GLP-1(7–37)-Lys(PEGCys)-NH2,
 SEM, n = 5. (B) AUC of the glycemic profiles obtained after oral administration of
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