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a b s t r a c t

Cell-Penetrating Peptides (CPPs) are short peptides that are able to translocate across the cell membrane
a wide range of cargoes. In the past decade, different mammalian cell lines have been used to clarify the
mechanism of CPPs penetration and to characterize the internalization process, which has been described
either as an energy-independent direct penetration through the plasma membrane, or as endocytic
uptake. Whatever the mechanism involved, the cell penetration properties of these peptides make their
use very attractive as vector for promoting the cellular uptake of coupled bioactive macromolecules, such
as peptides, proteins and oligonucleotides. Here we demonstrate, for the first time in insect, that cultured
columnar cells from the larval midgut of Bombyx mori more readily internalize eGFP (enhanced Green
Fluorescent Protein) when fused to CPP Tat. Tat-eGFP translocates across the plasma membrane of
absorptive cells in an energy-independent and non-endocytic manner, since no inhibition of the fusion
protein uptake is exerted by metabolic inhibitors and by drugs that interfere with the endocytic uptake.
Moreover, the CPP Tat enhances the internalization of eGFP in the columnar cells of intact midgut tissue,
mounted in a suitable perfusion apparatus, and the transepithelial flux of the protein. These results open
new perspectives for effective delivery of insecticidal macromolecules targeting receptors located both
within the insect gut epithelium and behind the gut barrier, in the hemocoel compartment.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Control of insect pests is still mainly performed with broad
spectrum chemical insecticides, even though the limits of this
strategy are well known (i.e. insecticide resistance and pest resur-
gence, toxicity for non-target organisms, food quality and safety),
and increasing research efforts are devoted to the identification
and use of more benign natural molecules, from insect antagonists
and plants (Nicholson, 2007; Whetstone and Hammock, 2007). One
of the major problems to face when using orally administered bio-
insecticidal proteins with a cytosolic or hemocoelic target is their
delivery across the cell membrane of the gut epithelium and their
translocation across the cell layer lining the digestive system.
These macromolecules can be degraded by digestive endo- and
exo-peptidases, and their permeation across the gut epithelium
in an active form can take place at low rates, insufficient to exert
a biological activity. For an effective oral delivery, it will be crucial
to study in depth the mechanisms involved in protein absorption

and to develop strategies to facilitate their passage through the
midgut barriers.

Transfer of intact proteins across the insect gut epithelium was
demonstrated for the first time by Wigglesworth, in 1943 (Wig-
glesworth, 1943). Since then, movement across the digestive sys-
tem of orally delivered proteins has been largely demonstrated in
numerous insect species (reviewed by Jeffers and Roe, 2008), but
the number of studies on the mechanisms involved in their trans-
fer is still limited. We have shown that absorption of bovine serum
albumin and horseradish peroroxidase by the midgut of lepidop-
teran larvae occurs by transcytosis (Casartelli et al., 2005, 2007),
which allows protein internalization at one pole of the cell mem-
brane and its transport by vesicular traffic to the opposite domain
of the plasma membrane. More recently, using Bombyx mori mid-
gut cells in culture, we have characterized the first step of albumin
internalization (Casartelli et al., 2008). Even though these studies
start to shed light on the functional bases of protein absorption
by the insect digestive system, our current knowledge is still lim-
ited and does not allow the development of very efficient technol-
ogies enhancing protein uptake and movement across the gut.

One of the most effective approaches proposed so far to increase
the passage of proteins and peptides through the insect gut is
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based on the use of Galantus nivalis agglutinin (GNA), a mannose-
specific lectin. This lectin effectively allowed the delivery of unde-
graded allatostatin in the hemocoel of Lacanobia oleracea larvae fed
with a fusion protein containing both the neuropeptide and GNA
moieties (Fitches et al., 2002). A similar result was obtained with
a fusion protein formed by GNA and an insecticidal spider venom
toxin (Segestria florentina toxin 1, SFI1), which, unlike the toxin
alone, was biologically active following oral ingestion (Fitches
et al., 2004). This oral toxicity was also observed when GNA was
fused with the lepidopteran-specific toxin, ButaIT, of the red scor-
pion Mesobuthus tamulus (Trung et al., 2006).

PEGylation is an effective method to improve the delivery and
stability of therapeutic molecules in the human internal environ-
ment and, more recently, through the intestinal barrier (Youn
et al., 2006). This technology involves the covalent binding of poly-
ethylene glycol (PEG) to active macromolecules, like peptides, pro-
teins, oligonucleotides, and small organic compounds, to improve
their water solubility and resistance to hydrolysis, and to reduce
renal excretion, immunogenicity and antigenicity (Bailon and
Won, 2009; Kang et al., 2009; Ryan et al., 2008). Since the first
PEGylated drug was developed in the 1970s (Abuchowski et al.,
1977a,b), PEGylation of therapeutic proteins has significantly im-
proved the treatment of several diseases (Veronese and Mero,
2008). Jeffers and Roe (2008) report that a similar approach en-
hanced the passage of human insulin across the insect gut, and in-
duced its accumulation into the hemolymph, as well as of
bioinsecticide molecules. PEGylated insect hormone trypsin modu-
lating oostatic factor (TMOF) fed to Heliothis virescens larvae accu-
mulated in the insect hemolymph, and caused a tenfold increase of
TMOF toxicity to mosquito larvae (Jeffers and Roe, 2008). This is a
promising methodology that needs to be further refined before it
can be profitably used as a strategy to enhance uptake and perme-
ation of biopesticides by insect gut.

Another strategy to enhance the permeation of bioactive macro-
molecules through the insect gut is the use of analogs resistant to
peptidase attack. Nachman et al. (2002) observed a higher delivery
rate through the insect gut and an unaltered biological activity of
peptidase-resistant neuropeptides analogs, compared to their nat-
ural counterparts. The authors suggest that the chemical modifica-
tion of the native neuropeptides performed to confer peptidase
resistance increased the survival time in the digestive tract and,
therefore, their penetration across the gut wall.

In this work we propose the use of Cell Penetrating Peptides
(CPPs) as a delivery system to increase the rate of protein perme-
ation through the plasma membrane of insect midgut cells. CPPs
are short peptides of less than 30 amino acids, that do not share
common sequence motifs but are all characterized by the presence
of numerous arginine and lysine residues. They penetrate cell
membranes and accumulate in the nucleus, either alone or as con-
jugates with a range of cargos, such as proteins, peptides, oligonu-
cleic acids (for recent reviews see Fonseca et al., 2009; Jarver et al.,
2010; Patel et al., 2007; Prochiantz, 2008; Schmidt et al., 2010; Zor-
ko and Langel, 2005). The idea of using CPPs as delivery vectors de-
rived from the discovery that the third helix of the Drosophila
Antennapedia homeodomain (Derossi et al., 1994) and the transac-
tivating transcriptional factor Tat, a protein encoded by HIV-1
(Frankel and Pabo, 1988; Green and Loewenstein, 1988) can effi-
ciently cross biological membranes. Within the last two decades
the number of peptides included in the CPPs family has consider-
ably increased (Zorko and Langel, 2005). Some of them, named pro-
tein derived CPPs, are the minimal effective amino acid sequence of
the parent translocation protein, like the Tat peptide (48–60), de-
rived from the HIV-1 Tat protein, and Penetratin (43–58), derived
from the Antennapedia homeodomain. Alternatively, peptides
were de novo designed, like the oligoarginine peptide, based on
structure activity relationship of the known CPPs (Hansen et al.,

2008). The mechanism of CPPs entry into the cell is still controver-
sial. In some instances, transmembrane translocation appears to be
mediated by endocytosis, but translocation of a wide range of CPPs
has been observed also when endocytosis was inhibited (Futaki
et al., 2007; Patel et al., 2007; Zorko and Langel, 2005).

Here we further contribute to this research issue, by reporting
experimental data on the ability of the Tat peptide to enhance eGFP
internalization into B. mori midgut cells in culture and in the intact
midgut tissue, and to enhance the transepithelial flux of the cargo
protein, providing also functional evidence demonstrating the
involvement of an energy-independent mechanism in the internal-
ization process.

2. Materials and methods

2.1. Experimental animals

Larvae of B. mori adapted to the artificial diet, provided by CRA,
Bee-Sericulture Research Unit (Padova, Italy), were reared under
controlled conditions (25 ± 1 �C, 65–70% RH, 12L:12D photoperiod)
on the artificial diet formulated by the Bee-Sericulture Research
Unit (Cappellozza et al., 2005).

2.2. eGFP and Tat-eGFP production and purification

pTAT-eGFP plasmid (provided by Dr. Steven F. Dowdy, Wash-
ington University at St. Louis, MO, USA) was as described in Caron
et al. (2004). It contains, under the control of the T7 promoter, a se-
quence encoding the HIV Tat positively charged protein transduc-
tion domain (PTD), in-frame with six histidine residues and with
the eGFP coding region. The peGFP was generated by BamHI diges-
tion and relegation of pTat-eGFP, which resulted in the deletion of
51 bp containing the Tat PTD. Both plasmids were cloned in E. coli
BL21(DE3)pLysS (Invitrogen), and transformed bacterial cells were
cultured at 37 �C, in LB broth (1% tryptone, 0.5% yeast extract and
200 mM NaCl, pH 7.5) containing ampicillin at a final concentra-
tion of 100 lg/ml. Protein induction was accomplished by adding
isopropyl-b-D-thiogalactopyranoside (IPTG) to a final concentra-
tion of 0.1 mM. After 6 h of induction with IPTG, cells were har-
vested by centrifugation. Proteins were extracted from the pellets
by sonication in binding buffer (1� PBS, 1� protease inhibitors,
pH 7.2). The clarified supernantants were directly loaded into a
5-ml column (Qiagen), containing Ni-NTA agarose resin and the fu-
sion proteins were purified, under native conditions, by affinity
chromatography using the His Tag purification kit (Invitrogen).
After loading the sample, the column was washed with binding
buffer, followed by wash buffer (1� PBS, 10 mM imidazole, pH
7.2). Polyhistidine-tagged fusion proteins were eluted with a linear
gradient of 0.1–0.5 M imidazole in elution buffer (1� PBS, 0.1, 0.25
and 0.5 M imidazole, pH 7.2). The purity and amount of the puri-
fied proteins was assessed by SDS-PAGE and Bradford protein as-
say (Sigma), using bovine serum albumin as standard. SDS-PAGE
was carried out in a Mini-Protean II mini-gel apparatus (Bio-Rad),
using 6% (w/v) stacking polyacrylamide gel and 12% (w/v) separa-
tion gel (Laemmli, 1970). Gels were stained with Coomassie bril-
liant blue. Fractions containing the purified proteins were
dialyzed against 1� PBS, aliquoted and stored at �20 �C.

2.3. Isolated midgut cells in culture

A detailed description of the protocol used to obtain isolated
midgut cells in culture from B. mori larvae is reported in Casartelli
et al. (2008). Briefly, larvae of B. mori just before the 4th molt were
anaesthetised with CO2 and surface-sterilised. Silkworms were cut
between the second and the third pair of thoracic legs and behind
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the third pair of abdominal appendages, to exclude the foregut and
the hindgut. The peritrophic membrane, along with the enclosed
intestinal contents, was removed. The central part of the larva
was transferred to a Petri dish containing a sterile Insect Physiolog-
ical Solution (IPS) (47 mM KCl, 20.5 mM MgCl2, 20 mM MgSO4,
4.3 mM K2HPO4, 1.1 mM KH2PO4, 1 mM CaCl2, 88 mM sucrose, pH
7), modified by addition of 0.2% (v/v) gentamicin (50 mg/ml, Sig-
ma), 0.01% (v/v) 1� antibiotic–antimycotic solution (Sigma),
0.003 ‰ (v/v) sodium hypochlorite. Midguts were isolated, cut
along the longitudinal axis and rinsed twice (10 min each) in sterile
modified IPS, then twice (10 min each) in the same solution without
sodium hypochlorite. Tissues were pooled into a strainer (100 lm
pore size), placed in a Petri dish containing few ml of the latter solu-
tion and left under mild agitation for 1 h. In these conditions, the
loosely attached stem cells migrated away from the tissue. Midguts
in the sieve were discarded and the free cells in the filtrate, mostly
stem cells (Cermenati et al., 2007), were collected and pelletted by
gentle centrifugation at 400 g for 5 min. Cells were then resus-
pended in a growth medium (Cermenati et al., 2007) supplemented
with 6 � 10�8 M 20-hydroxyecdisone (Sigma) and 100 ng/ml
a-arylphorin (purified according to Blackburn et al. (2004) in the
Insect Bio-Control Laboratory, USDA, Beltsville, MD, USA) kindly do-
nated by Prof R.S. Hakim, Howard University, Washington DC, USA.
All the solutions were sterilised by filtration (Nalgene, 0.2 lm pore
size) prior to use. Three ml of the cell suspension were distributed
in the wells (35 mm in diameter) of six well-plates. Cells, that grew
and got differentiated in suspension, were incubated at 25 �C; 1 ml
of medium from each well was replaced with 1 ml of fresh medium
once a week. The cells to be used for the experiments were har-
vested from 3-weeks-old cultures, in which differentiated cells con-
siderably exceeded stem cells (Cermenati et al., 2007). For the
confocal analysis (see par. 2.6 Fluorescence acquisition and analy-
sis), only those cells that were considered fully mature columnar
cells, on the basis of their morphological features (Cermenati
et al., 2007), were chosen to analyse eGFP and Tat-eGFP internaliza-
tion. These cells are those that in vivo are responsible for digestion
and absorption of molecules.

2.4. Internalization of eGFP and Tat-eGFP by columnar cells in culture

The cultured cells were pelletted by gentle centrifugation at
400 g for 5 min and 2.5 ± 0.6 � 104 cells were resuspended in
300 ll of modified IPS, devoid of sodium hypochloride, for each
experimental set up. The incubations, performed at 25 �C, started
when 1.5 lM eGFP or 1.5 lM Tat-eGFP were added to the cells.
At the end of the incubation, cells were rinsed three times in IPS
and fixed for 10 min with 4% paraformaldehyde. After three rinses
in PBS (Phosphate Buffer Solution: 137 mM NaCl, 2.7 mM KCl,
4.3 mM Na2HPO4, 1.4 mM KH2PO4), the samples were mounted
in DABCO (Sigma)-Mowiol (Calbiochem), covered with a cover-slip
and then examined with a confocal microscope as described in the
par. 2.6 (Fluorescence acquisition and analysis).

To test if eGFP and Tat-eGFP affect cell viability, midgut cells
incubated for 24 h in the absence (control) or in the presence of
the two proteins were subjected to Trypan blue test. The percent-
ages of dead cells in the three conditions tested were: 21.6 ± 3.9,
24.1 ± 4.5 and 19.7 ± 2.9 for control, cells incubated with eGFP
and cells incubated with Tat-eGFP, respectively (means ± s.e. of
three different replicates). Since the percentages registered are
not significantly different (Student’s t-test), we can exclude any
toxic effect on midgut cells induced by eGFP and Tat-eGFP. Even
though a limited mortality can be recorded during the prolonged
incubation time, the high percentage of surviving cells allows to
obtain reliable data after 24 h incubations.

To evaluate whether eGFP and Tat-eGFP were undegraded after
24 h incubation, aliquots of the incubation media containing the

proteins were dissolved in sample buffer and resolved by 12%
SDS-PAGE. Bands with the expected molecular weight for eGFP
and Tat-eGFP were clearly visible while only faint degradation
bands were present (data not shown).

When drugs were used, the cells were preincubated for 30 min
in the absence (control) or in the presence of the drug. The effect
on Tat-eGFP internalization of the following compounds was
tested: 100 lM 2,4-dinitrophenol (DNP), 10 mM sodium azide,
100 lM chlorpromazine, 20 lM phenylarsine oxide. If the drugs
were dissolved in DMSO, control cells were incubated with a corre-
sponding amount of solvent. In all these experiments, the cells
were then incubated in the presence of 1.5 lM Tat-eGFP for
30 min. Afterwards, the cells were fixed and processed for confocal
microscopy observations as reported above. The drugs tested are
effective in B. mori midgut cells, since they have been already suc-
cessfully used to inhibit the internalization of albumin, a protein
taken up by receptor-dependent clathrin-mediated endocytosis
(Casartelli et al., 2008). Moreover, these drugs did not affect cell
viability (Casartelli et al., 2008).

2.5. eGFP and Tat-eGFP internalization in isolated midgut and
measurements of their transepithelial fluxes

Silkworms were anaesthetised with CO2 and the midgut was
explanted and deprived of the peritrophic membrane and Malpi-
ghian tubules, as previously described (Casartelli et al., 2005).
The midgut was then mounted on a perfusion apparatus (Casartelli
et al., 2005), maintaining the in situ shape and orientation. The
internal chamber of the apparatus simulated the luminal compart-
ment and the external chamber corresponded to the hemolym-
phatic side of the epithelium. In the experiments here reported,
the region of the midgut exposed to the bathing solutions (0.5
cm2) corresponded to the middle part (see Giordana et al., 1998),
because the anterior part is too short and the posterior one too
fragile to be mounted on the experimental apparatus. The bathing
solution had the following composition (in mM): 5 K2SO4, 4.8
MgSO4, 1 CaCl2, 10 K Citrate, 10 L-alanine, 10 L-glutamine, 10 glu-
cose, 190 sucrose, 5 Tris. This solution was adjusted to pH 7 in the
hemolymphatic compartment and to pH 8.3 in the luminal one. In
all experimental conditions, the solutions in the luminal (1.5 ml)
and hemolymphatic (16 ml) compartments were oxygenated and
stirred by bubbling pure O2. The viability of the midgut epithelium
was monitored recording the transepithelial voltage as reported in
Casartelli et al. (2007).

Incubations were carried out at 25 �C in the presence of 1.5 lM
eGFP or 1.5 lM Tat-eGFP in the luminal compartment. After 3 h of
incubation, the midgut was removed from the perfusion apparatus
and washed several times in rinsing buffer (20 mM K2SO4,
14.4 mM MgSO4, 3 mM CaCl2, 200 mM sucrose, 5 mM Tris-HCl,
pH 7) to avoid unspecific binding of the proteins to midgut cell
plasma membranes. The tissue was cut longitudinally and then
fixed for 30 min in 4% paraformaldehyde, washed five times in
rinsing buffer, permeabilised with 0.1% Triton-X100 for 12 min
and subjected to five additional washes. To stain cell nuclei, the tis-
sue was incubated for 30 min with 0.5 lg/ml DAPI (4,6-diamidino-
2-phenylindole dihydrochloride). After five washes in rinsing buf-
fer, the tissue samples were mounted in DABCO-Mowiol and, after
coverslip application, were examined with a confocal microscope
as described in the following section.

To evaluate if the CPP Tat enhances eGFP transepithelial trans-
port, incubations were carried out in the presence of 1.5 lM eGFP
or 1.5 lM Tat-eGFP in the luminal compartment. After 3 h of incu-
bation, samples were collected from the hemolymphatic compart-
ment and centrifuged at 12000 � g for 10 min. The fluorescence of
the supernatant (1 ml) was measured in a fluorescence spectro-
photometer (Cary Eclipse, Varian) (excitation wavelength
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488 nm, emission wavelength 511 nm). After subtraction of the
background fluorescence, determined on samples collected from
midguts incubated in the absence eGFP and Tat-eGFP, the amount
of protein transported was calculated by using a calibration curve
produced with known amounts of fluorescent proteins dissolved in
the hemolymphatic buffers.

2.6. Fluorescence acquisition and analysis

Fluorescence was acquired by using a confocal microscope
CLSM TCS SP2 AOBS (Leica Microsystems Heidelberg GmbH, Ger-
many) equipped with an argon ion laser (458, 476, 488, 496 or
514 nm excitation), two HeNe lasers (543, 594 and 633 nm excita-
tion) and tunable emission wavelength collection. A 63X Leica oil
immersion plan apo (NA1,4) objective and a 2X zoom were used
for all the observations. eGFP and Tat-eGFP were excited with
the 488 nm laser line and the emitted fluorescence was collected
between 500 and 560 nm. To compare different experimental con-
ditions (i.e. midgut cells in culture incubated with the two proteins
for different time intervals, or in the presence of the different
drugs, midgut tissue incubated with eGFP or Tat-eGFP), fluores-
cence acquisitions were always performed with the same hard-
ware settings (laser intensity, sampling, acquisition rate, pinhole
and photomultiplier settings).

In the experiments performed with midgut cells in culture the
fluorescence due to eGFP and Tat-eGFP internalization into colum-
nar cells was quantified. To avoid the contribution of unspecific
binding to the cell membrane, a single optical section in a middle
cell focal plane (where the nucleus was clearly evident) was ac-
quired. Regions of interest (ROIs), precisely defining the cell cyto-
plasm, were drawn and the calculated mean gray values were
used to quantify the fluorescence intensity. The data, expressed
as arbitrary units of fluorescence intensity (8 bit acquisition), are
reported as mean ± standard error. The experiments with midgut
cells in culture were repeated at least three times with different
cells preparations. The values of fluorescence intensity (fluores-
cence acquisitions performed with the same hardware settings)
obtained with different cell preparations were comparable, and
the low data variability corroborated the validity of the method
used to quantify the protein internalization process.

For each set of experiments, Student’s t Test was used for statis-
tical analysis.

3. Results

3.1. eGFP and Tat-eGFP fusion proteins purification

eGFP and Tat-eGFP fusion proteins (Fig. 1A) were efficiently
purified by affinity chromatography as assessed by SDS–PAGE
analysis (Fig. 1B) from a large-scale expression cultures. The fusion
proteins, purified under native conditions, retained their fluores-

cence which could be detected also during the protein purification
process. The amount of the purified fusion proteins varied from 3
to 6 mg/l of LB bacterial growth medium.

3.2. eGFP and Tat-eGFP internalization by columnar cells in culture

To evaluate the ability of eGFP and Tat-eGFP to cross the plasma
membrane of columnar cells, midgut cells in culture were incu-
bated with the two proteins at the fixed concentration of 1.5 lM.
The uptake with time of the two proteins was evaluated by confo-
cal laser microscopy on columnar cells, as they are responsible
in vivo for the absorption of substrates. The use of this methodol-
ogy is the most appropriate to determine the amount of protein
internalized only by columnar cells, because, based on their mor-
phological characteristics, they can be easily discriminated from
the other cell types in culture, so that fluorescence intensity can
be exclusively measured on their optical section. Fig. 2A shows that
in the cytoplasm of cells incubated with eGFP, the fluorescence was
weak and did not increase with time, while in cells incubated with
the fusion protein Tat-eGFP, the fluorescence progressively in-
creased and was uniformly diffused inside the cytoplasm but not
in the nucleus. The time course analysis of the fluorescence inten-
sity in single optical sections (Fig. 2B) supported this observation.
For all the incubation times considered the values recorded for
Tat-eGFP are significantly different from those recorded for eGFP
(P < 0.001, Student’s t-test, eGFP versus Tat-eGFP). After 30 min,
the fluorescence intensity in columnar cells incubated with Tat-
eGFP was two-fold that measured in the cells incubated with eGFP
and was 30-fold higher after 24 h.

3.3. Process involved in Tat-eGFP internalization by columnar cells in
culture

To identify the process involved in Tat-eGFP internalization, we
preincubated the cells with two inhibitors of clathrin-mediated
endocytosis, chlorpromazine and phenylarsine oxide, and then
we measured the fluorescence intensity after Tat-eGFP internaliza-
tion. As shown in Fig. 3, the drugs did not inhibit protein internal-
ization, a clear indication that clathrin-mediated endocytosis was
not involved in its uptake. To exclude the involvement of any other
endocytic mechanism, we tested the effect of two metabolic inhib-
itors, dinitrophenol and sodium azide. Pretreatment of the cells
with the two drugs did not reduce Tat-eGFP internalization by
columnar cells (Fig. 4), revealing that the internalization of the fu-
sion protein is an energy-independent process.

3.4. eGFP and Tat-eGFP internalization by the isolated midgut and
measurements of their transepithelial fluxes

Midgut cells in culture grow and differentiate in suspension and
expose both the apical and the basolateral membrane to the

1         2         M      kDa6xHis  Tat-PTD HA                     eGFP

Tat-eGFP

eGFP

6xHis    HA                    eGFP

(YGRKKRRQRRR) BA

37

25

Fig. 1. (A) Schematic representation of Tat-eGFP and eGFP fusion protein constructs. (B) Purified fractions eluted by affinity chromatography under native condition from
BL21 cell cultures, separated on SDS–PAGE and stained with Coomassie brilliant blue. Lane 1, eGFP (34 kDa); lane 2, Tat-eGFP (35 kDa); M, molecular weight markers.
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incubation solution. To prove that the apical membrane is involved
in eGFP and Tat-eGFP internalization, B. mori midguts were isolated
and mounted on an appropriate perfusion apparatus (Casartelli
et al., 2005) and eGFP (1.5 lM) or Tat-eGFP (1.5 lM) were added
to the physiological solution present in the luminal compartment.
After 3 h of incubation, the midgut tissues were examined at the
confocal microscope. The cell cytoplasm of the tissue incubated with
Tat-eGFP (Fig. 5B) presented a strong fluorescent signal, which was

by far less evident in the midgut incubated with eGFP (Fig. 5A). These
results clearly indicate that the CPP Tat enhances eGFP internaliza-
tion across the apical membrane of midgut cells.

To asses whether an increase of eGFP internalization due to Tat
peptide enhances eGFP transepithelial transport, lumen-to-hemo-
lymph flux measurements of eGFP and Tat-eGFP were performed,
at a fixed protein concentration (1.5 lM), in the luminal
compartment. The amount of protein transported to the opposite

Fig. 2. (A) Brightfield and confocal laser-scanning micrograph (optical section) of Bombyx mori columnar cells in culture, incubated for different time intervals (30 min and 1,
4, 8 and 24 h), at 25 �C, in the presence of 1.5 lM eGFP or 1.5 lM Tat-eGFP. For each time, an image representing the most frequent status of cells was chosen. Bars: 10 lm. (B)
Quantification of eGFP (close circle) and Tat-eGFP (open circle) internalization with time. Single optical sections in a middle focal plane of the cell, in which the nucleus was
clearly evident, were acquired by confocal laser microscope. Regions of interest (ROIs), precisely defining the cell cytoplasm, were drawn and the calculated mean gray values
were used. Values are means ± s.e. of the fluorescence intensity recorded in at least 10 cells for each incubation time.
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compartment was determined after 3 h of incubation. As shown in
Fig. 6, the CPP Tat significantly (P < 0.01, Student’s t-test) enhances
eGFP transepithelial transport and nearly a five-fold increase of the
flux was recorded.

4. Discussion

Tat-eGFP fusion protein was purified from bacteria to examine
in vitro the ability of the CPP Tat to enhance protein permeation
through the plasma membrane of insect midgut cells. Our results
clearly indicate that Tat-eGFP is internalized more efficiently than
eGFP alone, both by columnar cells in culture (Fig. 2) and midgut
tissue of B. mori larvae (Fig. 5) and that the peptide enhances eGFP
transepithelial transport (Fig. 6). CPPs have the intriguing ability to
act as a vector that translocates, through the plasma membranes of
mammalian cells in vitro and in vivo, different types of cargo (Fons-
eca et al., 2009; Jarver et al., 2010; Patel et al., 2007; Prochiantz,
2008; Schmidt et al., 2010; Zorko and Langel, 2005). We demon-
strate here that this capacity can be utilized to increase the inter-
nalization of proteins and the transepithelial transport of a cargo
molecule also in insect midgut cells. The ability of CPPs to enhance

transepithelial transport has been reported also in mammalian tis-
sues. CPPs have been used to deliver therapeutic drugs across a
tight cell layer in vivo (Rothbard et al., 2000; Rousselle et al.,
2000) and the CPP transportan, after internalization into Caco-2
cells, crossed the epithelial layer by a mechanism involving a trans-
cellular pathway (Lindgren et al., 2004). The transepithelial trans-
port across Caco-2-cell monolayer of the Tat-insulin fusion protein
was six-fold higher than that of native insulin (Liang and Yang,
2005), and various types of CPPs improved the absorption of insu-
lin by the rat intestine (Kamei et al., 2008; Morishita et al., 2007).

Cell membranes are effectively impermeable to hydrophilic
compounds unless the permeation is facilitated by dedicated trans-
port/receptor systems. Our previous studies demonstrated that
proteins can be absorbed by transcytosis across the lepidopteran
midgut epithelium (Casartelli et al., 2005, 2007). For albumin, a
protein we used in these studies, we showed that its internaliza-
tion was particularly efficient, since a receptor was involved in
the process (Casartelli et al., 2008). Nevertheless, the amount of
the protein crossing the midgut epithelium in vitro after 3 h of
incubation was only approximately 1% of that present in the lumen
compartment (Casartelli et al., 2005). We show here that eGFP was
similarly transported across the midgut epithelium of lepidopteran
larvae (Fig. 6) but, whatever the mechanism involved, the amount
of eGFP that reached the hemolymphatic compartment was dra-
matically increased when the protein was fused to the CPP Tat:
the percentage of eGFP transported through the epithelium raised
from less than 1% to 4% of the amount of protein present in the
luminal compartment. The fusion of Tat peptide to eGFP alters
the physiological plasma membrane permeability to this protein
and, as a consequence, eGFP is more efficiently internalized in mid-
gut cells and transported across the epithelium.

Despite the numerous studies performed in mammalian cells on
the ability of cationic CPPs to act as vectors for macromolecule
delivery through the plasma membrane, the precise mechanism
of entry is still controversial. The first step is thought to be the
strong ionic interaction between the CPPs’ positively charged ami-
no acid residues and the negatively charged plasma membrane
constituents (Gump and Dowdy, 2007). The subsequent events in-
volved in the internalization process have been differently de-
scribed in literature. The first studies suggested that CPPs’ entry
into cells was a receptor- and energy-independent process leading
to a destabilization of the lipid bilayer organization, with a possible
formation of inverted micelles (Derossi et al., 1996; Futaki et al.,
2001; Tung and Weissleder, 2003). This univocal view of the pro-
cess was soon challenged and the involvement of endocytosis as
the main pathway of internalization was proposed (Richard et al.,
2003). Now, several experimental evidences reevaluate the en-
ergy-independent mechanism and indicate that CPPs can follow
different pathways (Duchardt et al., 2007; Mueller et al., 2008; Zie-
gler et al., 2005), depending on the CPP under investigation, the cell
system used, the cargo coupled to the CPP and the experimental
conditions (Patel et al., 2007; Schmidt et al., 2010). In our experi-
mental system, the CPP Tat increases eGFP internalization by a
mechanism that does not involve endocytosis, since no inhibition
of the fusion protein uptake is exerted by drugs that interfere with
the endocytic uptake and by metabolic inhibitors (Figs. 3 and 4).
The energy-independent process implies the spontaneous penetra-
tion of CPPs through the plasma membrane. Recently, two possible
energy-independent mechanisms have been proposed: the forma-
tion of pores (as a result of the penetration of multiple peptides
into the bilayer, leading to the spontaneous formation of a trans-
membrane pore) (Ciobanasu et al., 2010; Herce et al., 2009) and
micropinocytosis (due to a membrane curvature induced by the
CPPs, ultimately leading to the formation of small vesicles) (Yesy-
levskyy et al., 2009). All these studies have been performed using
pure artificial bilayers and simulation techniques, so they are still
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Fig. 3. Effect of inhibitors of clathrin-mediated endocytosis on Tat-eGFP internal-
ization. Cells were pre-treated at 25 �C for 30 min with chlorpromazine (100 lM) or
phenylarsine oxide (20 lM) and then incubated with 1.5 lM Tat-eGFP for 30 min.
For each experimental condition, values are means ± s.e. of the fluorescence
intensity recorded in single optical sections (see legend to Fig. 2) of at least ten cells.
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Fig. 4. Effect of metabolic inhibitors on Tat-eGFP internalization by columnar cells.
Cells were pre-treated at 25 �C for 30 min with 2,4-dinitrophenol (DNP) (100 lM)
or sodium azide (10 mM) and then incubated with 1.5 lM Tat-eGFP for 30 min. For
each experimental condition, values are means ± s.e. of the fluorescence intensity
recorded in single optical sections (see legend to Fig. 2) of at least ten cells.
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speculative and difficult to apply to cultured cells or isolated tissue.
The definition of the precise mechanism of action of a CCP in a gi-
ven experimental context is an important information to exploit
the delivery properties of any arginine-rich peptide. Therefore, fur-
ther studies are necessary to shed light on this important point, in
each experimental model system to be manipulated.

In many instances, CPPs accumulate in the cell nuclei after
internalization. Nuclear accumulation of fluorescently labeled CPPs
was initially shown in fixed cells (Futaki et al., 2001) and was later
considered an artefact of cell fixation (Richard et al., 2003). Studies

on living cells, however, confirmed CPPs nuclear localization (Duc-
hardt et al., 2007; Potocky et al., 2003; Zaro and Shen, 2005; Ziegler
et al., 2003, 2005), a property that can be exploited to deliver car-
gos whose biological activity is addressed to the nucleus, such as
plasmid DNA or proteins regulating gene expression. We have evi-
dences that the FITC-labeled Tat peptide accumulates in both the
cytoplasm and the nucleus also in lepidopteran midgut cells (data
not shown), but we never found a nuclear accumulation of the fu-
sion protein Tat-eGFP (Figs. 2 and 5). While movement of ions,
metabolites, and other small molecules through the nuclear pore
complex (NPC) occurs by passive diffusion, the translocation of
molecules larger than 40 kDa generally requires specific transport
receptors (Cook et al., 2007; D’Angelo and Hetzer, 2008; Terry
et al., 2007). Most of the cargos coupled to CPPs exceed the size
limit for free diffusion and have to depend on active transport,
which requires the presence of a nuclear localization signal (NLS)
in the molecule that binds to the nuclear import machinery (Cook
et al., 2007). Tat Peptide, like other CPPs that are derivatives of
transcription factors, possesses the NLS in its sequence, and should,
in principle, efficiently target cargos to the nucleus. The lack of nu-
clear localization observed in our experiments with Tat-eGFP is in
accordance with a study of the transduction kinetics of Tat-eGFP
into cultured mice myoblasts and muscle tissue (Caron et al.,
2001). The authors suggested that the NLS present in the Tat pep-
tide was not sufficient for the nuclear localization of Tat-eGFP and
that the unfolding of the cargo was also required, as similarly dem-
onstrated by Bonifaci et al. (1995) for the chimeric protein Tat-
dihydrofolate reductase. Since eGFP shows a high resistance to
denaturation (Yang et al., 1996), the lack of its nuclear localization
observed by Caron et al. (2001) and by us in the present study can
be considered a consequence of this intrinsic property of the cargo.

Fig. 5. Brightfield (left) and confocal laser-scanning micrographs (single optical section) (right) of whole-mount midgut after 3 h of incubation in the presence of 1.5 lM eGFP
(A) or 1.5 lM Tat-eGFP (B) in the luminal compartment of a perfusion apparatus. Nuclei were stained with DAPI (blue). Bars: 20 lm.
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Fig. 6. Transepithelial transport of eGFP (1.5 lM) and Tat-eGFP (1.5 lM) after 3 h of
incubation. At time 0, the proteins were added to the physiological solution in the
luminal compartment. The amount of eGFP (black bar) and Tat-eGFP (white bar)
transported to the hemolymphatic compartment is reported. Each bar represents
the mean ± s.e. of six experiments. �P < 0.01, Student’s t-test.
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The experimental evidences accumulated so far indicate that
the pathway followed by a fusion protein CPP-cargo and its effi-
ciency as a delivery system are governed by several factors, such
as the type of CPP and attached cargo, as well as the cell system un-
der investigation. A deep understanding of the internalization
mechanism of a certain CPP into a specific cell type is therefore
essential for its use as a delivery vector. Our results open new per-
spectives for oral delivery of insecticide macromolecules hitting
either endocellular midgut receptors or targets located in the
hemocoel. We are conscious that any oral delivery system is rarely
strictly insect-specific, and even in the best case, it would be quite
difficult to imagine no activity on related non-target beneficial in-
sects. Therefore, a realistic application of any oral delivery technol-
ogy targeting internal receptors is highly dependent on the
availability of cargo molecules selectively acting on the species to
be controlled. Finding suitable bioinsecticide molecules is a chal-
lenging objective, which attracts considerable research efforts.
Antagonistic associations between insects and other organisms
are a very promising source of bioinsecticide molecules to be
exploited, which reaches the highest molecular biodiversity in in-
sect parasitoids (Pennacchio and Strand, 2006). We predict that
the development of efficient delivery strategies will significantly
foster the use of these natural molecules for pest insect control
(Pennacchio et al., 2012).

We are fully aware that the proof of concept we provide here is
preliminary and requires substantial additional work before it can
be profitably exploited. Many practical aspects will have to be con-
sidered, such as, for example, the stability of Tat peptide in the hos-
tile gut environment, which can be considerably different in
different insect species. These and other related aspects will have
to be carefully considered in future work aiming at developing
new insect control technologies.
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