
P

M
c

M
a

b

a

A
R
R
A
A

K
N
C
I
U
I

1

t
a
e
i
c
2
p
e
p
d

b

m
t
m
N
p
e

0
d

International Journal of Pharmaceutics 413 (2011) 174– 183

Contents lists available at ScienceDirect

International  Journal  of  Pharmaceutics

journa l h omepa g e: www.elsev ier .com/ locate / i jpharm

harmaceutical  Nanotechnology

echanistic  studies  on  the  uptake  and  intracellular  trafficking  of  novel
yclodextrin  transfection  complexes  by  intestinal  epithelial  cells

artin  J.  O’  Neill a,  Jianfeng  Guoa, Colin  Byrneb, Raphael  Darcyb, Caitriona  M.  O’  Driscoll a,∗

Pharmacodelivery Group, School of Pharmacy, University College Cork, Cork, Ireland
Centre of Synthesis and Chemical Biology, Conway Institute, University College Dublin, Ireland

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 7 January 2011
eceived in revised form 6 April 2011
ccepted 8 April 2011
vailable online 16 April 2011

eywords:
on-viral gene therapy
yclodextrins

a  b  s  t  r  a  c  t

Oral  delivery  of  gene  therapeutics  would  facilitate  treatment  of  local  intestinal  disease,  including  colon
cancer and  inflammatory  bowel  disease,  thus  avoiding  invasive  surgery.  The  aims  of  this  study  were  to
investigate;  if the  orientation  of  the  lipid  tail  on  the  cyclodextrin  (CD)  influenced  the  efficacy  of  a  novel
poly-6-cationic  amphiphilic  CD  to transfect  intestinal  enterocytes;  the  endocytotic  uptake  pathway(s),
and,  the  intracellular  trafficking  of  the  CD·DNA  complexes.  Inhibitors  of  clathrin-  and  caveolae-mediated
endocytosis  and  macropinocytosis  were  used  to  determine  the  mechanism(s)  of CD·DNA  uptake  by
both  undifferentiated  and  differentiated  Caco-2  cells.  Cell  surface  heparan  sulphate  proteoglycans  were
involved in  the  association  of CD·DNA  complexes  with  undifferentiated  Caco-2  cells.  Complexation  of
ntestinal delivery
ptake pathways

ntracellular trafficking

pDNA  with  CD  facilitated  significant  levels  of pDNA  uptake  and  gene  expression  (comparable  to  PEI)
in  both  undifferentiated  and  differentiated  Caco-2  cells.  Disruption  of intracellular  vesicular  traffick-
ing  reduced  transfection  activity.  CD  was  also  capable  of  transfecting  the  more  physiologically  relevant
differentiated  Caco-2  model.  Macropinocytosis  was  responsible  for  the uptake  of  CD·DNA  transfection
complexes  by  both  undifferentiated  and  differentiated  Caco-2  cells.  The  ability  of  this  novel  CD  to transfect
differentiated  intestinal  cells  indicates  the  potential  of  this  vector  for  oral  gene  delivery.
. Introduction

The intestine is a compelling target for local delivery of gene
herapeutics. Indeed, the intestinal tract is accessible by oral, rectal,
s well as endoscopic means; thus avoiding invasive surgery. Local
xpression of therapeutic proteins may  have therapeutic benefit
n the treatment of inflammatory bowel disease, intestinal can-
er, and the intestinal symptoms of cystic fibrosis (O’Neill et al.,
011; Page and Cudmore, 2001). Furthermore, the intestine can
otentially provide a route of entry into the bloodstream for locally
xpressed therapeutic proteins such as Factor VIII in haemophilia
atients (Bowman et al., 2008), or indeed for gene therapies to

istant disease sites.

However, if the intestinal delivery of gene therapeutics is to
e successful, a number of distinct challenges must be overcome.

Abbreviations: BCA, bicinchoninic acid; CD, cyclodextrin; CME, clathrin
ediated endocytosis; CMV, cytomegalovirus; CvME, caveolae mediated endocy-

osis; EIPA, 5-(N-ethyl-N-isopropyl)amiloride; Lf2000, LipofectamineTM 2000; MR,
ass ratio; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
/P, nitrogen/phosphate; pDNA, plasmid DNA; PEG, poly(ethylene glycol); PEI,
olyethylenimine; RLU, relative light units; S.D., standard deviation; TMR, tetram-
thylrhodamine; v:w, volume:weight.
∗ Corresponding author. Tel.: +353 21 490 1396; fax: +353 21 490 1656.

E-mail address: caitriona.odriscoll@ucc.ie (C.M. O’ Driscoll).
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While the harsh intestinal environment presents a number of dis-
tinct extracellular barriers (degradative enzymes, mucus), barriers
at the cellular level are also significant. Plasmid DNA (pDNA) is
a high molecular weight, negatively charged, hydrophilic mate-
rial, which is generally poorly taken up by cells. Therefore, the
design of gene delivery vectors (GDVs) that can effectively complex
pDNA and mediate significant levels of cellular uptake and trans-
gene expression is key to achieving effective delivery. Cyclodextrins
(CDs) are macrocyclic oligosaccharides and are interesting core
molecules for the development of non-viral GDVs. They are non-
immunogenic, have well researched pharmaceutical profiles, and
are chemically versatile in that they can be modified on either
face with multiple functional groups such as poly(ethylene glycol)
(PEG), cationic groups, or lipid chains to facilitate optimal pDNA
complexation and transfection (Cryan et al., 2004a,b; McMahon
et al., 2008). Therefore, a vast library of modified CDs with dis-
tinctive properties (e.g. neutral, cationic, anionic, amphiphilic) can
be synthesised. In addition, the unique inclusion complex forming
properties of the hydrophobic cavity of CDs can facilitate function-
alisation with additional groups (e.g. PEG) by non-covalent means
if they are conjugated to hydrophobic moieties capable of inclu-

sion into the CD cavity (e.g. adamantane-PEG) (Davis, 2009). This
further demonstrates the inherent flexibility associated with using
CDs as GDVs. The �-CD utilised in this work, the synthesis of which
has been described previously (Byrne et al., 2009), is modified on

dx.doi.org/10.1016/j.ijpharm.2011.04.021
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:caitriona.odriscoll@ucc.ie
dx.doi.org/10.1016/j.ijpharm.2011.04.021
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Fig. 1. Amphiphilic cationic cyclodextrins. The CD used in this study has stru

ts primary face at the 6-positions with cationic amino groups and
t the 2-positions on its secondary face with lipid chains (Fig. 1b
nd c). Selective modification of the 2-positions yields CDs with 7
ipid chains, and avoids lipid attachment at the 3-positions which

ould give an excess of hydrophobicity and low water solubility
Byrne et al., 2009). The positioning of these cationic and lipophilic
ide chains is the inverse of previous CD based GDVs developed by
ur group (Fig. 1a), which were shown to be successful transfection
gents (Cryan et al., 2004a,b).

In terms of cellular targets, the absorptive cells of the intestine,
nterocytes, represent the major cell type, comprising approx-
mately 90% of the intestinal epithelium (Jung et al., 2000).
nterocytes present useful targets for certain gene therapy strate-
ies, since, given the underlying rich blood supply, transfected
nterocytes could be utilised as “protein factories” where the
xpressed therapeutic protein is secreted into the bloodstream
Page and Cudmore, 2001). Furthermore, locally expressed proteins

ay  have therapeutic potential in the treatment of intestinal dis-
ases (e.g. inflammatory bowel disease). The uptake pathway(s)
y which GDV·DNA complexes enter cells is an important consid-
ration and can have a major bearing on transfection efficiency
Douglas et al., 2008). Endocytosis refers to the energy dependent
esicular uptake of extracellular material through invagination and
inching off of sections of the plasma membrane; and represents
he major entry route of GDV·DNA complexes (Khalil et al., 2006).
ndocytosis can be classified into 2 broad categories—phagocytosis
nd pinocytosis. Pinocytosis can be subdivided further into
lathrin-mediated endocytosis (CME), caveolae-mediated endo-
ytosis (CvME), clathrin- and caveolae-independent endocytosis,
nd macropinocytosis. These differ in terms of the size of vesi-
les formed, the mechanism of vesicle formation and the proteins
nvolved (Khalil et al., 2006). Importantly, the intracellular fate of
ndocytosed complexes differs depending on the route of entry,
nd therefore the uptake pathway can have a major impact on
ene expression. The endocytotic mechanism(s) by which GDV
omplexes enter cells depends on both the cell type and the

hysiochemical characteristics of the complexes. Using models of
nterocytes (such as Caco-2 cells) and other polarised epithelia
such as MDCK cells), a number of endocytotic processes have been
mplicated as uptake pathways for delivery systems and nanopar-
c), represented schematically by (b). Previously tested CDs had structure (a).

ticles in enterocytes (Kitchens et al., 2007; Ma  and Lim, 2003;
Ragnarsson et al., 2008; Roger et al., 2009; Gao et al., 2008).

Knowledge regarding the means of transfection complex entry
can potentially allow for more rational design of CDs with increased
activity. Therefore, here we  examine the uptake and transfection
of undifferentiated Caco-2 cells (human colon carcinoma) by novel
water soluble CD·DNA complexes and elucidate the means of cel-
lular association and entry. These results are compared to those
achieved in differentiated Caco-2 cells as the latter represents a
more physiological model of gut enterocytes.

2. Materials and methods

2.1. Materials

The poly-6-cationic amphiphilic cyclodextrin (CD) was
synthesised as previously described (Byrne et al., 2009).
Its full name is heptakis[6-(2-amino-ethylthio)-6-deoxy-
2-O-octyloxycarbonylethylsulphanylpropyl]-�-cyclodextrin
hepta-N-trifluoroacetate. LipofectamineTM 2000 (Lf2000) and
jetPEITM (PEI) were supplied by Invitrogen and Polyplus-
transfection, respectively. Caco-2 cells (human colon
adenocarcinoma) were obtained from the European Collec-
tion of Animal Cell Cultures (ECACC). Unless otherwise stated all
other materials were sourced from Sigma.

2.2. Caco-2 cell culture

Caco-2 cells (passage 26–50) were cultured in DMEM supple-
mented with 10% foetal bovine serum (FBS) and 2 mM l-glutamine,
and were maintained in a humidified 37 ◦C incubator with 5% CO2.
For undifferentiated cell studies, cells were seeded in 24-well plates
at a density of 100,000 cells/cm2 24 h prior to transfection. For dif-
ferentiated cell studies, Caco-2 cells were seeded on 24 or 12 mm

diameter TranswellTM plates at a density of 63,000 cells/cm2 (Cryan
and O’Driscoll, 2003). Fresh cell culture medium was  placed in the
apical and basolateral chambers every 48 h, and cells were cultured
for 19–21 days to facilitate differentiation.
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.3. Preparation of transfection complexes

The pCMVluc plasmid contains the reporter gene that
ncodes the firefly luciferase enzyme under the control of the
ytomegalovirus (CMV) promoter/enhancer. This was  obtained
rom Bath University, UK. It was propagated in DH5� Escherichia coli
nd isolated using EndoFree Plasmid Mega kits in accordance
ith the manufacturer’s instructions (Qiagen). For uptake stud-

es, pCMVluc was fluorescently labelled with fluorescein using
abel IT® Nucleic Acid Labelling Kits (Mirus) according to man-
facturer’s instructions. A Label IT® TrackerTM Reagent to pDNA
olume:weight (v:w) ratio of 0.5:1 was used, and the labelling reac-
ion was performed for 2 h at 37 ◦C. Unreacted Label IT® reagent
as subsequently removed from the labelled plasmid by ethanol
recipitation. The CD was weighed using a microbalance and dis-
olved in chloroform to create a 1 mg/ml  solution. Subsequent
o this a stream of nitrogen was applied to remove the solvent.
he remaining CD film was rehydrated with water (1 mg/ml  CD
olution), followed by sonication for size reduction. A solution
f pDNA was then mixed with CD to achieve a CD:pDNA mass
atio of 10, and 15–20 min  were allowed for complexation. PEI and
f2000·DNA transfection complexes were prepared as per manu-
acturer’s instructions. Briefly, PEI·DNA complexes were prepared
t a nitrogen/phosphate (N/P) ratio of 5 in 150 mM NaCl; while
f2000 based transfection complexes were prepared in serum free
pti-MEM® media (Invitrogen) at a v:w ratio of Lf2000 to pDNA of
.

.4. Particle size and zeta potential measurement

The Z-average size and zeta potential of CD·DNA complexes
ere determined using a Zetasizer Nano ZS instrument (Malvern)

t 25 ◦C in water. Scattered light was measured at an angle of 170◦

Z-average size) and 12.8◦ (zeta potential).

.5. CD·DNA-cell binding studies

Undifferentiated Caco-2 cells were incubated with fluores-
ein labelled CD·DNA complexes (1 �g pDNA/well) for 1 h at 4 ◦C.
ormal serum-containing growth medium was added to 0.2%

rypsin–0.1% EDTA or 0.1% EDTA treated cells, which were subse-
uently centrifuged at 1000 rpm for 7 min  at room temperature.
he supernatant was carefully removed and cells were washed and
e-suspended in phosphate buffered saline (PBS). The fluorescence
ssociated with 10,000 cells was measured with a BD FACSCal-
bur flow cytometer and data was analysed using Cell Quest Pro
oftware.

To assess the contribution of heparan sulphate proteoglycans
o CD·DNA binding and uptake, undifferentiated Caco-2 cells were
reated for 1 h at 37 ◦C with 10 unit/ml of heparinase III in a 0.1%
ovine serum albumin (BSA), 0.1% glucose, PBS solution containing
alcium. Cells were subsequently washed and serum free DMEM
as added along with CD·DNA complexes. The level of CD·DNA

inding and uptake was assessed 2 h later. For uptake studies,
ninternalised complexes were removed prior to trypsinisation by
ashing cells with PBS (containing Ca2+ and Mg2+) and incubation
ith CellScrubTM buffer (Genlantis) for 10–15 min  at room temper-

ture. In a separate competition based experiment, soluble heparin
5 and 10 �g/ml) was included in the transfection media and uptake
evels were determined 2 h later.

.6. Uptake and transfection studies
Fluorescently labelled pDNA complexed with GDVs was  incu-
ated with undifferentiated Caco-2 cells (1 �g pDNA/well = 0.5 �g
DNA/cm2) for 1 h at 4 ◦C to saturate cell surface binding. Sub-
Pharmaceutics 413 (2011) 174– 183

sequently, cells were incubated at 37 ◦C for 0, 0.25, 1, 2, and 3 h.
Uninternalised complexes were removed with CellScrubTM, and the
number of fluorescent positive cells was assessed by flow cytome-
try.

Reporter gene expression levels were considered by luciferase
assay. Undifferentiated Caco-2 cells were incubated with unla-
belled transfection complexes for 1 h at 4 ◦C, and subsequently at
37 ◦C for 3 h. Uninternalised complexes were removed, and cells
incubated for 24 h to facilitate maximal luciferase expression. 20 �l
of cell lysate was  added to 100 �l of luciferase assay substrate
(Promega) and luminescence was measured after 10 s using a Junior
LB 9059 luminometer. Luciferase gene expression was expressed
in terms of relative light units (RLUs)/�g cellular protein as deter-
mined using a BCA (bicinchoninic acid) assay as per manufacturers
instructions (Pierce). For differentiated Caco-2 cells, transfection
complexes were administered apically (1.28 �g pDNA/cm2). Com-
plexes were incubated with cells for 4 h at 37 ◦C, after which time
cells were rinsed twice with serum free DMEM,  and incubated
for a further 24 h under normal growth conditions to facilitate
luciferase expression. For uptake studies, uninternalised complexes
were removed 4 h post complex addition with CellScrubTM and
pDNA uptake was assessed by flow cytometry.

For endocytosis inhibition experiments, undifferentiated Caco-
2 cells were pre-treated with a number of inhibitor treatments at
concentrations based on literature values (Table 1). Inhibition of
CME  was achieved through hypertonic media and cytosol acidi-
fication treatments as previously described (Hansen et al., 1993).
Cells were subsequently incubated in the presence of inhibitor
and CD·DNA complexes for 90 (m�CD, hypertonic media, and
cytosol acidification) or 120 min  (wortmannin, LY294002, genis-
tein, chloroquine, and nocodazole) prior to uninternalised complex
removal with CellScrubTM buffer. The level of uptake was assessed
immediately by flow cytometry, while luciferase levels were
determined 24 h later. Inhibition of macropinocytosis with wort-
mannin and LY294002 was  confirmed by measuring the uptake
of the macropinocytosis marker, tetramethylrhodamine (TMR)-
conjugated 10 kDa dextran (Invitrogen). Inhibition of CME  by
hypertonic media and cytosol acidification treatments was ensured
by measuring the uptake of AF488 labelled transferrin (Invitrogen).

For endocytosis inhibition experiments in differentiated Caco-2
cells, all inhibitor treatments and CD·DNA complexes were applied
to the apical compartment.

Differentiated Caco-2 cells were pre-treated with a number of
inhibitors at defined concentrations (Table 1) prior to addition
of CD·DNA complexes. Cells were incubated in the presence of
inhibitor and complexes for 4 h prior to removal of uninternalised
complexes with CellScrubTM buffer and uptake analysis by flow
cytometry.

2.7. Toxicity of endocytosis inhibitor treatments

The toxicity of endocytosis inhibitors was  assessed in undif-
ferentiated Caco-2 cells by MTT  assay (Table 1). Caco-2 cells
were seeded in 96-well plates at a density of 35,000 cells
per well (Cryan and O’Driscoll, 2003). 24 h post seeding, cells
were incubated with the different inhibitors for up to 3 h,
after which time 100 �l of normal inhibitor-free growth media
was  added to cells along with 20 �l of a 5 mg/ml MTT  solu-
tion. Samples were incubated for 4 h at 37 ◦C. Subsequently,
the reaction product was  solubilised with 100 �l DMSO and
absorbance at 590 nm was  quantified. The level of cell death
was  expressed as % dehydrogenase activity relative to control

cells.

Differentiated Caco-2 cell monolayer integrity was monitored
by recording transepithelial electrical resistance (TEER) values
immediately (0 h) and up to 5 h post inhibitor addition through the
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Table 1
Inhibitor concentrations and % cell viability post treatment in undifferentiated and differentiated Caco-2 cells as assessed by MTT  assay and TEER values, respectively. Data
represents mean ± S.D. (n = 3) expressed as a % of control values. * indicates statistical significance (P < 0.05).

Treatment Concentration Effect % Dehydrogenase
activity
(undifferentiated cells)

% TEER (differentiated
cells)

Low temperature (4 ◦C), 1 h pre-incubation N/A Endocytosis
inhibition

105 ± 4 104.5 ± 2.8

Methyl-�-CD  (m�CD), 15 min  pre-treatment 10 mM Endocytosis
inhibition

103.6 ± 3.9 N/A

Wortmannin, 1 h pre-treatment 50 nM Macropinocytosis
inhibition

98.9 ± 8.8 N/A

LY294002, l h pre-treatment 50 �M Macropinocytosis
inhibition

97.3 ± 1.2 N/A

5-(N-Ethyl-N-isopropyl)amiloride (EIPA), 1 h pre-treatment 50 �M Macropinocytosis
inhibition

5.98 ± 1.66* 77.5 ± 8.7

Hypertonic medium, 30 min  pre-treatment 0.45 M sucrose Clathrin mediated
endocytosis (CME)
inhibition

94.1 ± 3.6 22.7 ± 2.5*

Hypertonic medium, 30 min  pre-treatment 0.2 M sucrose CME  inhibition N/A 95.7 ± 20.7
Cytosol acidification, 10 min  pre-treatment 10 mM acetic acid

(pH 5)
CME inhibition 86.5 ± 2.4* 98.8 ± 5.9

Genistein, 1 h pre-treatment 200 �M Caveolae mediated
endocytosis
(CvME) inhibition

95.1 ± 5.1 N/A

Filipin, 1 h pre-treatment 1 �g/ml CvME inhibition 23.7 ± 6.5* 79.7 ± 2.5*
Nocodazole, 1 h pre-treatment 10 �M Disrupts

microtubules
100.7 ± 2.5 N/A
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a significant drop (P < 0.05) in the number of fluorescent positive
cells of approximately 70% as compared with EDTA-detached cells
(Table 2) and indicates that CD·DNA binding to Caco-2 cells is medi-
ated by trypsin-cleavable cell surface proteins.

Table 2
Involvement of Caco-2 (undifferentiated) cell surface proteins in the binding and/or
uptake of CD·DNA complexes.

Treatment Relative % CD·DNA
bound cells

Relative % CD·DNA
cellular uptake

Trypsinisation 32.25 ± 6.12 N/A
Heparinase III 20.95 ± 4.22 74.81 ± 1.96
Soluble heparin

(5 �g/ml)
N/A 7.4 ± 2.8

Soluble heparin
(10 �g/ml)

N/A 0.96 ± 0.4
Chloroquine, 15 min  pre-treatment 100 �M 

se of a volt/ohmmeter with “chopstick” electrodes. Values were
xpressed as % TEER (� cm2) relative to 0 h TEER readings (Table 1).

.8. Confocal microscopy

Fluorescently labelled CD·DNA complexes (CyTM5 labelled
DNA-Mirus) were incubated with undifferentiated Caco-2 cells
grown on round glass coverslips) for 3 h at 37 ◦C. Uninternalised
omplexes were removed with CellScrubTM and cells were fixed
ith 3% paraformaldehyde. Cell nuclei were stained with Hoechst
ye (Invitrogen) and coverslips were mounted in Dako mounting
edium. Images were acquired using an Olympus FV 1000 confo-

al microscope, and processed using Olympus Fluoview and Adobe
hotoshop/Illustrator software.

.9. Statistical analysis

A  Student’s t-test (two tailed,  ̨ = 0.05) was used to test the sig-
ificance between two mean values.

. Results

.1. Poly-6-cationic amphiphilic CD

The modified CD used in this study contains amino groups on the
rimary-hydroxyl face and lipid chains on the secondary-hydroxyl
ace (Fig. 1b and c). Rendering cationic CDs amphiphilic through
onjugation of lipid chains has previously been shown to increase
ransfection activity (Cryan et al., 2004a,b; McMahon et al., 2008).
his CD was capable of complexing pDNA as assessed by a gel retar-
ation assay (data not shown) and formed cationic nanoparticulate
omplexes (154 ± 12 nm;  48.3 ± 5.5 mV)  at a CD:pDNA mass ratio
f 10 (determined by dynamic light scattering measurements).
he size and charge of these complexes was similar to transfec-

ion complexes prepared from previous CDs (Fig. 1a) (Cryan et al.,
004a,b; McMahon et al., 2008) and indicates that the side chain
rientation does not have a major bearing on the physicochemical
haracteristics of the complexes. The cellular association, uptake
Disrupts
endosomes and
lysosomes

88.8 ± 1.8* N/A

and processing of this novel inverted CD were examined in an effort
to aid design of CD vectors with improved transfection activity.

3.2. Association of CD·DNA complexes with Caco-2 cells

Caco-2 cells were used for all cell based studies as these are a
commonly used model of gut enterocytes. To determine if cell sur-
face proteins were involved in CD·DNA complex binding to Caco-2
cells, cells were pre-incubated with these fluorescent complexes
for 1 h at 4 ◦C to saturate cell surface binding, and subsequently
detached with trypsin–EDTA or EDTA alone, prior to analysis by
flow cytometry. Trypsin cleaves the protein links by which adher-
ent cells attach to the surface of tissue culture plates. However, it
also cleaves a range of other membrane surface proteins, and there-
fore complexes associated with trypsin cleavable surface proteins.
In contrast, EDTA-mediated cell detachment is due to its cation-
chelating properties and hence complexes associated with surface
proteins remain attached to the cells. Trypsinisation resulted in
Data represents mean ± S.D. (n = 3) relative to control treated cells. All data are
significantly different to control (100%) values (P < 0.05). CD·DNA binding post
trypsinisation is expressed as a % of EDTA treated cells. Uptake post heparinase III and
heparin treatment is expressed as a % of cells not incubated with these treatments
i.e.  buffer alone.
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Fig. 2. Uptake of CD·DNA complexes by undifferentiated Caco-2 cells and resulting transfection efficiency. (a) Uptake kinetics of CD·DNA complexes over time compared
with  PEI and Lf2000. Caco-2 cells were incubated with complexes for 1 h at 4 ◦C and subsequently at different times at 37 ◦C. The level of complex uptake was assessed by
flow  cytometry. Data represents mean ± S.D. (n = 4). (b) Cells were incubated with fluorescent CD·DNA complexes for 3 h at 37 ◦C. Uninternalised complexes were removed,
a nd im
w exes w
e

a
M
g
c
l
s
i
o
e
i
a
i
b

3
C

t
(
w
1
u
2
c
L

nd  cells were fixed and subsequently stained for the nucleus with HOECHST dye, a
ith  transfection complexes for 1 h at 4 ◦C, and subsequently at 37 ◦C for 3 h. Compl

xpressed as RLU/�g protein. Data represents mean ± S.D. (n = 3).

Proteoglycans are a group of cell surface proteins commonly
ssociated with non-viral GDV binding to cells (Wiethoff and
iddaugh, 2003). To examine whether heparan sulphate proteo-

lycans are involved in the binding of CD·DNA complexes to Caco-2
ells, Caco-2 cells were pre-treated with the glycosaminoglycan
yase heparinase III (Table 2), which specifically cleaves heparan
ulphate proteoglycans. Heparinase III treatment resulted in signif-
cant drops in both the cellular association (80%) and uptake (25%)
f CD·DNA complexes (P < 0.05) (Table 2). Furthermore, inclusion of
xogenous soluble heparin in the transfection medium led to signif-
cant reductions (P < 0.05) in CD-mediated pDNA uptake (Table 2)
nd reporter gene expression (data not shown) further support-
ng the hypothesis of proteoglycan involvement in CD·DNA-cell
inding.

.3. Uptake kinetics of transfection complexes in undifferentiated
aco-2 cells

The uptake kinetics of CD·DNA complexes were compared with
hose for two of the most commonly used GDVs, polyethyleneimine
PEI) and LipofectamineTM 2000 (Lf2000) (Fig. 2a). CD·DNA uptake
as significantly higher than that of the other vectors after 0.25 and

 h incubations with Caco-2 cells (P < 0.05). CD and Lf2000 complex

ptake was comparable after 2 and 3 h incubations with Caco-

 cells, and significantly higher than that observed for PEI·DNA
omplexes (P < 0.05). The number of cells positive for CD and
f2000·DNA complexes was  approximately 5 times higher than that
aged using a confocal microscope. (c) Undifferentiated Caco-2 cells were incubated
ere removed, and cells incubated for 24 h. Luciferase expression was assessed and

achieved by PEI. The uptake of CD·DNA complexes by Caco-2 cells
was also confirmed by confocal microscopy (Fig. 2b).

The transfection activity of CD·DNA complexes was compared
with that mediated by PEI and Lf2000 (Fig. 2c). Lf2000 proved
the most efficient GDV demonstrating approximately 2-fold higher
luciferase expression than either PEI or CD (P < 0.05). Previous CDs
with lipid modified primary faces and cationic secondary faces
achieved comparable transfection levels to the commercial vectors
DOTAP and Lipofectin (Cryan et al., 2004a,b; McMahon et al., 2008).
Therefore, the similar transgene expression levels achieved here
relative to PEI indicate that CDs with inverted side chain positioning
retain their transfection activity.

3.4. Endocytosis of CD·DNA complexes by undifferentiated Caco-2
cells

To assess whether endocytosis and/or passive mechanisms are
involved in the uptake of CD·DNA complexes, transfection exper-
iments were carried out at 4 and 37 ◦C. CD·DNA uptake and
transfection (Fig. 3a and b) were reduced by >90% when cells were
incubated at 4 ◦C (P < 0.05) indicating that endocytosis was the prin-
cipal route of entry.

In an effort to elucidate the specific endocytotic uptake path-

way(s) utilised by CD·DNA complexes in undifferentiated Caco-2
cells, a number of endocytosis inhibitor treatments were used
(Table 1). The effect of inhibitor treatments on CD·DNA uptake was
assessed by flow cytometry (Fig. 3a). However, given that success-
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Y294002, and genistein) prior to complex removal with CellScrubTM buffer. Upt
uciferase expression was assessed 24 h later and expressed as % RLU/�g protein 

ignificance relative to control treated cells (P < 0.05).

ul uptake does not necessarily translate into successful transgene
xpression, the relationship between the method of CD·DNA uptake
nd transfection was also examined (Fig. 3b). Pretreating Caco-2
ells with m�CD resulted in a significant drop (P < 0.05) in both
D·DNA uptake (∼80%) and transfection (>90%) (Fig. 3a and b).

�CD treatment has been reported to inhibit a range of endo-

ytotic processes including CME  (Zuhorn et al., 2002) and CvME
Lamaze and Schmid, 1995) as well as macropinocytosis (Grimmer
t al., 2002) and was used here as a general endocytosis inhibitor.
as assessed by flow cytometry and expressed as % uptake relative to control (a).
trol treated cells (b). All data represents mean ± S.D. (n = 3). * indicates statistical

Both wortmannin and LY294002 treatments resulted in significant
drops (P < 0.05) in the level of CD·DNA uptake (∼40%) and trans-
fection (∼60%). This indicates that macropinocytosis is involved in
the uptake and successful transfection of CD·DNA  complexes by
Caco-2 cells. Conflicting results were observed post CME  inhibi-

tion treatments. Treatment with 0.45 M sucrose (hypertonic media)
resulted in significant drops (P < 0.05) in both CD·DNA uptake and
transfection of ∼90%. This suggested that CME  may  have a major
role in CD·DNA transfection. However, cytosol acidification treat-
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ent did not result in any decrease in the level of CD·DNA uptake
r transfection. Indeed, a slight increase in uptake and transfec-
ion was observed, although this was not statistically significant.
enistein treatment led to a significant reduction (P < 0.05) in both
D·DNA uptake and transfection of approximately 40% (Fig. 3a and
) implying a possible role for CvME.

The effects on uptake and transfection are unlikely a result of
nhibitor-induced toxicity since inhibitor treatments were well tol-
rated by undifferentiated Caco-2 cells as assessed by MTT  assay,
ith cell viability levels of >80% (Table 1). However, EIPA and filipin
ere toxic in undifferentiated Caco-2 cells over the concentration

anges tested and were not used (Table 1).

.5. Intracellular trafficking of CD·DNA complexes in
ndifferentiated Caco-2 cells

In addition to assessing the mode of CD·DNA internalisation, the
ntracellular trafficking of CD·DNA complexes was assessed using
wo pharmacological inhibitors, namely chloroquine and nocoda-
ole.

Chloroquine is a weak hydrophobic base which increases pH in
ndosomes and lysosomes preventing endosomal maturation and
ubsequent lysosomal degradation of genes (Khalil et al., 2006).
lthough chloroquine is generally believed to exert its effect on
DV efficacy by affecting intracellular trafficking, some studies
ave reported that it can also affect particle uptake (Huth et al.,
006). Therefore, the impact of chloroquine on CD·DNA entry was
ssessed (Fig. 3a). Chloroquine treatment did not significantly affect
he level of CD·DNA uptake by undifferentiated Caco-2 cells. How-
ver, CD-mediated transfection was significantly reduced (P < 0.05)
ndicating altered intracellular trafficking (Fig. 3b).

The microtubule depolymerising agent nocodazole has been
sed previously to assess the involvement of microtubules in the
rocessing of non-viral GDVs by cells (van der Aa et al., 2007;
oyle and Chan, 2007). While nocodazole treatment had no sig-
ificant impact on CD·DNA uptake (Fig. 3a), luciferase expression
as reduced by ∼60% (Fig. 3b) indicating microtubule involvement

n the intracellular trafficking of complexes.

.6. Transfection of differentiated Caco-2 cells

In order to better predict the applicability of CD vectors for
ntestinal gene delivery, a fully differentiated intestinal cell cul-
ure model was employed. Differentiated Caco-2 cells are used
s a model of the small intestinal tract for drug transport stud-
es, and more recently in screening GDVs, as they provide a more
hysiologically relevant system than undifferentiated cells. When
ultured on semi-permeable membranes over 18–21 days, Caco-

 cells differentiate to form mature enterocyte-like cells complete
ith tight junctions and apical microvilli (Uduehi et al., 1999; Cryan

nd O’Driscoll, 2003).
CD·DNA demonstrated approximately 50 fold higher transfec-

ion than naked pDNA alone, and comparable transfection to PEI
Fig. 4). Lf2000 was the most efficient GDV achieving significantly
igher transfection than CD and PEI. This trend was similar to that
bserved for undifferentiated Caco-2 cells (Fig. 2c), but with much
ower levels indicating the increased resistance of differentiated
ells to transfection.

.7. Endocytosis of CD·DNA complexes by differentiated Caco-2
ells
The decreased activity of GDVs in differentiated Caco-2 cells is
elieved to be due, at least in part, to a decrease in the level of cell
ssociation and uptake (Cryan and O’Driscoll, 2003). This reduction
n uptake may  also be due to a change in the mechanism of particle
replaced with serum supplemented DMEM 4 h later and cells were incubated for a
further 24 h. Luciferase expression was assessed and expressed as RLU/�g protein.
Data represents mean ± S.D. (n = 3).

uptake. To first assess whether CD·DNA uptake by differentiated
Caco-2 cells is mediated by endocytosis, cells were incubated with
complexes at 4 or 37 ◦C for 4 h. Uptake was  reduced by approxi-
mately 80% when cells were incubated at 4 ◦C (P < 0.05) (Fig. 5). It
should be noted that <2% of the total cell population were positive
for CD·DNA uptake in control samples (37 ◦C), demonstrating the
low endocytotic activity of differentiated enterocytes.

Effects of endocytosis inhibitor treatments were also assessed
in differentiated Caco-2 cells (Fig. 5). Hypertonic media and cytosol
acidification treatments were again used to inhibit CME. Sucrose at
0.2 M was  used in addition to 0.45 M sucrose as hypertonic media,
since this lower concentration has been used previously with differ-
entiated Caco-2 cells (Kitchens et al., 2008) and is less likely to cause
toxicity. In the literature, the majority of studies use amiloride or its
analogs such as EIPA to inhibit macropinocytosis in differentiated
Caco-2 cells (des Rieux et al., 2007; Keita et al., 2006; Mathot et al.,
2007), and therefore EIPA was  the inhibitor of choice for differen-
tiated Caco-2 cell studies. Similarly, filipin is the most commonly
used inhibitor of CvME in differentiated Caco-2 cells (Ma and Lim,
2003; Kitchens et al., 2008) and was therefore utilised.

EIPA treatment resulted in a reduction in CD·DNA uptake to
background levels; and sucrose hypertonic treatments resulted in
significant reductions of about 70%. Cytosol acidification did not sig-
nificantly affect the level of CD·DNA uptake, nor did filipin. These
results indicate a role for macropinocytosis and possible roles for
CME  in the uptake of CD·DNA complexes by differentiated Caco-2
cells.

To ensure that the observed effects on CD·DNA uptake in differ-
entiated cells were not due to inhibitor associated cytotoxic effects,
the TEER value of each well was recorded during the inhibitor
incubation (Table 1). TEER values were significantly reduced after
incubation with 0.45 M sucrose (∼80% drop) and 1 �g/ml filipin
(∼20% drop). Other treatments did not result in significant tox-
icity, therefore, with the exception of 0.45 M sucrose treatment,
the observed effects of the inhibitors are unlikely due to inhibitor
induced toxicity.

3.8. The specificity of CME inhibitors and genistein

As all macropinocytosis inhibition treatments led to significant
reductions in CD·DNA uptake in both undifferentiated (wortman-

nin and LY294002) and differentiated (EIPA) Caco-2 cells, it was
apparent that macropinocytosis was involved in CD·DNA uptake.
However, given that hypertonic media and cytosol acidification
treatments had dissimilar effects on CD·DNA uptake in both undif-
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.2  and 0.45 M sucrose (30 min), and cytosol acidification buffer (10 min) for the ind
resence of inhibitor and CD·DNA complexes for 4 h prior to washing with CellScru
ontrol  treated cells (*P < 0.05). * indicates statistical significance relative to control

erentiated (Fig. 3) and differentiated cells (Fig. 5), their specificity
s CME  inhibitors was assessed. To determine whether these
reatments were specific for CME, their effect on TMR-dextran
macropinocytosis marker) uptake was examined in undifferen-
iated cells, as non-specific inhibition of macropinocytosis may
xplain reduction by hypertonic media treatment. Also given that
he CvME inhibitor genistein reduced CD·DNA uptake and its speci-
city has been referred to as “doubtful” (Khalil et al., 2006), its effect
n TMR-dextran uptake was assessed.

Treatment with hypertonic media (0.45 M sucrose) resulted in
 significant decrease (P < 0.05) in TMR-dextran uptake of about
0% (Fig. 6). In contrast, cytosol acidification treatment produced
 considerable increase in uptake. This is not fully understood but
t has been reported that inhibition of endocytotic pathways can
ead to induction of compensatory endocytotic processes (Damke
t al., 1995), in our case possibly an increased level of macropinocy-
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n  the uptake of TMR-dextran by undifferentiated Caco-2 cells. Cells were incubated
ith inhibitor treatments prior to addition of TMR-dextran (1 mg/ml) and the level

f  dextran uptake was  assessed 2 h later by flow cytometry and expressed as a %
f  control treated cells. Data represents mean ± S.D. (n = 3). * indicates statistical
ignificance relative to control treated cells (P < 0.05).
 period of time prior to addition of CD·DNA complexes. Cells were incubated in the
ffer and analysis by flow cytometry. Data represents mean ± S.D. (n = 3) relative to
d cells (P < 0.05).

tosis. Indeed, an increased level of macropinocytosis was believed
responsible for the increased uptake of cationic particles by HeLa
cells upon CME  and CvME inhibition (Harush-Frenkel et al., 2007).
This data explains why a drop in CD·DNA uptake/transfection was
observed with hypertonic media but not with cytosol acidification
treatment (Figs. 3 and 5), and indicates that CME  is not involved
in CD·DNA uptake in Caco-2 cells. In addition, genistein treat-
ment reduced TMR-dextran uptake (P < 0.05) by approximately 60%
(Fig. 6) indicating that CvME may  not be involved in CD·DNA uptake.
This non-specific inhibition of macropinocytosis by CME  and CvME
inhibitors demonstrates the importance of ensuring the specificity
of inhibitors.

4. Discussion

The CD gene vector used in these studies is the first success-
ful cationic amphiphilic CD-based GDV of this structural class
(cationic primary face, lipophilic secondary face). It formed cationic
nanoparticulate complexes with pDNA and retained the ability to
transfect relative to CDs of the opposite orientation. The route used
in its synthesis was high-yielding (Byrne et al., 2009) and provides
us with increased flexibility in synthesis. These findings highlight
the structural flexibility of CDs as GDVs and illustrated that attach-
ment of functional groups to the CD core is possible on both primary
and secondary sides effectively doubling the library of modified CDs
possible.

Heparinase III binding and uptake studies helped identify that
heparan sulphate proteoglycans are responsible for CD·DNA cel-
lular association. As proteoglycans are anionic in nature, the
interaction between them and the cationic CD·DNA complexes
likely occurs largely through ionic interactions. Heparan sulphate
proteoglycans have been implicated in the binding of a number
of viruses, cationic polymers (including non-amphiphilic polyca-

tionic CDs), and lipids by cells (Wiethoff and Middaugh, 2003; Cryan
et al., 2004a,b). In addition, proteoglycans have been shown to be
cleaved by trypsin treatment of cells (Vogel, 1978), explaining the
decreased level of CD·DNA binding to cells post trypsin treatment.
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imilarly, heparinase treatment of Caco-2 cells has been reported to
ecrease the level of cellular association of chitosan nanoparticles
Behrens et al., 2002).

The incubation time of GDV·DNA complexes with cells is an
mportant parameter that can dictate the level of transfection
Legendre and Szoka, 1992; van der Aa et al., 2007). A significant
evel of CD·DNA uptake was detectable after 15 min  incubation

ith undifferentiated Caco-2 cells. This is in agreement with a
revious study by our group that reported uptake of a cationic
mphiphilic CD by HepG2 cells within 15 min  as determined by
onfocal microscopy (McMahon et al., 2008). In our studies, the
evel of CD·DNA uptake was equivalent to that of Lf2000 and sig-
ificantly higher than that of PEI after 3 h. Despite this high level of
ptake, CD-mediated luciferase expression was significantly lower
han Lf2000 and comparable with PEI. Therefore, rapid/high uptake
oes not necessarily lead to high transfection. This is in agree-
ent with Cryan et al. (2004a,b) who reported higher levels of

on-amphiphilic cationic CD uptake compared with the commer-
ial cationic lipid DOTAP but significantly less transgene expression
Cryan et al., 2004a,b). There are a number of possible explanations
or this phenomenon. It may  be that Lf2000 and PEI·DNA complexes
nter cells by different endocytotic pathway(s) to CD·DNA com-
lexes, which are more favourable to transfection. Douglas et al.
2008) for example reported significant uptake of alginate-chitosan
anoparticles by both 293T and CHO cells. Whereas 293T cells were
uccessfully transfected, no significant transgene expression was
etected in CHO cells. They deduced that CME  was responsible for
ptake by 293T cells while CvME was responsible for uptake by
HO cells. Therefore, it is clear that different endocytotic pathways
an yield different transfection efficiencies.

Endocytosis is generally considered as the main mechanism
f GDV uptake by cells (Khalil et al., 2006). In agreement with
his we found that CD·DNA complexes were taken up by undiffer-
ntiated and differentiated Caco-2 cells by endocytosis. Inhibitor
ata indicates that macropinocytosis is the principal endocytotic
athway by which CD·DNA complexes enter both undifferenti-
ted and differentiated cells. CME  inhibition with hypertonic media
nd cytosol acidification treatments however yielded conflict-
ng results. Indeed, our data indicates that the hypertonic media
nduced decrease in CD·DNA uptake was due to non-specific inhi-
ition of macropinocytosis. Hypertonic media has been previously
eported to inhibit the uptake of the fluid phase endocytosis marker
orseradish peroxidase (Carpentier et al., 1989) and a number of
ther studies have commented on its lack of specificity (Perumal
t al., 2008). Therefore, CME  is unlikely to be involved in the
ptake of CD·DNA complexes by Caco-2 cells. The CvME inhibitor
enistein also inhibited TMR-dextran uptake indicating that it was
ot a selective CvME inhibitor. Indeed, genistein’s specificity as

 CvME inhibitor has previously been questioned (Khalil et al.,
006). The most commonly used CvME inhibitor, filipin, did not
ignificantly reduce CD·DNA uptake in differentiated Caco-2 cells.
nterestingly, CvME was implicated in a recent study in the uptake
f poly(amido amine) dendrimers by undifferentiated Caco-2 cells
Goldberg et al., 2010). However, in the same study it was  apparent
hat CvME was not involved in their uptake by differentiated Caco-2
ells. In addition, the expression of the caveolae associated protein,
aveolin-1, in Caco-2 cells is thought to be quite low. Indeed, some
tudies have reported that caveolin-1 is not expressed in Caco-2
ells and reported little evidence of caveolar structures (Vogel et al.,
998; Lim et al., 2009). However, other studies reported detectable

evels of caveolin-1 in Caco-2 cells indicating that a low level of
xpression may  be present (Field et al., 1998). Notably, when Caco-
 cells were stably transfected with caveolin-1, caveolae were only
etected in the basolateral membrane (Vogel et al., 1998). Similarly,

n another model of polarised epithelia, caveolae were localised
xclusively at the basolateral membrane (Vogel et al., 1998). There-
Pharmaceutics 413 (2011) 174– 183

fore, it is unlikely that CvME will play a major role in CD·DNA  uptake
by enterocytes. A recent study on the uptake of a highly lipid-
modified CD (14 lipid side chains) by Vero African green monkey
kidney epithelial cells indicated that CME  and CvME are the major
routes of uptake for this particular CD (Diaz-Moscoso et al., 2010).
This is in contrast to the results obtained in the current study and
may  be explained by structural variations between the CDs and cell
type dependent effects.

Increased transfection may  be accomplished by increasing the
level of uptake by macropinocytosis as has been done in the case of
cell penetrating peptides (Wadia et al., 2004; Khalil et al., 2006b).
However, our data demonstrates that high uptake does not neces-
sitate high levels of transgene expression. Therefore, improving
the intracellular trafficking properties of CD·DNA complexes is a
necessity for future success. There is a paucity of data regard-
ing the intracellular trafficking of GDV complexes taken up by
macropinocytosis. However, the pH of macropinosomes has been
reported to decrease in cells (Khalil et al., 2006). Indeed, it appears
that acidification of macropinosomes is necessary for maximal
CD·DNA transfection given that chloroquine reduced transfection
levels. CD·DNA escape may  be more efficient at lower pH due to
an increase in CD·DNA surface charge, allowing fusion with the
macropinosomal membrane. Furthermore, inhibition of endosome
acidification has been reported to inhibit the breakdown of endocy-
tosed heparan sulphate proteoglycans by heparinases (Yanagishita
and Hascall, 1984). Given that dissociation of cell penetrating pep-
tides from heparan sulphate is important for their endosomal
escape (Magzoub et al., 2005), dissociation of CD·DNA complexes
from heparan sulphate proteoglycans may  be necessary for effi-
cient CD·DNA escape from macropinosomes. Similarly, Harashima’s
group reported that inhibition of macropinosome acidification
by bafilomcin A treatment reduced transfection by octarginine
liposomes (El-Sayed et al., 2008). Notably, the authors reported
that octarginine residues improved the macropinosomal escape of
GDVs internalised by macropinocytosis and so this approach might
improve CD activity by improving intracellular trafficking (El-Sayed
et al., 2008).

Our study is among the few that have assessed the impact
of differentiation on GDV uptake pathways. Low levels of com-
plex uptake in differentiated cells are certainly a factor in the
reduction in activity of transfection complexes in differentiated
Caco-2 cells (Cryan and O’Driscoll, 2003). Similarly, Boucher’s group
reported that well differentiated airway cells had reduced levels of
lipoplex endocytosis relative to poorly differentiated cells (Matsui
et al., 1997). Notably, heparan sulphate proteoglycans are initially
present along the entire surface of undifferentiated Caco-2 cells,
but during differentiation redistribute to the basolateral membrane
(Esclatine et al., 2001). Given the presence of tight junctions in dif-
ferentiated Caco-2 cells, it is unlikely that vectors can reach the
basolateral proteoglycans resulting in a reduction in cell associa-
tion and uptake via proteoglycans. The low levels of transfection in
differentiated Caco-2 cells are also likely a consequence of their low
mitotic activity (Zauner et al., 1999). The poor nuclear accessibil-
ity of pDNA in differentiated cells is a significant obstacle and will
need to be overcome through strategies such as nuclear localisation
signal conjugation, or the use of siRNAs as alternative therapeutic
nucleic acids.

5. Conclusions

The means of cellular association and uptake of CD·DNA

complexes by Caco-2 cells were elucidated. Heparan sulphate
proteoglycans are responsible for binding of complexes to undif-
ferentiated Caco-2 cells, while macropinocytosis is responsible for
the uptake of CD·DNA complexes by both undifferentiated and
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ifferentiated Caco-2 cells. Microtubules are implicated in the
ntracellular trafficking of complexes and endosomal acidification
s necessary for maximal gene expression. This information will
e used to develop optimised CD based transfection complexes for

ntestinal delivery with enhanced cellular uptake and intracellular
rafficking properties.
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