
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
16

. D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 9
:5

8:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Polymyxins facili
aDepartment of Chemistry and Biochemistry

Jolla, CA, 92093-0358, USA. E-mail: ytor@u
bCellular and Molecular Medicine, Universi

92093-0687, USA

† Electronic supplementary informatio
characterization of new compounds, up
control experiments, and character
10.1039/c6sc00488a

Cite this: Chem. Sci., 2016, 7, 5059

Received 31st January 2016
Accepted 12th April 2016

DOI: 10.1039/c6sc00488a

www.rsc.org/chemicalscience

This journal is © The Royal Society of C
tate entry into mammalian cells†

Kristina M. Hamill,a Lisa S. McCoy,a Ezequiel Wexselblatt,a Jeffrey D. Eskob

and Yitzhak Tor*a

Polymyxin B is an antibiotic used against multi-resistant Gram negative infections, despite observed

nephrotoxicity. Here we report the synthesis of functionalized derivatives of polymyxin B and its per-

guanidinylated derivative in order to further explore the structural requirements necessary to facilitate

uptake of the antibiotic into mammalian cells. We also investigate the possibility of using these novel

scaffolds as molecular transporters. At nanomolar concentrations, both are capable of delivering large

cargo (>300 kDa) into living cells. Their uptake depends exclusively on cell surface heparan sulfate.

Mechanistic studies indicate these novel transporters are internalized through caveolae-mediated

pathways and confocal microscopy show colocalization with lysosomes. The polymyxin-based

transporters demonstrate cytosolic delivery through the delivery of a ribosome-inactivating protein.

Furthermore, the natural polymyxin scaffold can be incorporated into liposomes and enhance their

intracellular uptake. In addition to demonstrating the ability of the polymyxin scaffold to facilitate

internalization into mammalian cells, these observations suggest the potential use of polymyxin and

guanidinopolymyxin for intracellular delivery.
Introduction

Several biological barriers stand between exogenous agents and
their entry to cells and tissues. These barriers hamper the
administration of therapeutic agents, limiting their delivery and
therapeutic utility. For example, high molecular weight and
highly charged biomolecules such as proteins and oligonucle-
otides display therapeutic potential but have limited cellular
uptake.1 Thus, great interest exists in developing molecular
transporters as tools for exploring cell entry pathways and for
facilitating the delivery of impermeable agents.

Certain natural macromolecules, for example the HIV-1 Tat
protein, exhibit cellular uptake.2–4 When added exogenously, Tat
efficiently crosses cell membranes and can facilitate the uptake of
conjugated or fused cargo.4–7 The basic, arginine rich region of the
protein is critical for uptake, mediated to a large extent through
interaction with cell surface proteoglycans.8–10 Since these early
observations, numerous guanidinium-richmolecular transporters
of varying scaffolds have been described and exploited,11–13 and
recent reports have shown that cyclic guanidinium-rich peptides
have enhanced cellular uptake compared to linear peptides.14–18
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Guanidinoglycosides constitute a distinct non-oligomeric,
but multivalent, family of low MW cell penetrating scaffolds.19

Guanidinoglycosides are derived from the naturally occurring
aminoglycosides by converting the ammonium to guanidinium
groups. They display unique uptake features when compared to
other guanidinium-rich transporters by their potency at nano-
molar concentrations and dependence on cell surface heparan
sulfate proteoglycans for cellular entry. A variety of analogues
derived from different aminoglycosides enable uptake of large,
bioactive cargo into cells.20–24

Recent observations suggesting similarities between amino-
glycosides and polymyxins,25 in addition to their analogous self-
promoted uptake mechanisms in bacterial cells,26–28 have
provoked a hypothesis that guanidinylated derivatives of the latter
may display useful cellular entry features in mammalian cells.
Here we explore the cellular delivery and internalization mecha-
nism of high molecular weight biomolecules and nano-assem-
blies using polymyxin (PMB) and guanidinopolymyxin (GPMB)
derivatives as carriers. Unlike the guanidinoglycosides that show
substantially enhanced cellular uptake, when compared to their
parent aminoglycoside precursors, both PMB and GPMB display
highly competent uptake in mammalian cells. Intriguingly, while
the cellular uptake of PMB and GPMB remains highly dependent
on cell surface heparan sulfate, a ne mechanistic analysis
suggests unique internalization pathways and more efficient
cytosolic delivery than other well-studied molecular transporters.
Our major conclusions include: (1) polymyxin and its guanidiny-
lated form effectively entermammalian cells, (2) the cyclic peptide
and not the hydrophobic tail is the entry-facilitating module, and
(3) these molecules can facilitate the cellular delivery of large
Chem. Sci., 2016, 7, 5059–5068 | 5059
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biomolecules and liposomal assemblies. We further speculate
that the effective entry of parent natural antibiotics into
mammalian cells, coupled to earlier observations indicating their
ability to interfere with eukaryotic translation,25 may contribute to
their adverse cytotoxic effects inmammals. These observations, in
addition to enriching the repertoire of cellular delivery vehicles,
illustrate the wide landscape and potential utility of new ammo-
nium and guanidinium rich transporters.

Results
Synthetic strategy

We envisioned a convergent synthesis, wherein the PMB
molecular transporters were made via amide formation from
Scheme 1 Retrosynthesis of biotinylated PMB and GPMB.

5060 | Chem. Sci., 2016, 7, 5059–5068
two fragments, a biotinylated linker and the PMB core (Scheme
1). Relying on steric hindrance of the amine of Thr2, the
primary amines on Dab residues of the polymyxin core could be
tetra-Boc protected29 or guanidinylated. Instead of synthesizing
these PMB derivatives de novo, enzymatic hydrolysis of the fatty
acyl chain-Dab1 portion of the commercially available PMB can
generate the polymyxin B nonapeptide (PMBN).30–32 The linker
can be formed by a 1,3-dipolar cycloaddition of an alkyne
portion and an azide-containing biotinylated linker.21 The
enzymatically cleaved Dab residue can be reintroduced as part
of the linker by amide bond formation to hexynoic acid so the
nal product will be similar to the natural PMB scaffold con-
taining ve Dab moieties (and the same number of primary
amines).
This journal is © The Royal Society of Chemistry 2016
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Scheme 2 Synthesis of Boc protected PMBN and Boc guanidinylated PMBN.

Scheme 3 Synthesis of biotinylated polymyxin and guanidinopolymyxin transporters.
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Synthesis of transporters

The fatty acid chain and Dab1 residue on PMBwere cleaved with
cin to generate PMBN (1, Scheme S1†).30–32 PMBN (1) was
subsequently tetra-Boc-protected29 using Boc-ON or Boc-guani-
dinylated using N,N0-di-Boc-1H-pyrazole-1-carboxamidine to
afford 2a and 2b, respectively (Scheme 2).

The biotinylated Dab linker (3a or 3b, Scheme S2†) was then
coupled to Boc-protected PMBN (2a) or Boc-protected guanidi-
nylated PMBN (2b), and subsequently deprotected using
Fig. 1 Structures of (a) bTob and bGTob, (b) bArg8, and (c) PMB and GP

This journal is © The Royal Society of Chemistry 2016
triuoroacetic acid (TFA). HPLC purication afforded the
analytically pure bPMB (4a) and bGPMB (4b) (Scheme 3).

The same biotin linker was also clicked to the previously
reported alkyne-tobramycin or alkyne-guanidinotobramycin
derivatives21 to yield biotinylated tobramycin (bTob) and gua-
nidinotobramycin (bGTob) (Fig. 1a and Scheme S4†). For
comparison, biotinylated octaarginine (bArg8, Fig. 1b) was
synthesized using standard solid phase peptide synthesis
protocols. An aminohexanoic acid spacer was introduced at the
N-terminus and coupled to biotin-NHS.
MB.

Chem. Sci., 2016, 7, 5059–5068 | 5061
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To obtain the PMB and GPMB transporters (Fig. 1c),
commercially available PMB was HPLC puried to isolate PMB
terminated with 6-methyloctanoic acid. Puried PMB was then
guanidinylated using N,N0-di-Boc-1H-pyrazole-1-carboxamidine
followed by TFA deprotection to yield GPMB.

Formation of biotin–streptavidin complexes

Biotinylated transporters allow conjugation of the carriers to
uorescent proteins and the ability to test a variety of analogs in
different assays.33–36 Biotinylated carriers were incubated in
a 5 : 1 molar ratio with streptavidin derivatives for 20 min at
room temperature. Conjugates were then diluted in culture
medium to the nal streptavidin concentration. Streptavidin
conjugated to R-phycoerythrin (PE) coupled to the cyanine dye
Cy5 (ST–PE–Cy5) was used as a high molecular weight model
protein (MW ¼ 300 kDa), streptavidin–Cy5 (ST–Cy5) was used
for microscopy experiments, and streptavidin–saporin was used
to analyze cytosolic delivery.

Cellular uptake and cell surface binding in wild type and
heparan sulfate-decient CHO cells

Wild type CHO-K1 cells were incubated with the carrier–ST–PE–
Cy5 conjugate for 1 h at 37 �C, detached with trypsin/EDTA, and
analyzed by ow cytometry. Uptake of the uorescent conjugate
occurred at concentrations as low as 2 nM and increased in
Fig. 2 Cellular uptake, binding, and effects of inhibitors. Mean fluoresce
signal from untreated cells was subtracted. (a) Cellular uptake of biotin
bramycin (bGTob), tobramycin (bTob), and octarginine (bArg8) conjugate
the indicated concentrations at 37 �C for 1 h and lifted with EDTA/trypsi
incubated with WT and mutant CHO cell lines for 1 h at 37 �C then lifted w
bGPMB and bPMB streptavidin–PE–Cy5 conjugates (5 nM) for 1 h at 37 �

(uptake). Binding values were determined by subtracting the MFI values o
lifted with EDTA only. (d) CHO-K1 cells were incubated with bGPMB and b
For inhibition experiments, cells were pretreated with amiloride (Am, 10
min, 20 mM), genistein (Gen, 30min, 200 mM), or nystatin (Nys, 30min, 5 m

in the presence of inhibitor (except Am). The MFI was normalized.

5062 | Chem. Sci., 2016, 7, 5059–5068
a dose dependent manner (Fig. 2a). bGTob showed uptake
behavior similar to bPMB and bGPMB whereas bTob exhibited
a ten-fold reduction in uptake. bArg8 showed approximately
three-fold higher uptake than bPMB and bGPMB. Similar
uptake patterns for bPMB and bGPMB were also observed in the
human embryonic kidney cell line HEK-293 and the human
hepatocyte cell line HEP-3B (Fig. S1†).

CellTiter Blue assays indicate that bPMB and bGPMB
showed no cytotoxicity when incubated with either CHO-K1 or
HEK-293 cell lines for 72 h at concentrations as high as 0.5 mM
(Fig. S2†). To demonstrate that the formation of a stable biotin–
streptavidin complex is necessary for cellular delivery, ST–PE–
Cy5 was incubated with PMB and GPMB, which do not contain
the biotinmoiety. Fig. S3† shows no enhanced uptake of ST–PE–
Cy5 in the absence of the biotin-linked transporter.

The dependence of bPMB and bGPMB on cell surface hep-
aran sulfate (HS) proteoglycans for cellular entry was evaluated
using two mutant CHO cell lines, pgsA-745 which does not
express HS or chondroitin sulfate/dermatan sulfate (CS/DS), and
pgsD-677 which does not express HS but expresses 2 to 3-fold
higher levels of CS/DS. Fig. 2b shows uptake in HS-decient cell
lines was reduced to <20% of that observed in wild-type cells.

To investigate cell-surface binding, CHO-K1 cells were
incubated with the uorescent conjugates at 37 �C and har-
vested using EDTA to prevent cleavage of cell-surface bound
nce intensity (MFI) was measured by flow cytometry. The background
ylated guanidinopolymyxin (bGPMB), polymyxin (bPMB), guanidinoto-
d to ST–PE–Cy5. CHO-K1 cells were incubated with the conjugates at
n. (b) bGPMB and bPMB streptavidin–PE–Cy5 conjugates (5 nM) were
ith EDTA/trypsin. (c) CHO-K1 and pgsA-745 cells were incubated with
C. Cells were lifted with EDTA only (binding + uptake) or EDTA/trypsin
btained for cells lifted with EDTA/trypsin from those obtained for cells
PMB conjugated to streptavidin–PE–Cy5 (5 nM) for 1 h at 37 �C or 4 �C.
min, 5 mM), sucrose (Suc, 30 min, 400 mM), chlorpromazine (CPZ, 30
M) at 37 �C prior to incubation with the conjugates (5 nM) for 1 h at 37 �C

This journal is © The Royal Society of Chemistry 2016
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compounds. The uorescence signal was compared to that
observed when cells were lied with EDTA/trypsin, which
removes cell surface proteoglycans. Fig. 2c shows that for both
bPMB and bGPMB, binding accounts for about 15% of the
signal. Greater binding was observed in CHO-K1 cells compared
to mutant pgsA-745 cells for both transporters (Fig. 2c).

Mechanism(s) of uptake

To shed light on the internalization mechanism(s), the contri-
bution of various endocytotic pathways was evaluated pharma-
cologically. CHO-K1 cells were incubated with uorescent bPMB
or bGPMB conjugates at 4 �C to assess the contribution of energy-
dependent processes. Further, uptake was evaluated in cells
pretreated with inhibitors of macropinocytosis (amiloride), cla-
thrin-mediated endocytosis (sucrose and chlorpromazine) or
caveolae-mediated endocytosis (genistein and nystatin) (Fig. 2d).
Their inhibitory effect on the uptake of bGTob was also evaluated
for comparison. While low temperature practically abolished
internalization, treatment with amiloride, sucrose or chlor-
promazine did not affect the cellular uptake of bPMB or bGPMB
high MW conjugates. However, in cells treated with either gen-
istein or nystatin, cellular uptake was reduced by �50–60%,
indicating that bPMB and bGPMB conjugates internalize through
energy-dependent processes, presumably through caveolae-
mediated pathways. bGTob, on the other hand, showed reduced
uptake in the presence of sucrose, chlorpromazine and genistein
and no change in uptake when cells were treated with amiloride
or nystatin (Fig. S4†), indicating a differentmechanism of uptake.

Intracellular localization

To learn about the intracellular localization of these trans-
porters, wild type CHO-K1 cells were incubated with the carrier–
Fig. 3 Intracellular localization of bGPMB and bPMB. Confocal microscop
panels) or bPMB (lower panels) conjugated to streptavidin–Cy5 (20 nM)
nuclear Hoechst dye.

This journal is © The Royal Society of Chemistry 2016
ST–Cy5 conjugates (20 nM) for 1 h at 37 �C and imaged using
confocal laser scanning microscopy (CLSM). Cells were further
treated with the nuclear stain Hoechst 33342 and the lysosomal
marker LysoTracker Green DND-26 (Fig. 3). The images show
transporter accumulation in punctate vesicles. Overlaying the
images from the green and far red (pseudo-colored in red)
channels reveals a moderate degree of co-localization for the
conjugates and LysoTracker-stained compartments, resulting in
a Pearson's correlation of 0.62 for both bPMB and bGPMB
(Fig. 3). FACS analyses of carrier–ST–Cy5 conjugates up to 20 nM
(Fig. S5†) were consistent with ST–PE–Cy5 delivery.

Cytoplasmic delivery

The ability of bPMB and bGPMB to deliver cargo to the cytosol
was evaluated by conjugating the transporter to streptavidin–
saporin (ST–SAP) and incubating the conjugate with CHO-K1 or
pgsA cells at various concentrations. Aer four days, the Cell-
Titer-Blue assay was used to asses the number of viable cells.
Fig. 4 shows bPMB and bGPMB have LD50 values of 3.1 nM and
3.3 nM respectively. bGTob has an LD50 value of 13.2 nM and
bArg8 of 3.1 nM. Additionally, ST–SAP without transporter or
saporin without streptavidin incubated with bPMB and bGPMB
were unable to induce cell death (Fig. S6†) indicating the need
to form the biotin–ST complex. ST–SAP–transporter conjugates
showed no toxicity in pgsA cells (Fig. S6†).

Cellular uptake of PMB and GPMB modied liposomes

To examine the signicance of the cyclic peptide as a delivery
module, rather than the lipophilic tail, and the versatility of
PMB and GPMB as transporters, liposomes containing the
uorescent Cy5 dye were mixed with 10 mol% PMB or GPMB.
Uptake was evaluated using ow cytometry and the size and zeta
y images of CHO K1 cells incubated for 1 h at 37 �Cwith bGPMB (upper
(a) LysoTracker Green (b) ST–Cy5 conjugate (c) merged images with

Chem. Sci., 2016, 7, 5059–5068 | 5063
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Fig. 4 Delivery of saporin. CHO-K1 cells were incubated with trans-
porter–streptavidin–saporin conjugates at 37 �C. After four days, the
number of viable cells was determined using CellTiter-Blue and
measuring fluorescence intensity at 560/590.

Fig. 5 Cellular uptake of liposomes. CHO-K1 cells were incubated
with plain and PMB or GPMB decorated liposomes at the indicated
concentration for 1 h at 37 �C. The background signal from untreated
cells was subtracted and the MFI was normalized.
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potential of the liposomes were measured using dynamic light
scattering (DLS) and are reported in Table S1.† Both carriers
showed the ability to enhance delivery of cargo containing
liposomes into wild-type CHO cells with similar efficacy (Fig. 5).
Discussion

Polymyxin B is a cyclic polypeptide antibiotic containing ve
primary amines and an eight carbon fatty acid chain, used
against Gram-negative bacteria.37 The proposed antibacterial
mechanism of action rst involves electrostatic interactions
between the positively charged 2,4-diaminobutyric acid (Dab)
residues with the negatively charged bacterial lipopolysaccha-
ride phosphate groups.38–41 This interaction facilitates insertion
of the lipophilic moieties and disruption of the outer
membrane.42 Internalized polymyxin, through self-promoted
uptake, can then interact with the cytoplasmic membrane,
a pathway that remains poorly characterized.38,39 Clinical use of
polymyxin has diminished due to observed neurotoxicity and
nephrotoxicity. Recently, however, with the increase in resistant
Gram-negative infections, the clinical use of polymyxins has
been resurrected.43–46

Interestingly, the cellular uptake of polymyxins in eukaryotic
cells has predominantly been studied in renal tubular cells in
5064 | Chem. Sci., 2016, 7, 5059–5068
order to better understand their observed nephrotoxicity.47–52

While the entry pathway in renal cells is still not completely
known, it has been suggested that at low micromolar concen-
trations it is carrier mediated, possibly by the multiligand
receptor megalin, and is similar to the uptake mechanism of
aminoglycoside antibiotics.47,49 As mentioned previously, gua-
nidinylation of aminoglycosides transforms these potent anti-
biotics into a family of highly efficient eukaryotic cell-
transporters.19,20 Their unique 3D display of guanidinium
groups has proven to be key to their cellular uptake,21 and their
multivalency has been linked to cell surface aggregation of
heparan sulfate proteoglycans leading to endocytosis.23 Cargo–
carrier complexes accumulate in the lysosomes through this
endocytotic heparan sulfate-dependent uptake pathway,
providing useful transporters for lysosomal delivery.22,24

Inspired by the observed similarities between aminoglycosides
and polymyxins,25–28 as well as the enhanced uptake observed
for other guanidinium-rich cyclic peptides,14–18 we synthesized
both polymyxin and guanidinylated polymyxin derived trans-
porters and investigated their uptake in CHO cells.

To evaluate the ability of PMB and GPMB to deliver large,
bioactive cargo into mammalian cells, biotinylated derivatives
were synthesized and conjugated to streptavidin–PE–Cy5, a u-
orescently tagged, high molecular weight protein (MW 300
kDa). Uptake of bPMB and bGPMB in wild-type CHO cells was
observed at low nanomolar transporter concentrations. While
conversion of ammonium groups to guanidinium groups
generally enhances cellular uptake rather dramatically,10,53 as
seen with the conversion of bTob to bGTob (Fig. 2a) and aer
guanidinylation of other aminoglycosides,19,20 bPMB and
bGPMB exhibit comparable cellular uptake (Fig. 2a). This
surprising observation suggests that both bPMB and bGPMB
are able to form related interactions with the extracellular
components that facilitate their internalization. When
compared to bGTob, which has ve guanidinium groups, these
novel polymyxin-based carriers show the same cellular uptake
efficiencies. Furthermore, similar uptake patterns were
observed in two human cell lines, HEK-293 and HEP-3B, sug-
gesting that this phenomenon is cell-type independent. Of
signicance for potential applications as a cellular delivery tool,
we showed that bPMB and bGPMB are nontoxic to mammalian
cells at sub-micromolar concentrations using the CellTiter-Blue
assay (Fig. S2†). Treated cells were >90% viable compared to
untreated control cells aer incubation for 72 h at concentra-
tions as high as 0.5 mM, six-fold higher than the highest
concentrations used in uptake assays. This is not necessarily
unexpected, as previous studies have shown that polymyxin
analogs lacking the fatty acid tail, for example PMBN, have less
acute toxicity and reduced nephrotoxicity.42,54–56 This suggests
that the cyclic peptide core can potentially serve as a non-toxic
transporting module.

To investigate the involvement of cell surface glycosamino-
glycans in the cellular uptake of these transporters, two mutant
CHO cell lines were used, pgsA-745 and pgsD-677.57,58 The
cellular uptake of bPMB and bGPMB is signicantly diminished
in the absence of HS by about seven-fold (Fig. 2b). These
experiments imply that the internalization of both bPMB and
This journal is © The Royal Society of Chemistry 2016
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bGPMB rely on the presence of HS on the cell surface. The
polycationic scaffold must therefore preferentially bind HS over
other negatively charged cell surface glycans.

To examine cell-surface binding, cells were incubated with
the uorescent conjugates and harvested using only EDTA to
prevent cleavage of cell-surface bound compounds. The uo-
rescence signal was compared to that arising from cells lied
with EDTA/trypsin, which effectively cleaves the cell surface
bound components and represents only internalized conjugate.
Fig. 2c shows that although surface binding is observed (ca.
15% of the signal), these conjugates are efficiently internalized
into wild type cells. bPMB and bGPMB derivatives display
a comparable ratio between cellular uptake and surface
binding. Additionally, greater binding was observed in CHO-K1
cells compared to mutant pgsA-745 cells for both transporters
(Fig. 2c). This is consistent with the observation that bPMB and
bGPMB rely on interactions with cell surface heparan sulfate
proteoglycans for internalization.

To gain insight into the potential internalization pathway(s)
of these transporters, various endocytosis mechanisms were
probed. Cellular uptake at low temperatures was initially eval-
uated to determine the contribution of energy-dependent
processes. Minimal uptake of bPMB and bGPMB at low
temperatures suggests endocytosis as the predominant mode of
uptake. Known inhibitors of various endocytotic pathways were
then used to analyze the uptake mechanisms of the high MW
bPMB or bGPMB conjugates, including amiloride, sucrose,
chlorpromazine, genistein and nystatin. Amiloride inhibits
macropinocytosis by impairing Na+/H+ exchange.59,60 Hyper-
tonic sucrose and chlorpromazine are known inhibitors of cla-
thrin-mediated endocytosis through dissociation of clathrin
lattices on the plasma membrane and inhibition of clathrin-
coated pit formation, respectively.61,62 Genistein and nystatin
were used to investigate caveolin-dependent endocytosis. Gen-
istein is a tyrosine kinase inhibitor that inhibits caveolar
endocytosis by preventing vesicle fusion.63–65 Nystatin seques-
ters membrane cholesterol and inhibits lipid ra/caveolae
mediated uptake.66,67 Treatment of cells with amiloride, sucrose,
or chlorpromazine resulted in little to no effect on uptake,
whereas genistein and nystatin reduced cellular uptake of
bPMB and bGPMB conjugates by over 50% compared to
untreated cells (Fig. 2d). Taken together, these results suggest
that bPMB and bGPMB conjugates internalize predominantly
through caveolae-mediated pathways. Although bGTob has ve
guanidinium groups and shows similar uptake to bPMB and
bGPMB, the mechanisms of its cellular uptake suggest inter-
nalization through both clathrin-dependent and -independent
endocytosis. Imaging studies (Fig. 3) further support that bPMB
and bGPMB are internalized through endocytosis.

To establish whether bPMB and bGPMB can deliver cargo to
the cytosol, ST–SAP conjugated bPMB and bGPMB were added
to CHO K1 or pgsA cells and cell death was monitored using the
CellTiter-Blue assay. Saporin, a type I ribosome-inactivating
protein from Saponaria officinalis seeds, is an ideal candidate
for evaluating cytosol delivery because it exhibits minimal
cellular uptake on its own and needs to reach its cytosolic
targets (ribosomal RNA) to exert its cytotoxic activity.68 As shown
This journal is © The Royal Society of Chemistry 2016
in Fig. 4, both bPMB- and bGPMB–saporin complexes killed
CHO-K1 cells with an LD50 of �3 nM. Although bGTob shows
similar uptake efficiency as bPMB and bGPMB, its LD50 is
almost seven-fold higher. Likewise, bArg8 showed three-fold
higher uptake but a similar LD50 as bPMB and bGPMB sug-
gesting a higher ability of bPMB and bGPMB to escape the
endosomal uptake pathway and deliver a bioactive protein to
the cytosol. While a majority of the cargo resides in lysosomes
(Fig. 3), there are differences in endosomal escape between the
different transporters and only a low concentration of the
enzyme is likely necessary to inhibit ribosomal activity. The
resistance of pgsA cells to transporter–toxin conjugates
(Fig. S6†) once again conrms the role of heparan sulfate in the
uptake of bPMB and bGPMB.

The versatility of PMB and GPMB as transporters was further
illustrated by incorporating these amphiphiles into preformed,
cargo-containing liposomes. The hydrophobic tail of PMB is
known to interact with phospholipids;69,70 therefore, we used
a post-insertion method to incorporate PMB or GPMB into
premade and preloaded liposomes. Fig. 5 shows that compared
to unmodied liposomes, PMB and GPMB-containing lipo-
somes exhibit enhanced cellular uptake. As with the chemically
conjugated cargo, no difference between PMB and GPMB was
observed.

Lipid vesicles have previously been modied with cell-
penetrating peptides and used to improve delivery of various
drugs and cargo while avoiding covalent modication of the
cargo.71–77 The unique angle presented here is that we exploit the
innate amphiphilic feature of PMB and its ability to act as
a molecular transporter to assemble a novel delivery system
utilizing a commercially available transporter. Unlike other
transporter-modied liposomes, synthesis of a carrier–lipid or
covalent modication of the liposome surface is not required.
Furthermore, our observations with the decorated lipososmes
further corroborate that the cyclic, polycationic portion of PMB
is able to facilitate its entry into mammalian cells despite the
hydrophobic tail. These observations may prove useful in
advancing the understanding of the nephrotoxic effects impart
by PMB and perhaps lead to novel safer polymyxins analogs
with potent antibacterial features andminimal accumulation in
human cells.

Conclusions

In summary, we have synthesized two new transporter modules
derived from polymyxin B that can internalize and deliver large
biomolecules, such as proteins, into mammalian cells via
interactions with cell surface heparan sulfate. Inhibition
studies indicate that these transporters are internalized
through endocytosis, primarily caveolae-mediated mecha-
nisms, and predominantly localize in the lysosomes. Delivery of
a ribosome-inactivating protein demonstrates higher endo-
somal escape of these transporters when compared to bGTob or
bArg8, which exhibit equal or greater overall uptake respec-
tively. Furthermore, the natural polymyxin scaffold can spon-
taneously be incorporated into liposomes and substantially
enhance their intracellular uptake. This suggests the potential
Chem. Sci., 2016, 7, 5059–5068 | 5065
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for PMB and GPMB to expand our ability to selectively deliver
bioactive cargo to intracellular targets and organelles. Addi-
tionally, the effective cellular uptake of the polymyxin-based
transporter in eukaryotic cells presented here could help
explain the observed human toxicity of the parent antibiotic.

Experimental section
Synthesis

Detailed synthetic procedures and characterization of biotin–
polymyxin, biotin–guanidinopolymyxin, and biotin–tobramycin
are presented in the ESI.†

Cell culture

Wild-type Chinese hamster ovary cells (CHO-K1) were obtained
from the American Type Culture Collection (CCL-61). Mutant
pgsA745 and pgsD677 were described previously.41,42 All cells
were grown under an atmosphere of 5% CO2 in air and 100%
relative humidity. CHO-K1, pgsA, and pgsD cells were grown in
F-12 medium (Life Technologies) supplemented with fetal
bovine serum (10% v/v, Gemini Bio-Products) and penicillin/
streptomycin solution (1% v/v). The Hep3B cell line was ob-
tained from ATCC (HB-8064) and cultured in MEM (Invitrogen)
supplemented with 10% fetal bovine serum, nonessential
amino acids, and 1% penicillin/streptomycin. HEK293T cells
were obtained from ATCC and maintained in Dulbecco's
modied Eagle medium (DMEM) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin.

Quantifying cellular uptake/binding

The polymyxin derivatives (2.5 mM in PBS) were incubated with
ST–PE–Cy5 (0.5 mM in PBS) for 20 min at ambient temperature
then diluted with F-12 cell culture medium to give nal conju-
gate solutions.

Cells were plated onto 24-well plates (100 000 cells per well)
and grown for 24 h to about 80% conuence. Cells were washed
with PBS and incubated with 300 mL of the corresponding
conjugate for 1 h at 37 �C under an atmosphere of 5% CO2. Cells
were washed twice with PBS, detached with 50 mL of trypsin–
EDTA for uptake studies or 100 mL Versene (EDTA) for binding
studies, diluted with PBS containing 0.1% BSA, and analyzed by
FACS. Cellular uptake was quantied by the mean uorescence
intensity; raw data was interpreted by using FlowJo v8.8.6.

Evaluation of uptake dependency on temperature

Cells were grown for 24 h in 24-well plates as described above.
Cells were incubated at 4 �C for 15 min in F-12, washed with
cold PBS, then incubated with the precooled conjugate solution
for 30 min at 4 �C. Cells were washed, detached with trypsin–
EDTA, and analyzed as described above.

Evaluation of endocytosis mechanisms

Cells were grown for 24 h in 24-well plates as described above,
washed with PBS, and incubated with 5 mM amiloride for
10 min or 400 mM sucrose, 20 mM chlorpromazine, 200 mM
5066 | Chem. Sci., 2016, 7, 5059–5068
genistein, or 5 mM nystatin for 30 min at 37 �C. Cells were then
washed with PBS and treated with the conjugate solution in F-12
for the cells pretreated with amiloride, or the conjugate solution
in the presence of the inhibitor, using the same concentration
used for pretreatment, for 1 h at 37 �C under an atmosphere of
5% CO2. Cells were washed, detached with trypsin–EDTA, and
analyzed as described above.

Fluorescence microscopy

CHO-K1 cells were grown for 24 h in 35 mm dishes equipped
with a glass bottom coverslip coated with poly-D-lysine. Cells
were washed with PBS, treated with 1.5 mL of transporter
conjugated to ST–Cy5 (20 nM) and incubated at 37 �C for 1 h
under an atmosphere of 5% CO2. Cells were washed with PBS
and stained with Hoescht stain and LysoTracker. Images were
processed and analyzed using Nikon Imaging Soware
Elements and ImageJ. Pearson's correlations were calculated for
individual cells in three separate images from two different
experiments and then averaged (n ¼ 30).

Saporin delivery

The biotinylated transporters were incubated with ST–SAP in
a 5 : 1 molar ratio for 20 min at ambient temperature then
diluted with F-12 cell culture medium to give nal conjugate
solutions. CHO-K1 and pgsA cells were incubated with 100 mL of
the corresponding conjugate for 4 days at 37 �C under an
atmosphere of 5% CO2. CellTiter-Blue (20 mL) was added to the
medium and incubated for an additional 4 h to measure
viability.

Preparation of liposomes

A mixture (30 mg total) of DOPC, DOPE, and cholesterol
(73 : 11 : 16) was dissolved in chloroform to a nal volume of 1
mL and evaporated in a round ask and further dried under
high vacuum overnight to form a thin lipid layer. The resulting
lm was hydrated for 15 min at 37 �C with 1 mL of PBS con-
taining 100 mM Cy5. The mixture was sonicated for 30 s, sub-
jected to six freeze/thaw cycles using a dry ice/acetone bath and
a water bath at 37 �C. Lastly, the suspension was extruded 17
times through a polycarbonate membrane (pore size 100 nm) at
room temperature. Non-encapsulated dye was removed by
gravitational gel ltration (Sephadex G-50). Lipid concentration
was determined adapting the Stewart method.78 Plain lipo-
somes were diluted to 3 mgmL�1 andmixed with 10 mol% PMB
or GPMB for 1 h at room temperature to obtain PMB- and
GPMB-decorated liposomes, respectively. Unincorporated PMB
or GPMB was removed via centrifuge gel ltration (Sephadex
G-50).79
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