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C
ell penetrating peptides (CPPs) are a
classof small cationicpeptides (typically
less than20 aminoacids) rich in lysines

and/or arginines1,2 and have attracted much
attentionwithin the drug delivery community
due to their ability to transport cargos across
cellmembranes.3,4 Inmost cases, CPP-assisted
cargo transport is achieved by chemical con-
jugation of the cargo to a CPP through a
degradable linker that allows for later release
of the cargo within the cells.3,4 For example,
the HIV-derived Tat peptide has been conju-
gated to a wide range of cargos to improve
their membrane penetration, including small
molecular drugs,5 peptides,6 proteins,7 oligo-
nucleic acids,8 and nanoparticles.9�11 In sharp
contrast to this conjugation strategy, the use
of the Tat peptide and other CPPs as building
blocks to create supramolecular nanostruc-
tures as nanoscale vectors has been relatively
unexplored.12�14 Here we report the use of
the Tat48�60 peptide as a molecular building
unit to construct high-aspect-ratio nanofibers
and the evaluation of the resultant CPP nano-
fibers as effective nanoscale transporters to
deliver paclitaxel, a hydrophobic anticancer
drug, into cancer cells.
Nanostructures of a high aspect ratio

have been shown to interact with cells in

ways different from their spherical counter-
parts and could possess advantageous
properties as drug carriers.15 Previous re-
ports have demonstrated that high-aspect-
ratio structures have a prolonged blood
circulation time,16 broader biodistribution,17

increased targeting efficiency,18 altered cel-
lular uptake,19 and even different intracellu-
lar deposition.20 From the perspective of
molecular design, there are generally two
self-assembly strategies to access high-
aspect-ratio nanostructures. The first strat-
egy is to form cylindrical micelles stabilized
by a spontaneous curvature.21 With the
proper molecular design and under the ap-
propriate conditions, small molecular or
macromolecular amphiphiles could pack
into a preferred cylindrical geometry as a
result of balancing the effective volume of
the hydrophilic head groups with that of the
hydrophobic segments.22 The end-capping
energy associated with the two hemispheri-
cal end-caps placed at the ends of the
cylindrical micelles drives the elongation of
the assembled nanostructures.23 The hydro-
phobic cores of the resultant micelles are
suitable for encapsulation of hydrophobic
drugs such as paclitaxel.24 However, the strat-
egy requires that the ratio of hydrophobic
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ABSTRACT Cell penetrating peptides (CPPs) have been extensively

explored as molecular vectors through covalent linkage to anticancer drugs

to improve the drug's water solubility and to help overcome multidrug

resistance. We report here the use of the Tat CPP as a molecular building

unit to construct well-defined supramolecular nanofibers that can be

utilized as a nanoscale vector to encapsulate the hydrophobic drug

paclitaxel (PTX) (loading efficiency: 89.7 ( 5.0%) with a high loading

capacity (6.8 ( 0.4%). Notably, our TEM imaging results reveal that

nanofibers containing a higher PTX content tend to be more flexible than

those with a lower PTX content. Fluorescence and confocal microscopy imaging show that the Tat nanofibers can effectively transport encapsulated molecules

into the cells through an adsorptive-mediated endocytosis pathway. Cytotoxicity experiments and flow cytometry measurements demonstrate that PTX loaded

in the nanofibers exerts its cytotoxicity against cancer cells by arresting the cells at the G2/M phase, the same working mechanism as free PTX.
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block to hydrophilic block be tailored within a precise
range for formation of cylindrical micelles, which can
often be challenging from the perspectives of both
polymer synthesis and assembly.21,22

The second molecular design strategy is the use of
molecular segments capable of forming directional,
strong, attractive interactions, such as π�π stacking,
metal�ligand complexation, and hydrogen bonding.25

One-dimensionality of the assembled morphology is a
natural outcome of the directional interactions in-
volved, although the morphology itself can vary, po-
tentially giving rise to twisted ribbons,26 nanotubes,27

nanobelts,28 or filaments.29�31 In the context of bio-
medical applications, peptide-based building units are
of particular interest due to their inherent biodegrad-
ability and tunable biocompatibility.32 A significant
majority of the work in this area has been focused on
peptides or peptide derivatives containing β-sheet-
forming sequences,31�35 although R-helical36 and col-
lagen mimetic37 peptides have also been reported to
self-assemble into nanofibers. In particular, Stupp and
co-workers have designed a special class of peptide
amphiphiles by incorporating a hydrocarbon tail onto
a β-sheet-forming peptide that can self-assemble into
high-aspect-ratio cylindrical nanofibers under physio-
logical conditions.32,33,38,39 The hydrophobic compart-
ment within the peptidic nanofibers developed by
Stupp40 and others14,31,41,42 enables the possibility
for the sequestration of hydrophobic anticancer drugs.

However, the drug loading capacity (DLC) of these
peptidic nanofibers is very low (less than 2%),14,40

possibly due to either the limited domain size of the
hydrophobic segment or the high degree of packing
order among the hydrocarbons.14,43

We report here that the bioactive Tat peptide, when
conjugated to hydrocarbon tails, can adopt a β-sheet
secondary structure, thus leading to formation of 1D
nanostructures. We synthesized three Tat conjugates
with differing numbers of octanoic acid (C8) tails,
namely, qC8-Tat, dC8-Tat, and mC8-Tat (Chart 1). Our
design rationale is that by havingmultiple short hydro-
phobic tails the hydrophobic domain formedwould be
enlarged and less crystalline, thereby leading to a
possible high DLC (Figure 1a). We chose the hydro-
phobic drug paclitaxel (PTX) as the model drug be-
cause of its approved use for treatments of breast
cancer, ovarian cancer, and other cancer types.44,45

Given its poor water solubility, PTX is often adminis-
tered via nanoscale delivery vehicles. The DLC of PTX in
these nanocarriers reported thus far rarely exceeds
5%.10,46�49 Only in some particular cases was a high
DLC reported,50�54 often involving specific polymer
design such as the use of hydrophobic aromatic side
groups that are expected to have high affinity with
PTX50�52 or high energy input to obtain and stabilize
PTX nanocrystals.53,54 In this paper, the drug-loaded
nanomedicine was prepared by directly dissolving in
aqueous buffer a drug and conjugate mixture that was

Chart 1. Structure of the three synthesized Tat peptide conjugateswith differing numbers of octanoic acid tails (qC8-Tat, dC8-
Tat, and mC8-Tat).
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pretreated with hexafluoro-2-propanol to achieve mo-
lecular level mixing, resulting in a typical DLC of nearly
7% due to the entrapment of PTX in the hydrophobic
domain.

RESULTS AND DISCUSSION

Conjugate Characterization. The purities of the three
conjugates were all above 99% according to analytical
HPLC analysis (Figures S1�S3 in Supporting Informa-
tion (SI)). According to the MALDI-TOF mass spectra,
the m/z of mC8-Tat, dC8-Tat, and qC8-Tat were ob-
served to be 1843.826, 2098.104, and 2606.608 Da,
respectively, in agreement with the expected exact
masses of the three conjugates (1843.172 Da calcu-
lated fromC78H146N36O16, 2097.371 Da calculated from
C92H172N38O18, and 2605.770 Da calculated from
C120H224N42O22).

Self-Assembly. We presume the number of hydro-
phobic tails will affect the self-assembly behavior of
the Tat peptide conjugates. We therefore first carried
out transmission electron microscopy (TEM) imaging
to identify the possible nanostructures assembled
from each conjugate in their respective aqueous solu-
tions (2 mM, Dulbecco's phosphate-buffered saline
(DPBS), pH 7.4). Self-assembly of the studiedmolecules
was initiated by direct dissolution of each conjugate into
thebuffered solution.We found that onlyqC8-Tat can self-
assemble into filamentous nanostructures (Figure 1b)

under these conditions, with no well-defined nanostruc-
tures observed for either dC8-Tat or mC8-Tat.

The wide-angle X-ray scattering pattern collected
directly from aqueous solutions of Tat nanofibers
reveals a strong reflection corresponding to a d-spacing
of 4.7 Å (Figure S4 in SI). This reflection, frequently
observed in nearly all amyloid and peptide fibrils and
generally regarded as a β-sheet signature,55 represents the
distance between Tat peptides along the hydrogen-bond-
ing direction. Tirrell and co-workers have shown that
conjugation of a hydrocarbon tail to a short peptide can
change its secondary structure fromR-helix (intramolecular
hydrogen bonding) to β-sheets (intermolecular hydrogen
bonding).56 It is very likely that attachment of four hydro-
carbon tails alters the Tat peptide's conformation and
facilitates the formation of intermolecular hydrogen
bonding. However, the corresponding circular dichroism
(CD) spectrum shows no presence of the characteristic
β-sheet signal but rather suggests a peptide conforma-
tion similar to polyproline II (PPII) helices, as evident
by the negative peak around 205 nm (Figure 1c).57,58 It is
not clear to us how exactly the Tat peptides with a PPII-
like conformation could form intermolecular hydrogen
bonding andpack into 1Dnanostructures. One plausible
explanation could be that part of the Tat peptide
adjacent to the C8 tail forms intermolecular hydrogen
bonding for the observed one dimensionality, while the
rest of the Tat segment containing the PPQ residues and

Figure 1. Self-assembly characterization and drug encapsulation studies of qC8-Tat. (a) Schematic illustration of the self-
assembly of qC8-Tat into nanofibers. (b) TEM image of nanofiber formed by qC8-Tat in Dulbecco's phosphate-buffered saline
(DPBS) at 2 mM. (c) Normalized CD spectrum of 400 μM qC8-Tat nanofiber in DPBS. (d) Comparison of the PTX encapsulation
efficiency for each Tat conjugate (mC8-Tat, dC8-Tat, and qC8-Tat), determined as the percentage of PTX recovered from the
supernatant of DPBS solutions containing a mixture of PTX and conjugate. qC8-Tat shows the highest drug encapsulation
efficiency among the three conjugates. (e) Variation of the loading capacity and encapsulation efficiency of qC8-Tat, with
respect to PTX, as a function of the conjugate/PTX ratio. All the data in (d) and (e) are presented as the mean ( SD (n = 3).
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presented on the nanofiber periphery assumes a PPII-
like conformation, which is mainly responsible for the
observed CD signals. Validation of this hypothesis would
require further studies and is beyond the scope of this
work.

Drug Encapsulation. Next we carried out PTX encap-
sulation efficiency (EE) experiments using the three
designed conjugates. We first dissolved PTX and the
conjugate at two different molar mixing ratios (1:100
and 1:20) in hexafluoro-2-propanol (HFIP) to achieve
molecular level mixing. After removal of the solvent
using rotary evaporation, the mixture was redissolved
in DPBS to reach a concentration of 2 mMwith respect
to the conjugate, and the EE was then determined
using HPLC. The results in Figure 1d clearly show that
for both mixing ratios the qC8-Tat conjugate exhibits
the highest EE. This was not unexpected given its
ability to assemble into nanofibers with a hydrophobic
compartment. Both mC8-Tat and dC8-Tat conjugates
show very poor ability to encapsulate PTX, except for
dC8-Tat at the low mixing ratio (1:100) that can en-
capsulate 45% of PTX. In this case, it is likely that
dC8-Tat is acting as a surfactant that enhances PTX's
apparent solubility, much like Cremophore EL. The
mC8-Tat may be too hydrophilic, and therefore no
discernible drug encapsulation or solubilization effect
was observed. Consequently, we evaluated the poten-
tial of using only qC8-Tat as a drug carrier and trans-
porter in the following experiments.

We investigated the DLC of the qC8-Tat by mixing
various amounts of paclitaxel (qC8-Tat:PTX = 100:1,

20:1, 10:1, 20:3, and 5:1, mol/mol) with the conjugate
in HFIP using the same method described above.
Figure 1e shows that the drug loading capacity was
improved as more PTX was used for encapsulation. At
the same time, the EE remained high (>95%) at low
drug feeding ratios but dropped significantly when the
added PTX exceeded the nanofiber's encapsulation
capacity. The DLC and the corresponding EE at the
highest ratio of drug to conjugate were 6.8( 0.4% and
89.7 ( 5.0%, respectively (Figure 1e). This observed
DLC (nearly 7%) is impressively high in comparison to
the reported values inmost PTX-loaded nanomedicines,
which rarely exceed 5%.10,46�49 Moreover, the prepara-
tion procedure described here is rather simple, and no
dialysis or other specific treatments were involved.

Effect of Drug Encapsulation on Nanofiber Stiffness. Upon
encapsulation of PTX into the qC8-Tat nanofibers, we
carried out further TEM imaging experiments, unex-
pectedly observing that PTX loading seems to alter the
nanofiber stiffness (Figure 2). Without PTX, the Tat
conjugate assembled into rigid nanofibers with their
persistence lengths estimated on the scale of a few
micrometers, with curves and turns seldom observed
(Figure 2a and Figure S5 in SI). With increasing PTX
loading, the assembled nanofibers began to show
greater curvature and fluctuation along their long axis
(Figure 2b,c, Figures S6 and S7 in SI). When the molar
feeding ratio of PTX to qC8-Tat reached or exceeded
1:10, PTX-loaded Tat nanofibers attained a wiggly-like
morphology (Figure 2d�f and Figures S8�10 in SI). At
the same time, we did not observe any noticeable

Figure 2. TEM study of the effect of PTX encapsulation on the nanofibermorphology. (a�f) TEM images of nanofibers formed
in 2mM solution of qC8-Tat only (a) andmixtures of qC8-Tat (2 mM) and PTX (b�f) with molar ratios of 100:1 (b), 20:1 (c), 10:1
(d), 20:3 (e), and 5:1 (f) after overnight equilibration in DPBS. The inset images are the enlargement of each respective image.
More TEM images can be found in the SI (Figures S5�S10).
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change in nanofiber diameter. The mean diameters of
the Tat nanofiber and nanofibers loaded with different
amounts of PTX (100:1, 20:1, 10:1, 20:3, and 5:1, qC8-Tat:
PTX,mol/mol) were consistently around 15nm (Table S1
in SI). Although it has been shown in the literature that
drug loading can alter the carrier's properties including
size,59 drug release rate,60 and biodistribution,61 to the
best of our knowledge, this TEM observation presents
the first evidence that drug loading could change the
nanofiber stiffness.

In order to determine if the observed change in
nanofiber stiffness stems from a conformational
change in the Tat peptide, we collected CD spectra
from an aqueous solution containing PTX-loaded na-
nofibers (PTX-N, Figure S11 in SI). We found it to be very
similar to that of Tat nanofibers without PTX, suggest-
ing that Tat peptides adopt the same conformation
and are not responsible for the observed change in
nanofiber morphology. Given the hydrophobic nature
of PTX and similarity of CD spectra from blank nanofi-
bers and PTX-N, we speculate that PTX would be
entrapped into the hydrophobic cores of the as-
sembled Tat nanofibers. Therefore, the most possible
explanation for the altered stiffness after PTX loading
could be linked to the effect of PTX on the hydrocarbon
packing in the nanofiber core. Hsu et al. have shown
that the palmitoyl hydrocarbon segments are packed
with a high degree of order within the hydrophobic
cores of the peptide amphiphile nanofibers.43 It is very
likely that the encapsulated bulky PTX disrupts the
packing order of the hydrocarbons, thereby leading to
the observed change in nanofiber stiffness.

Cellular Uptake. Since qC8-Tat nanofibers are able to
solubilize PTX to a great extent (around 400 μM inDPBS),

we evaluated their ability to transport hydrophobic
molecules into cancer cells. Coumarin-6 was chosen as
the model dye because of its strong fluorescence
(quantum yield 0.8 in ethanol62) and low solubility in
water (∼20 nM63). Coumarin-6 was loaded into Tat
nanofibers using the same procedure as for PTX loading.
The coumarin-6-loaded nanofibers (C6-N) were then
incubated with KB-3-1 cervical cancer cells for a desired
period of time before epifluorescence images were
taken. Figure 3a�c show the time-dependent cellular
uptake of coumarin-6 into cancer cells, evidenced by the
stronger green fluorescence in the cells with longer
incubation time. These results were further confirmed
quantitatively by flow cytometry measurements, again
revealing a consistent increase in fluorescence intensity
when the incubation time changed from 0.5 to 4 h
(Figure 3d and Figure S12 in SI, Geo means of the
fluorescence intensity for cells incubatedwithnanofibers
for 0.5, 1, and 4 h were 57.1, 156, and 391, respectively).
Free coumarin-6, on the other hand, accumulated in the
cells in a much different manner, with the intensity
reaching a plateau in 1 h (Figure S12 in SI). This suggests
that free coumarin-6 can diffuse freely into the cells and
establish a quick equilibrium within 1 h. The coumarin-6
accumulation in C6-N-treated KB-3-1 cells proceeds at a
slower rate; however, after 4 h the overall intensity is
comparable to that in free coumarin-6-treated cells.

Given the smaller size of coumarin-6 relative to that
of PTX, one may wonder whether it can truly represent
PTX. Therefore cellular uptake of a paclitaxel�fluoro-
phore conjugate, Flutax-2 (paclitaxel�Oregon Green
488 conjugate, Invitrogen), was also determined.
Flutax-2 was chosen because it has been proven
to retain both the affinity and specificity of PTX to

Figure 3. Cellular uptake of coumarin-6-loaded nanofibers by KB-3-1 cervical cancer cells. (a�c) Epifluorescence images of
KB-3-1 cells after incubation with coumrarin-6-loaded nanofibers (0.3 μM coumarin-6 and 3 μM qC8-Tat) for 0.5 h (a), 1 h (b),
and 4 h (c). (d) Corresponding time-course fluorescence intensity of coumarin-6-loaded nanofibers treated cells determined
by flow cytometry. (e) Time-course fluorescence intensity of KB-3-1 cells after incubation with Flutax-2-loaded nanofibers
(0.5 μM Flutax-2 and 5 μMqC8-Tat) for 0.5, 1, and 4 h determined by flow cytometry. Cells incubated in media only were used
as control (Ctrl).
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microtubulules in live cells64,65 and was used as an
equivalent of PTX in drug delivery.66�68 Similar to that
of C6-N, the cellular uptake of Flutax-2-loaded nanofibers
(Flutax-2-N) determined by flow cytometry is also time-
dependent (Figure 3e). However, in this case, the intra-
cellular accumulation of free Flutax-2 is 3�5 times lower
than that of Flutax-2-N (Figure S13 in SI), in sharp contrast
with the free coumarin-6 and C6-N pair, in which cou-
marin-6 accumulates much faster than C6-N (Figure S12
in SI). These experiments suggest that the cellular uptake
of encapsulated drugs is primarily determined by the
physicochemical properties of the nanocarriers, not by
the molecular characteristics of the respective free drug.

It should be noted that flow cytometry measures the
overall fluorescence from thewhole cell regardless of its
subcellular distribution. To assess any differences in the
distribution between free and encapsulated drugs, we
performed co-localization experiments, revealing that
the majority of free courmarin-6 was actually trapped
within the cell membrane, while C6-Nwas found largely
inside the cells (vida infra). In the case of Flutax-2, the
free molecule showed very poor cellular accumulation,
while Flutax-2-N was found to be predominantly
trapped in the lysosomes with much improved cellular
uptake efficiency. These results clearly suggested that
Tat nanofibers could efficiently transport hydrophobic
molecules into cancer cells in a time-dependent and
active manner not through free diffusion.

Cytotoxicity of PTX-N and Cell Cycle Analysis. Given the
effectiveness of transporting hydrophobic molecules

into KB-3-1 cancer cells by Tat nanofibers, we carried
out the cytotoxicity experiments to further evaluate
the anticancer activity of PTX-N on KB-3-1 and on three
other cell lines of different origins. The PTX-N samples
used for cell toxicity studies were instantly diluted from
a 2 mM stock solution that was prepared beforehand.
Figure 4a shows that the IC50 value of PTX-N against
KB-3-1 cancer cells is nearly the same as that of pure
PTX. Similar IC50 values were observed for the other
three cancer cell lines (Figures S14�S16 in SI), indicat-
ing that encapsulation did not reduce the efficacy
of PTX. It is also worth mentioning here that qC8-Tat
alone did not contribute to the cytotoxicity significantly
over the concentration range (0.1�2500 nM) tested
(Figure 4a and Figures S14�S16 in SI).

To confirm the observed efficacy further, cells with or
without drug treatment were stained with solutions con-
taining amixture of calceinAMandethidiumhomodimer-
1 (EthD-1). Calcein AM can penetrate the cell membrane
freely and be converted to membrane-impermeable
green-fluorescent calcein after acetoxymethyl ester hydro-
lysis by intracellular esterases, while EthD-1 (red) can
penetrateonly thenonintegrated cellmembrane and thus
will stain only dead cells. After PTX or PTX-N treatment, the
number of live cells (cells with green fluorescence) was
significantly reduced compared with cells without any
treatment or treated with only qC8-Tat, while at the
same time an increased number of dead cells (cells with
red fluorescence) was observed (Figure 4b). PTX and
PTX-N showed comparable concentration-dependent

Figure 4. Cytotoxicity and cell cycle studies of PTX-N-treated KB-3-1 cells. (a) Cell viability at 48 h of KB-3-1 cells incubated
with qC8-Tat, PTX, or PTX-N (qC8-Tat:PTX = 10:1, mol/mol), as determined by a sulforhodamine B-based method (SRB).
Concentrations ranged from 0.01 to 250 nM for PTX and 0.1 to 2500 nM for qC8-Tat. (b) Cytotoxicity determined by Calcein
AM/EthD-1 (live/dead, green/red) stainingmethod after 48 h treatment with 2 and 5 nM PTX or PTX-N using nontreated cells
or cells treated with 50 nMqC8-Tat as control. (c) Cell cycle distribution of KB-3-1 cells after 12 h incubation in medium only
(Ctrl), DMSO (0.5% v/v), qC8-Tat (100 nM), PTX (2, 5, and 10 nM), or PTX-N (2, 5, and 10 nM) recorded by flow cytometry after
staining with propidium iodide. The result reveals G2/M cell cycle arrest was the main mechanism of action of PTX-N.
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cytotoxicity against KB-3-1 cancer cells (Figure 4b), con-
sistent with the results from the SRB assay.

It has been reported that nanostructure-loaded
drugs can exhibit an altered action mechanism due
to changes in the intracellular concentration69 or sub-
cellular localization of the drugs.70 Since the main
mechanism of action of PTX against cancer cells is
the cell cycle arrest at the G2/M phase induced by
stabilized microtubules that could further lead to cell
apoptosis,44 we performed experiments to map out
the distributions of treated cells in different mitotic
phases. Figure 4c reveals that cells treated with PTX
or PTX-N exhibited similar concentration-dependent

G2/M phase arrest. These experiments suggest a simi-
lar antitumor activity between PTX-N and free PTX. In
both cases, a sharp transition was observed between
cells treated with 2 and 5 nM drugs, and the observed
high percentage of cells blocked at the G2/M phase
(blue peak) correlates well with the high cytotoxicity
(Figure 4a and b). These experiments also provide
evidence that the Tat conjugate itself does not affect
the mitosis of cells.

Subcelluar Localization. In order to investigate the possi-
ble pathways throughwhich the Tat nanofibers transport
hydrophobic molecules into cells, confocal microscopy
imaging was carried out to track the time-resolved

Figure 5. Live cell fluorescence imaging of drug-loaded-nanofiber-treated KB-3-1 cells. (a) Subcellular co-localization of qC8-
Tat-delivered coumarin-6 (green) with lysosome (Lysotracker red, red) and the nucleus (Hoechst 33342, blue) after incubating
KB-3-1 cells with 0.3 μM coumarin-6 (3 μM qC8-Tat) for 0.5, 1, and 4 h at 37 �C. (b) Subcellular co-localization of qC8-Tat-
delivered Flutax-2 (green) with lysosome (Lysotracker red, red) and the nucleus (Hoechst 33342, blue) after incubating KB-3-1
cells with 0.5 μM coumarin-6 (5 μM qC8-Tat) for 0.5, 1, and 4 h at 37 �C.
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subcellular distribution of coumarin-6- or Flutax-2-loaded
Tat nanofibers. In the cell experiments using C6-N, we
found that thegreen fluorescence first appearson thecell
membrane (0.5 h) andover timebegins to emergewithin
the cells (Figure 5a). Partial co-localizationwith lysosomes
was seen, but no coumarin-6 fluorescence within the
nucleus could be observed. Similar phenomena were
observed for Flutax-2-loaded Tat nanofibers. The green
fluorescence from Flutax-2 was found both on the cell
membraneand in thecells at all observed timepoints, and
nearly all the green fluorescence in the cells co-localized
with red fluorescence from lysosomes (Figure 5b).

Given the observed changes in fluorescence inten-
sity and location with time, we speculate that the Tat
nanofibers transport their cargos (either coumarin-6 or
Flutax-2) into cells through the adsorptive-mediated
endocytosis (AME) pathway. It is very likely that the
nanofibers would first interact with the cell membrane
through electrostatic attractions between positively
charged Tat peptides and the negatively charged
cell membrane. The AME mechanism could then be
initiated either by the intact nanofibers71 or by the
dissociated qC8-Tat conjugates on the cellmembrane.72

In either case, coumarin-6or Flutax-2 canbe transported
into cells through the AME-associated membrane inter-
nalization event.73 This mechanism was supported by
the observation of granular green dots and the co-
localization of the green fluorescence with lysosomes.
In addition, these experiments suggest again that the
cellular uptake mechanism is primarily linked to the
properties of the carrier (the Tat nanofiber), independent
of themolecular characteristicsof the cargoencapsulated.

This similarity in endocytosis pathway of using Tat
nanofibers to transport coumarin-6 and Flutax-2 into
cells is in sharp contrast with the difference in cellular
uptake behaviors of the individual freemolecules. Both
free coumarin-6 and Flutax-2 showed reduced intra-
cellular accumulation but differ in their subcellular
distribution. In the case of free coumarin-6, although
both fluorescence and flow cytometry experiments
showed improved coumarin-6 concentration within
cells (Figures S12 and S17 in SI), confocal imaging
clearly revealed that most cormarin-6 was actually
trapped within the cell membranes (Figure S17 in SI).
The low intracellular accumulation of coumarin-6 was
possibly due to its tendency to remain in the hydro-
phobic environment of the cell membrane.74 The ob-
servation of intense fluorescence on the cell membrane
and poor accumulation within cells suggests passive
diffusion as themajor cellular uptakemechanism. In the
case of free Flutax-2, we observed a significantly re-
duced Flutax-2 green fluorescence from free Flutax-2-
treated cells in comparison with the Flutax-2-N-treated
cells (Figure S18 in SI). Also, in contrast to the entrap-
ment of coumarin-6 within cell membranes, no mem-
brane retention was observed for Flutax-2. This is not
surprising given themore hydrophilic nature of Flutax-2.

These experiments collectively suggest that passive diffu-
sion seems to be the most plausible pathway for both
coumarin-6 and Flutax-2 to gain access to cells, although
we cannot exclude the possibility that other mechanisms
such as spontaneous pinocytosis (the uptake of fluid and
solutes) may also be involved in both free coumarin-6 and
Flutax-2 cases.75,76 For this passive diffusion mechanism,
the molecule's partitioning and distribution in different
cell components is primarily determined by the hydro-
philic�lipophilic balance value (reflectedby the logarithm
of partition coefficient P (logP)) (vida infra).

On the basis of the effective transport of coumarin-6
and Flutax-2 into cells by Tat nanofibers, we believe that
PTX-N should also be able to transport encapsulated
paclitaxel into cells as efficiently (Figure 6). If the sub-
cellular localization behaviors of free coumarin-6 or
Flutax-2 are truly representative of that of free PTX,
one would expect a much improved potency of PTX-N
over free PTX against cancer cells because PTX-N would
supposedly deliver muchmore PTX into cells. Therefore,
it was surprising to observe that free PTX and PTX-N
instead showed comparable cytotoxicity against the
studied cancer cell lines.

We speculate that the observed comparable toxi-
city between PTX-N and free PTX can be attributed to
both the PTX's better ability to penetrate the cell
membrane and the delayed release of PTX from lyso-
somes for PTX-N. We reason that free PTX probably has
a higher intracellular accumulation compared to free
coumarin-6 and Flutax-2 due to their difference in the
physicochemical properties (Figure 6). The logPmaybe
the most important factor to estimate the molecule's
ability to diffuse across the cell membrane, although
other characteristics such as molecular weight and
polar surface area will also have an effect.74,77,78 The
logP of coumrain-6, paclitaxel, and Flutax-2 at pH7.4, as
predicted byMarvinSketch (ver. 5.12.3, ChemAxon,MA),
are 4.8 (reported experimental value 5.279), 3.5 (reported
experimental value 3.9680), and 1.2 (no experimental
value available), respectively. A larger logP is believed
to correlate with higher membrane retention and poor
intracellular accumulation,81 which is consistent with our
observation for free coumarin-6. Molecules with smaller
logP usually show lower cell membrane penetrating
ability,74 which is also in agreement with the cellular
uptake result observed for free Flutax-2. PTX, with an
experimental logP of 3.96, could possess better mem-
brane permeability and intracellular accumulation than
both coumarin-6 and Flutax-2, although this ability may
be slightly compromised by its high molecular weight
(>500 Da) and large polar surface area (>140 Å2).77,78

Although PTX-N most likely improves the intracel-
lular accumulation of PTX, the retarded release of PTX
from lysosomes through diffusion could potentially
affect its potency. Following the AME pathway, the
PTX-N would be engulfed into endosomes. Upon
fusion of the endosome with the lysosome, the
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decrease of pH, degradation of qC8-Tat by enzymes,
dilution of the nanofibers, and also interaction of
nanofibers with the lysosome membrane would all
act together to destabilize the nanofibers and trigger
the release of encapsulated cargos. The ability of PTX to
diffuse across the lysosomal membrane into cytosol can
be inferred from the subcellular localization experiments

using Flutax-2-N because the logP of Flutax-2 at
pH ∼5.5 (lysosome-related pH) is predicted to be 3.92
(MarvinSketch software), a value close to that of PTX. The
observed entrapment of Flutax-2-N in lysosomes may
explain the retarded release of free PTX from PTX-N
within the lysosomes. Therefore, we hypothesize that
the Tat nanovector can be further optimized with the
inclusion of the lysosome escape property, allowing for
improved efficacy regardless of the physicochemical
properties of encapsulated model drugs.

CONCLUSION

In conclusion, qC8-Tat nanofibers can be used to
efficiently encapsulate paclitaxel through the facile
procedure of dissolving the premixed drug and the
self-assembling Tat conjugate in an aqueous solution.
These PTX-loaded nanofibers can effectively transport
hydrophobic molecules into cancer cells through an
adsorptive-mediated pathway and exhibited potent
efficacy on multiple cancer cell lines in vitro by indu-
cing G2/M phase cell cycle arrest. The PTX-loaded
nanofibers may present a promising PTX formulation
for cancer chemotherapy. Furthermore, the Tat nano-
fiber could serve as an ideal drug carrier for molecules
with poor ability for membrane penetration. Given the
fact that modern new drug discovery strategies mainly
pick out candidates that show efficacy in their free
form,82 introducing nanocarriers into the in vitro

screening process could allow for identifying com-
pounds that cannot enter cells in their free form but
exhibit potent efficacy upon assisted entry into cells by
the carrier.

MATERIALS AND METHODS
Materials. All Fmoc amino acids unless stated otherwise

were purchased from Advanced Automated Peptide Protein
Technologies (AAPPTEC, Louisville, KY, USA), and Rink amide
MBHA and Fmoc-Lys(Fmoc) were obtained from Novabiochem
(San Diego, CA, USA). Coumarin-6 was purchased from ACROS
Organics (Fairlawn, NJ, USA), and paclitaxel was sourced from
AvachemScientific LLC (SanAntonio, TX, USA). Flutax-2 (paclitaxel,
Oregon Green 488 conjugate) and live/dead cell viability assay kits
were purchased from Invitrogen (Grand Island, NY, USA). All other
reagents were obtained from VWR (Radnor, PA, USA) and used as
received without further purification.

Cell Culture. KB-3-1 cervical cancer cell lines and MDA-MD-
231 breast cancer cell line were kindly provided by Dr. Gottesman
(Center for Cancer Research, National Cancer Institute) and Dr.
Konstantopoulos (ChemBE, JHU), respectively. DMEM (Invitrogen)
containing 10% fetal bovine serum (FBS, Invitrogen) and 1%
antibiotics (Invitrogen) was used for the culture of these two cell
lines. The A549 non-small-cell lung cancer cell line was kindly
provided by Dr. Hanes (SOM, JHU) and was grown in Advanced
RMPI 1640medium(Invitrogen) containing1%FBS, 1%antibiotics,
2 mM L-glutamine, and 10 mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid. The OVCAR-8 ovarian cancer cell line was
purchased from the National Cancer Institute and was grown
in RPMI 1640 containing 10% FBS, 1% antibiotics, and 2 mM
L-glutamine. All cell types were incubated at 37 �C in a humidified
incubator with a 5% CO2 atmosphere (Oasis, Caron, Marietta,
OH, USA).

Tat Conjugates Synthesis and Characterization. All peptide con-
jugates were synthesized using standard 9-fluorenylmethoxy-
carbonyl (Fmoc) solid phase synthesis techniques. The peptides
Fmoc-GRK2R2QR3P2Q-Rink, Fmoc-K(Fmoc)GRK2R2QR3P2Q-Rink,
and (Fmoc-K(Fmoc)KGRK2R2QR3P2Q-Rink were synthesized on
a 0.25 mmol scale using the Focus XC automated peptide
synthesizer (AAPPTEC, Louisville, KY, USA). Octanoic acid (C8)
was coupled at the lysine N-terminal and side-chain amines
(after Fmoc removal) at room temperature. In all cases, reactions
were monitored by the ninhydrin test (Anaspec Inc., Fremont,
CA, USA) for free amines. Completed peptides were cleaved
from the solid support using a mixture of TFA/TIS/H2O in a ratio
of 95:2.5:2.5 for 3 h. Excess TFA was removed by rotary
evaporation, and cold diethyl ether was added to precipitate
the crude products, which were collected and dried under
vacuum overnight.

All the conjugates were purified by preparative RP-HPLC
using a Varian ProStar model 325 HPLC (Agilent Technologies,
Santa Clara, CA, USA) equippedwith a fraction collector. Separa-
tions were performed using a Varian PLRP-S column (100 Å,
10 μm, 150� 25mm)monitoring at 220 nm. Collected fractions
were analyzed by ESI-MS (LDQ Deca ion-trap mass spectro-
meter, Thermo Finnigan, USA), and those containing the target
molecules were combined and lyophilized (FreeZone �105 �C,
Labconco, Kansas City, MO, USA) and then stored at�30 �C. The
purity of the conjugates was analyzed by HPLC using the
following conditions: Agilent Zorbax-C18 column (5 μm, 4.6 �
150 mm); the flow rate was 1 mL/min, with the mobile phase

Figure 6. Proposed endocytosis mechanisms of drug-
loaded nanofibers and free drugs. Tat nanofibers, regard-
less of the properties of cargos loaded in the hydrophobic
core, can be actively endocytosed through the proposed
adsorption-mediated endocytosis pathway, and the encap-
sulated drugs can diffuse out of the lysosome after the
disassembly of the nanofibers. The intracellular accumula-
tion of free drugwas largely determined by the logarithmof
the partition coefficient P (logP). Flutax-2, which has a very
small logP value (1.2), cannot penetrate the cell membrane
efficiently. Coumarin-6, with a large logP value (5.2), shows
strong affinity to the cell membrane and thus is trapped in
the membrane. Paclitaxel, with its logP (3.96) between
those of Flutax-2 and coumarin-6, can effectively diffuse
across the cell membrane and achieve considerable intra-
cellular accumulation.
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starting from 15% MeCN (with 0.1% TFA) and 85% 0.1% TFA
aqueous solution at 2 min to 70% MeCN (with 0.1% TFA) at
12 min, hold for 3 min, gradient back to the initial conditions in
1 min, and hold for 4 min; the monitored wavelength was
220 nm. High-resolution peptide masses were determined by
MALDI-TOFmass spectrometry, using an Autoflex III MALDI-TOF
instrument (Bruker, Billerica, MA, USA). Samples were prepared
by depositing 1 μL of sinapinic acid matrix (10 mg/mL in 0.05%
TFA in H2O/MeCN (1:1), Sigma-Aldrich, PA, USA) onto the target
spot and allowing to dry for 5min. Then 1μL of aqueous peptide
solution (0.1% TFA) was deposited on the corresponding spot
and quickly mixed with 1 μL of sinapinic acid matrix solution
before air drying. Samples were irradiated with a 355 nm UV
laser and analyzed in the reflectron mode.

Paclitaxel Encapsulation. The drug encapsulation experiments
were performed as follows: paclitaxel (100:1 or 20:1, mol/mol)
and the appropriate conjugate (4� 10�7 mol) were dissolved in
100 μL of HFIP in 2mL glass vials and sonicated for 1min tomix,
before the HFIP was removed by rotary evaporation. The vials
were then left to stand in the fume hood for at least 8 h at room
temperaturewith the cap removed to allow any trace amount of
HFIP to evaporate. Then 200 μL of 1� DPBS was added to each
vial and vortexed for 30 s. The solutions were aged for 8 h and
then centrifuged (2000g, 5min) to remove any precipitated PTX,
and the supernatant was carefully collected and analyzed using
HPLC with the following conditions: Varian ProStar model
325 HPLC (Agilent Technologies, Santa Clara, CA, USA) equipped
with an Agilent Zorbax-C18 column (5 μm, 4.6 � 150 mm); the
flow rate was 1 mL/min, with the mobile phase held at 35% A
(MeCNwith 0.1%TFA) and 65%B (0.1%TFA aqueous solution) for
5 min and start to gradient to 70% A at a period of 25 min, then
gradient back to the initial conditions in 1min and held for 4min;
the monitored wavelength was 237 nm. The drug encapsulation
efficiency was calculated as the percentage of paclitaxel recov-
ered from the supernatant to the paclitaxel added. The drug
loading capacity was calculated from the percentage of recov-
ered paclitaxel to the sum of recovered paclitaxel and added
conjugates.

Self-Assembly and Characterization. To observe the morphology
of nanostructures formed by qC8-Tat, transmission electron
microscopy imaging was performed. The nanomedicines were
prepared as described above at a qC8-Tat concentration of
2 mM with various PTX concentrations (from 0 to 400 μM) and
aged overnight. TEM samples were prepared by depositing 5 μL
of the samples onto a carbon-coated copper grid (Electron
Microscopy Services, Hatfield, PA, USA), wicking away excess solu-
tion using filter paper, and drying for 10�15min. Negative staining
was carried out by adding 5 μL of a 2 wt % uranyl acetate aqueous
solution,wicking away excess solution using filter paper, anddrying
for at least 3 h at room temperature. Bright-field TEM imaging was
performed on a FEI Tecnai 12 TWIN transmission electron micro-
scopeoperated at an acceleration voltageof 100 kV. All TEM images
were recorded by a SIS Megaview III wide-angle CCD camera.

Circular Dichroism (CD) Measurement. The CD spectra of the qC8-
Tat and PTX-loaded qC8-Tat were obtained using the following
protocol: 16 μL of qC8-Tat with or without paclitaxel (10:1, mol/
mol) was dissolved in 100 μL of HFIP, sonicated, and dried using
a Rotavapor. Then 400 μL of DPBS was added to dissolve the
conjugate and paclitaxel. The solution was aged for 24 h, and
the CD spectrum was recorded on a J-710 spectropolarimeter
(JASCO, Easton, MD, USA) from 195 to 280 nm. The signal was
converted from ellipticity (mdeg) to mean molar ellipticity per
residue (deg 3 cm

2
3dmol�1

3 residue
�1).

Cellular Uptake and Subcellular Localization. The cellular uptake
experiment was performed on KB-3-1 cervical cancer cells
qualitatively and quantitatively. Coumarin-6 was selected as a
model drug because of its hydrophobicity, strong green fluo-
rescence, and wide application in the in vitro and in vivo
evaluation of drug delivery system.83,84 Flutax-2 was also em-
ployed because of its similarity to PTX in structure64,65

and previous successful application as a model drug in drug
delivery.66�68 Coumarin-6 or Flutax-2 and qC8-Tat were dis-
solved in HFIP at a ratio of 1 to 10 (mol/mol) and dried using a
rotary evaporator under vacuum to give a thin film. Sterilized
DPBSwas added todissolve the film to achieve a final coumarin-6

concentration of 30 μM (50 μM for Flutax-2 because of its lower
fluorescence intensity), and the solution was aged
overnight. KB-3-1 cells were seeded onto a 24-well plate at
1 � 105 cells/well or on a collagen-pretreated eight-well glass-
bottomplate (Lab-Tek, Thermo,NY, USA) at 4� 104 cells/well and
allowed to attach overnight. Cells were then treated with fresh
medium containing drug-loaded nanofibers or free drug (final
coumarin-6 or Flutax-2 concentration at 0.3 or 0.5 μM,
respectively) for 0.5, 1, and 4 h and then washed twice with
Hank's balanced salt solution. For fluorescence microscope ima-
ging, cells were directly imaged using an epifluorescence micro-
scope (Jenco, OR, USA) and a confocal laser scanning microscope
(Zeiss 510, Germany). For the flow cytometry assay, cells were
trypsinized, collected,washed, resuspended inDPBS, andanalyzed
using the FL1 channel (green) on a FACScalibur flow cytometer
(Becton Dickinson, NJ, USA). Data were processed and compared
using Flowjo software (version 7.6.5, Tree Star, OR, USA).

Cytotoxicity. The cytotoxicity of PTX-N was evaluated using
the SRB method and live/dead stain imaging. KB-3-1, A549,
MDA-MD-231, or OVCAR-8 cells were seeded onto 96-well
plates (5 � 103 cells/well) and allowed to attach overnight. Tat
nanofibers and PTX-Nwere prepared at the same time and aged
overnight. A 100� PTX-N stock solution was then diluted with
fresh medium and incubated with cells immediately to achieve
final paclitaxel concentrations of 0.01, 0.1, 1, 10, 100, and
250 nM. Medium containing the same concentration of PTX
or corresponding concentration of Tat nanofibers (0.1 nM to
2.5 mM) was also used to incubate the cells, with cells treated
with solvent only as a control group. After 48 h incubation, the
cell viability was determined using the SRB method according
to the manufacturer's protocol (TOX-6, Sigma, St. Louis, MO,
USA). In accordance with the results of the SRB method, live/dead
imaging was conducted at 2 and 5 nM to confirm the cytotoxicity
of the PTX-N. KB-3-1 cells were seeded onto a collagen-coated
cover glass inserted 24-well plate (3 � 104 cells/well) and allowed
to attach overnight. The medium was replaced with fresh medium
containing PTX, PTX-N, or a mixture of PTX and Tat nanofibers
(2 and 5 nM paclitaxel) and incubated for 48 h. Cells treated with
blank Tat nanofibers ormediumonlywere used as control. The cells
were stained using a live/dead viability/cytotoxicity kit formamma-
lian cells according to the manufacturer's protocol (Invitrogen).

Cell Cycle Analysis. To understand the antitumor mechanism
of PTX-N, cell cycle analysis was performed on cells treated with
PTX-N or free PTX. KB-3-1 cells were seeded onto a six-well plate
(1.5 � 105 cells/well) and allowed to attach overnight. The
medium was then replaced with fresh medium containing 2,
5, or 10 nM PTX or PTX-N. Cells incubated with medium, 0.5%
DMSO, or 100 nM qC8-Tat were used as control. After 12 h
incubation, cells were collected, washed twice with DPBS, and
fixed with 70% ethanol aqueous solution (�20 �C) overnight.
The fixed cells were washed with DPBS three times and resus-
pended in 0.3 mL of DPBS before treatment with RNase A (0.1
mg/mL, ThermoScientific Fermentas,Waltham,MA,USA) at 37 �C
for 15min. The cells were then stainedwith propidium iodide (20
μg/mL, Invitrogen) in the dark at room temperature for 30 min.
Analysiswas performed using the FL2-A channel of a FACScalibur
flow cytometer. The collected data were processed and com-
pared using Flowjo software.
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