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A novel biosensor for quantitative monitoring
of on-target activity of paclitaxelt

H. E. Townley,1*° Y. Zheng,1°< J. Goldsmith,”< Y. Y. Zheng,”“ M. R. L. Stratford,®
P.J. Dobson? and A. A. Ahmed*°<

This study describes a system for quantifying paclitaxel activity using the C-terminus of a-tubulin as a bio-
marker. Following stabilization of microtubules with paclitaxel, a specific detyrosination reaction occurs at
the C-terminus of a-tubulin which could be used to assess efficacy. A fluorescence resonance energy
transfer (FRET) based biosensor was synthesized comprising a short peptide that corresponded to the C-
terminus of a-tubulin, a fluorophore (Abz), and a quencher (Dnp). The fluorophore added to the end of
the peptide can be released upon enzymatic detyrosination. In addition, a single fluorophore-tagged
peptide was also conjugated to mesoporous silica nanoparticles to examine the feasibility of combining
the drug with the peptide biomarker. As a proof of concept, we found that the degree of peptide clea-
vage, and therefore enzymatic activity, was directly correlated with exogenous bovine carboxypeptidase
(CPA) an enzyme that mimics endogenous detyrosination. In addition, we show that cell lysates obtained
from paclitaxel-treated cancer cells competed with exogenous CPA for biosensor cleavage in a paclitaxel
dose-dependent manner. Our work provides strong evidence for the feasibility of combining paclitaxel

www.rsc.org/nanoscale

Introduction

Paclitaxel is licensed for the treatment of many solid malig-
nancies including ovarian and breast cancer. Paclitaxel binds
to a specific pocket that resides in f-tubulin and this induces
microtubule polymerization and stabilization, and failure of
appropriate formation of a mitotic spindle. Since paclitaxel sig-
nificantly increases the half-life of microtubules they become
available for several posttranslational modifications including
a-tubulin detyrosination by a tubulin-specific carboxypepti-
dase. The magnitude of these modifications is directly pro-
portionate to the degree of drug-induced microtubule
stabilisation.”” Moreover, Ahmed et al., have previously shown
that a-tubulin detyrosination and paclitaxel-induced micro-
tubule stabilisation directly correlate with baseline micro-
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with a novel biosensor in a multi-load nanoparticle.

tubule stability.”* Thus, it is plausible to hypothesise that
a-tubulin detyrosination could be used as a biomarker for
measuring the efficacy of paclitaxel-induced microtubule
stabilisation. Since paclitaxel elicits a response only in a frac-
tion of tumours,’ direct measurement of its on-target activity
could provide a means to select patients for further treatment.

Paclitaxel has been used in doses ranging from 60-250 mg/
m™2, over 1-96 hours and from 1-3 weekly intervals.® This
drug has a large inter-individual variation in pharmacokinetics
with the AUCInf (area under the plasma concentration time
curve from time zero extrapolated to the infinite time) having
an average coefficient of variation (CV) in the range of
20-50%.°"° While it is known that hepatic impairment and
obesity contribute to this discrepancy, the cause of the large
variation is not well understood.'® As such, even after two
decades of clinical research, no ideal dosing strategy exists.*
The use of a sensitive biosensor to monitor on-target activity
could be utilized in the optimization of the drug dose while
under treatment.

Paclitaxel has poor solubility and is, therefore, administered
as a Cremophor EL, a polyoxyethylated castor oil, preparation.
Many of the side effects of the drug, such as blood vessel
inflammation at the administration site and hypersensitivity
reactions are directly attributable to its formulation. Because
of its poor solubility, higher drug doses are required to achieve
therapeutic concentrations at the tumour site but at the
expense of inducing dose-dependent side effects. The recent
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introduction of novel paclitaxel formulations provides a strong
proof-of-concept that enhancing the pharmacokinetics of
paclitaxel is likely to improve it therapeutic efficacy.'’ Thus the
use of a combination of novel nanoparticle paclitaxel formu-
lations and a reliable biomarker of activity is likely to improve
patient outcome.

Here we describe the synthesis and efficacy of a novel com-
bination of a nanoparticle-based paclitaxel preparation and a
biosensor for measuring the on-target activity of paclitaxel.

Results
Mesoporous silica nanoparticles as a carrier for paclitaxel

Mesoporous silica nanoparticles (MSNPs) were synthesized as
a vehicle for delivering both the biosensor and the drug to
cells. The physical parameters of these nanoparticles have
been analysed in detail and previously presented.'” The nano-
particles have an external size of 105.6 nm (+23.11 SD, n = 431)
and internal pore channels that run through the length of the
particle arranged in a quasi-hexagonal structure (Fig. 1). X-Ray
diffraction (XRD) of the MSNPs is given as ESL} The diameter
of the pores was determined to be 2.13 nm (+0.21 SD, n = 544)
by analysis of TEM images, and a similar result was given by
Barret-Joyner-Halenda (BJH) analysis. Surface area analysis
showed a very high surface area of the nanoparticles consistent
with the removal of the template from the pores. Therefore,
the external diameter of the MSNPs is of an appropriate size
to be taken up by cells in a passive manner by endocytosis
through the cell membrane. Furthermore, since the space-fill
diagram of taxol has been shown to fit within a unit 1 x 1.5 x
2 nm,"? it would be expected that paclitaxel could be loaded
into the pores and channels of the MSNPs.

The uptake of the paclitaxel from solution into the pores of
the MSNPs was assessed by mass spectrometry of the drug
remaining in the supernatant after incubation with MSNPs.
Uptake was found to be approximately 99%. Similarly high
uptake rates were found with MSNPs and Ophiobolin.**

(@ (b)

Fig. 1 Mesoporous silica nanoparticles. Electron microscopy images to
show the morphology of the mesoporous silica nanoparticles. (a) Trans-
mission electron microscopy (TEM) image; pores can be seen to display
hexagonal symmetry when imaged normal to the beam, and channels
(example highlighted by two parallel lines) can be seen in individual par-
ticles parallel to the beam. Scale bar; 10 nm. (b) Scanning electron
microscopy (SEM) image; particles are roughly spherical in shape, and
uniform in size.
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To determine the efficacy of the novel drug-loaded nano-
particles, SKOv3 ovarian cancer cells were exposed to either pacli-
taxel-loaded nanoparticles or free paclitaxel at concentrations
ranging from 0 to 200 nM, and incubated overnight. Cells were
fixed and immunostained with anti-phospho histone H3
(P-histone H3), a specific marker for mitosis."> As expected,
there was an upward trend in the percentage of cells staining
positive for P-histone H3 with increasing paclitaxel concen-
trations (Fig. 2a, b). There was a statistically significant increase
between 20 nM and 40 nM (P = 0.01), but no statistical increase
between 40, 100 and 200 nM. The loaded nanoparticles induced
a significant increase in mitotic arrest that was equivalent to
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Fig. 2 Efficacy of paclitaxel-loaded particles in inducing mitotic arrest.
(a) Cells were treated with 5 nM or 20 nM paclitaxel, or nanoparticles
loaded with paclitaxel. Cells were immunostained with P-Histone H3
antibody, and the nucleus counterstained with DAPI, (b) Quantification
of percentage of mitotic cells in the cell population after treatment with
either paclitaxel at the indicated concentrations or paclitaxel (approx.
226 nM) loaded nanoparticles. PHH3; phospho Histone H3.
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the highest concentration of free paclitaxel used. Importantly,
empty mesoporous silica nanoparticles (MSNPs) did not
induce mitotic arrest in SKOv3 cells (Fig. 2b). The above data
confirmed the efficacy of the nanoparticles in culture.

Mesoporous silica nanoparticles as a carrier for a biosensor

We next tested the feasibility of the use of a cleavable peptide
as a biosensor for paclitaxel activity. To do this, we synthesised
a peptide that comprised the last eight amino acids of the
human a-tubulin protein (GEEEGEEY). The N-terminus was
modified by adding a FITC fluorogenic group, separated from
the peptide by an aminohexanoic spacer. The C-terminus was
modified by the addition of an amidated terminal lysine
residue (Fig. 3). Since the silica surface of the nanoparticle has
a high density of silanol groups it is particularly amenable to
functionalization.'® Thus, the nanoparticle surface was modi-
fied by SiO, amination with aminopropyltriethoxy silane
(APTES) followed by conjugation of the peptide to the surface
using a BS® amine-to-amine crosslinker via the primary amine
of the lysine residue. The linker also incorporates an eight
carbon spacer arm to prevent steric hindrance between the
fluorophore and the peptide. Since the peptide was tethered to
the particle, the feasibility of peptide cleavage could be tested
by measuring free versus particle-bound fluorescence after
exposure to a detyrosinase enzyme (Fig. 3).

Detyrosination of the peptide sequence would result in clea-
vage between the glutamic acid (E) and tyrosine (Y) residues,
thereby releasing the fluorophore from the remainder of the
particle bound peptide. A calibration curve was generated and
it was seen that there was a consistent linear relationship
between the peptide concentration and the fluorescence emis-
sion (data not shown) and therefore data has been expressed
as change in fluorescence. In a typical conjugation reaction,
2 micromoles peptide are bound per g silica nanoparticles.

Cleavage of bound alpha-tubulin peptide is directly related
to exogenous carboxypeptidase A (CPA) enzyme concentration.
As a proof-of-concept, the nanoparticle-peptide construct was
incubated with Bovine pancreatic carboxypeptidase A (Type II;
Sigma) which is known to hydrolyze the peptide bonds of C-
terminal residues with aromatic or aliphatic side chains. The
bound peptide was incubated with CPA enzyme, the super-
natant collected, and the fluorescence signal assessed. CPA
induced a dose dependent increase in the fluorescence signal
(CPA enzyme dose range: 0.1 U-0.3 U; Fig. 4).

FITC label
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Fig. 3 Fluorescence peptide. Diagram to show the peptide comprising
the C-terminal domain of alpha-tubulin with the addition of a FITC
group at the N-terminus separated from the peptide by an aminohexa-
noic acid (Ahx) spacer.
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Fig. 4 Enzymatic cleavage of FITC-peptide sequence. The nanoparti-
cle-bound peptide comprising the C-terminal end of alpha tubulin was
incubated with either bovine CPA enzyme or cell lysates incubated with
paclitaxel at 10 nM and 500 nM. Insert shows the result of a western blot
of lysates probed with anti-detyrosinated tubulin antibody as a positive
control for the effect of paclitaxel on microtubules. Water, and Cell
lysate (0 nM) have been set to 100 percent.

Cleavage of bound alpha-tubulin peptide is inversely related
to paclitaxel concentration in cell lysates. To ascertain the be-
haviour of the system on live cells, we prepared cell lysates
from SKOv3 cells that were pre-incubated with paclitaxel. The
lysates were probed with detyrosinated tubulin antibody (anti-
Glu tubulin) and the amount of detyrosinated a-tubulin can be
seen to increase when the cells were incubated with paclitaxel.
Incubation of the nanoparticle-peptide with the cell lysates
showed that cells which had not been incubated with pacli-
taxel were able to cleave the peptide, whereas cells incubated
with paclitaxel showed lower fluorescence and therefore a
decreased ability to cleave the peptide (Fig. 4). This suggested
that there was substrate competition between the peptide and
the endogenous paclitaxel-stabilised microtubules.

Biosensing using a FRET peptide

An extension of the concept shown in Fig. 3 is to use a FRET
peptide. While the FITC-labelled peptide-nanoparticle con-
struct described above would enable paclitaxel and the peptide
to be delivered within a single carrier, the system requires sep-
aration of the supernatant to measure the enzymatic activity of
the carboxypeptidase. While this provided a proof of concept
in vitro, it can not be utilized in live cells. Thus, a FRET-based
peptide in which a fluorescence signal would only be visible
after peptide cleavage, was synthesised (Fig. 5). In addition to
conjugation of the FRET peptide to a nanoparticle delivery
system, the FRET peptide could also be used as an indepen-
dent reporter molecule. We synthesised a peptide with an
N-terminal 2-aminobenzoyl (Abz) group and a C-terminal
2,4-dinitrophenyl (Dnp) derivitized lysine (Fig. 5). We reasoned
that the fluorescence of the N-terminal Abz group would be
quenched in the intact peptide by the Dnp group through
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Fig. 5 Schematic representation of the FRET peptide. A peptide was
synthesised comprising the C-terminal domain of alpha-tubulin with an
Abz/Dnp donor/acceptor pair. Upon enzymatic cleavage of the tyrosine
residue the fluorescence is released.

intramolecular resonance energy transfer. Peptide cleavage
would relieve this intramolecular fluorescence quenching and
result in increased fluorescence.

Indeed, the intact peptide showed a fluorescence peak at
520 nm (dex 310 nm). Incubation with the proteolytic enzyme,
CPA, cleaved the peptide, diminished the 520 nm peak, and
induced a peak at approximately 414 nm, attributable to the
released fluorescence from Abz (Fig. 6a).

In addition, the increased fluorescence strongly correlated
with CPA treatment in a dose-dependent and time-dependent
manner (Fig. 6b). As a control it was shown that there was no
increase in fluorescence output when either buffer, enzyme or
peptide were incubated in the absence of the other com-
ponents. These results strongly suggest that the FRET-peptide
could be used as a readout of the activity of CPA.

To test whether the peptide could be used as a readout of
activity of endogenous tubulin-specific carboxypeptidase
we used lysates that were obtained from SKOv3 cells that were
pre-treated with increasing concentrations of paclitaxel as pre-
viously described. SKOv3 cells were incubated with paclitaxel
at final concentrations of 0, 5, 10, 20, 40, and 100 nM. Incu-
bation of the peptide with lysates from cells which had not
been incubated with paclitaxel showed greater activity in cleav-
ing the peptide than CPA. However, incubation with lysates
from cells previously treated with increasing concentrations of
paclitaxel induced a decrease in fluorescence (Fig. 7), similar
to the results obtained using the particle-bound peptide.
These results strongly suggest that the FRET-based assay could
be used to measure endogenous carboxypeptidase activity.

Cell lysates from paclitaxel competitively inhibit CPA’s
ability to cleave the FRET peptide. To test the assumption of
substrate competition between the FRET-based peptide and
paclitaxel-treated microtubules, we conducted a further compe-
tition assay using CPA. Since CPA has been previously shown
to induce detyrosination of microtubules,'” we reasoned that
pre-incubation of CPA with paclitaxel-treated cells would
deplete CPA’s activity and that this would be reflected on a
decrease in CPA-mediated cleavage of the peptide biosensor.
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Fig. 6 Enzymatic cleavage of the FRET peptide with bovine CPA. (a)
Spectrum showing fluorescence before and after incubation with CPA
(b) time course to demonstrate the kinetics of peptide cleavage under
varying enzyme concentrations. Columns labelled Buffer, enzyme
and peptide contain only one component. Columns labelled with the
number of enzyme units in the assay comprise all components.

Therefore, cell lysates from SKOv3 cells that were pre-incubated
with concentrations of paclitaxel ranging from 0-100 nM were
then incubated with 0.5 U CPA for 1 hour. Note that only a
small dose was chosen to make the effect of depletion of CPA
activity clearer. Subsequently, the FRET peptide was added for
1 hour prior to assessment of cleavage. The fluorescence
signal decreased in the lysates from cells which had been
treated with paclitaxel (Fig. 8). This indicated that the presence
of paclitaxel-treated cell lysates induced an inhibitory effect on
the cleavage of the peptide by CPA in a dose dependent
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Fig. 7 Enzymatic cleavage of FRET peptide with supernatant from cell
lysate. The FRET peptide was incubated with lysates harvested from cells
that were incubated with paclitaxel at concentrations ranging from 0 to
100 nM.

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4nr01105h

Published on 08 December 2014. Downloaded by University of lowaon 11/12/2014 14:55:41.

Nanoscale

120

100 - —r

S0 -

60 -

% fluorescence

20 -

0

Paclitaxel
(M) 0 10 100

Fig. 8 FRET peptide cleavage competition assay. Cell lysate from cells
incubated with varying concentrations of paclitaxel, or lysis buffer alone
(LB), were pre-incubated for 1 hour with bovine CPA solution, followed
by incubation with the FRET peptide for 1 hour.

manner and confirmed the assumption of substrate compe-
tition between the biosensor and endogenous microtubules.

Discussion
Development of a biosensor for in situ treatment monitoring

Patient-related factors can dramatically alter drug pharmaco-
kinetics (PK). These include organ function, expression and
activity of metabolizing enzymes, drug resistance, body size,
gender, age, drug concentration at the target site, number and
functionality of the target receptors, concomitant disease and
co-administration with other drugs.'®'® It is often impossible
at the onset of treatment to anticipate the response of any par-
ticular patient to a particular therapeutic. Therefore, monitor-
ing of on-target activity of a drug can allow dose readjustment
to obtain the desired effect.

Biosensors often utilize antibodies as the biomolecular rec-
ognition element. However, the widespread use of antibody-
based immunoassays has been hindered by the difficulty in
developing specific new antibodies to emerging targets."” In
this study we have used a short peptide comprising the eight
C-terminal residues of a-tubulin (Fig. 1 and 3). Compared to
more complex protein-based affinity scaffolds, short unstruc-
tured peptides have several potential advantages that can be
exploited for biosensor development: (1) peptides are more
stable and resistant to degradation, (2) facile and inexpensive
synthesis, and (3) they are more amenable to engineering at
the molecular level.?°>2

Paclitaxel is a diterpenoid centred around a bulky, complex,
and fused taxane ring composed of a number of hydrophobic
residues (Fig. 9), which makes it a highly lipophilic compound
with a logP value (octanol-water partition coefficient) of
approximately 4 and an aqueous solubility of less than
0.01 mg mL~*.>*7%°

Poor water solubility is common for many anticancer drugs,
and this hampers the ability of the drugs to be delivered via
the intravenous route. Nanoparticle delivery can improve the

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Structure of the chemotherapy drug paclitaxel.

bioavailability of poorly soluble drugs.’® One particularly
successful example of a strategy to overcome the solvent-related
problems of paclitaxel, is that of Abraxane; a formulation of
paclitaxel in which the drug is bonded to albumin as a delivery
vehicle. (For a review of nanoparticle carriers for the delivery of
paclitaxel, see Liu et al, 2011).>” MSNPs have previously been
used for paclitaxel delivery e.g. paclitaxel was delivered to
PANC-1 human cancer cells in MSNPs and was shown to
be taken up through an energy-dependent endocytosis
mechanism.*®

The drug molecules are thought to be adsorbed both onto
the surface of the silica nanoparticles and inside the pores by
van der Waals forces and hydrogen bonds, which can easily be
broken by contact with water; hence enabling detachment and
release of the drug inside the cell.*”

Our work confirms previous observations that paclitaxel
can be delivered within a silica nanoparticle carrier.’® Release
experiments using the fluorescent BODIPY-FL Paclitaxel (Mole-
cular Probes) showed that approximately 45% of the drug was
released after 3 hours, and 87% after 24 hours (data not
shown). This is similar to other studies showing release of
drugs from MSNPs e.g. Morrison et al., 2014,"* DeMuth et al.
2011.>" The sustained release over 24 hours would ensure
better bioavailability of the drug in patients.

Other possible advantages of nanoparticle delivery of pacli-
taxel are overcoming multidrug resistance (MDR) in tumour
cells,®® a reduction in required doses administered,** and sus-
tained bioavailability in target cancer tissue through enhanced
permeability and retention.>*

Paclitaxel and tubulin stability

The anti-mitotic drug paclitaxel is known to stabilize micro-
tubules (MT), induce assembly of the microtubules and enhance
the formation of MT bundles in cultured cells.*> Upon stabilis-
ation by paclitaxel, MTs can be detyrosinated to a noticeable
extent, and this detyrosination occurs affects preformed MTs,
rather than soluble tubulin.*® The identity of the gene coding
for the human tubulin-specific carboxypeptidase has been
elusive and therefore initial experiments were performed using
purified bovine pancreatic carboxypeptidase. All carboxypepti-
dases cleave the peptide bond of an amino acid residue at the
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carboxy-terminal end of a peptide, but are classified as either
type A, B, or C, depending upon their ability to cleave at
certain amino acid residues.’” In this study we used carboxy-
peptidase A (CPA) which has a strong preference for peptides
containing aromatic amino acids, such as tyrosine. The bovine
CPA cleaved the terminal residues from the peptide for both
the linear peptide (Fig. 3) and the FRET peptide (Fig. 5) in a
dose-dependent manner. Subsequently, cell lysates were pre-
pared from SKOv3 cells that had been incubated with increas-
ing concentrations of paclitaxel. An increase in detyrosination
due to paclitaxel, as evidenced by increased Glu-tubulin
(Fig. 4, insert) in the SKOv3 cells confirmed that paclitaxel
induced microtubule stabilisation. It has been previously
demonstrated that tubulin carboxypeptidase is associated with
microtubules in living cells.*® This is manifested by high levels
of detyrosinated MTs since the carboxypeptidase has time to
exert its activity before MT disassembly. Therefore, a high
content of Glu-tubulin would be considered to be a marker of
stable MTs; as found in paclitaxel incubated cells.>®*°7** It is
known that, in vitro, assembled tubulin is at least 2.5 fold
better substrate than non-assembled tubulin for the tubulin
carboxypeptidase activity.**** Hence, the highly stabilised MTs
in the paclitaxel-incubated cells would likely be associated with
the enzyme, reducing the amount that is freely available in the
cytoplasm (Scheme 1). This is consistent with our finding that
increasing the concentration of paclitaxel, increased the number
of stabilized MTs and consequently decreased the free enzyme
that was available to exogenous peptide. The cleavage rate of the
peptide would therefore act as a readout of the magnitude of
paclitaxel-induced MT stabilisation.

The described biosensor would be highly relevant in the
clinical setting where paclitaxel’s bioavailability is known to be
highly variable.*>™*” Furthermore, paclitaxel resistance can be
mediated by structurally altered o- and p-tubulins, or an
impaired ability to polymerize tubulin dimers into microtu-
bules (e.g. high levels of the III isotype, a minor component
of cellular B-tubulin that increases the dynamic instability of
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microtubules) leading to impaired microtubule assembly.*$™>°
The biosensor could therefore indicate the stabilization state
of the MTs and provide assist in establishing a diagnosis of
paclitaxel resistance at the microtubule level.

Experimental
Peptide synthesis

FITC labelled peptide. The peptide sequence GEEEGEEYK
was synthesized with the addition of a FITC group at the N-ter-
minus, separated from the peptide by an aminohexanoic
spacer; the C-terminus was amidated (Genscript, MW 1570).
See also, Fig. 1b.

FRET pair peptide. The peptide sequence was synthesized
with an N-terminal Abz fluorophore and a Dnp quencher
group that was added to the free amine group of the lysine
side-chain (see also Fig. 5).

Nanoparticle synthesis

The synthesis method was performed using the method of
Hom et al., 2010.”" Briefly, 100 mg CTAB (99%; Aldrich,) was
dissolved in 48 mL ddH,0 and 350 pL of 2 M NaOH and vigor-
ously stirred in a round-bottom flask at 80 °C. After tempera-
ture stabilization, 500 uL TEOS (Aldrich) was added. After a
further 2 h incubation, the nanoparticles were collected by
centrifugation and washed twice with methanol. The CTAB
surfactant was removed by overnight reflux in acidic methanol
(20 mL methanol, 1 mL 37% hydrochloric acid) at 80 °C.

XRD

A light smearing of silicone grease was applied to a single
crystal of silicon and the powder sample was sprinkled on to
the crystal. The excess powder was tapped off and the crystal +
powder were presented to the X-ray beam. XRD analysis was
carried out using a fully automated Siemens D5000 powder
diffractometer employing copper ka radiation (4 = 0.15406 nm)
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Cell lysate contains higher concentrations of the CP enzyme
since it is unbound, leading to more efficient cleavage of
exogenous peptide

Illustration to show the proposed mechanism behind the differences in cleavage rate of exogenous peptide with cell lysate. Within the

cell, in the presence of taxol, the microtubules are stabilized and there is a greater association of carboxypeptidase (stars) with the protein resulting

in less free enzyme in the lysate. (Tubulin dimers are shown as circles).
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and a secondary monochromator. The samples were continu-
ously spun during data collection and were scanned using a
step size of 0.05° 26 between the range of 5°-75° 26 and a
count time of 12 seconds per step. Power settings were 40 mA
and 40 kv.

Nanoparticle loading with paclitaxel

MSNPs were suspended in dichloromethane at a concentration
of 10 mg ml™". Paclitaxel was added to a final concentration of
120 pM, and the sample was sonicated in a sealed vessel in a
water bath for 3 hours. The MSNPs were collected by centrifu-
gation and the supernatant retained for analysis. The MSNPs
were dried under vacuum to release trace dichloromethane.

The retained supernatants were analyzed by HPLC to deter-
mine the remaining concentrations of paclitaxel. The dichloro-
methane supernatant was taken to dryness and redissolved in
30% acetonitrile/70% water prior to analysis by high perform-
ance liquid chromatography (HPLC). HPLC was carried out on
a Waters 2695 pump/autosampler with a Waters 2996 diode
array detector. The column was a Phenomenex Luna C18,
3 pm, 150 x 2 mm, and the eluents were 10 mM formic acid
(A) and acetonitrile (B). Taxol was separated using a gradient
from 35-100% B over 11 min at a flow rate of 0.25 ml min™*,
and detected at 228 nm.

Release of paclitaxel from loaded nanoparticles in to PBS
was similarly assessed by collecting supernatant, and adding
methanol to the sample to ensure that the paclitaxel was not
adsorbed on to sample tubes, prior to quantification by HPLC.

Conjugation of peptide to nanoparticle

The silica nanoparticles were aminated by the addition of
0.05% (v/v) 3-aminopropyl-trimethoxysilane (APTES) in water,
for 1 h. The nanoparticles were then collected by centrifu-
gation and washed twice with water. The nanoparticles were
subsequently resuspended in 100 mM sodium carbonate
buffer (pH 8.5). BS® linker was then added to the sample and
incubated for 15 min. This linker contained an amine-reactive
N-hydroxysulfosuccinimide (NHS) ester (Thermo Scientific
Pierce) at each end of an 8-carbon spacer arm, and can there-
fore form stable amide bonds. The peptide was then added to
the sample and the pH adjusted, and incubated at room temp-
erature for 30 min with shaking. The nanoparticles were then
collected by centrifugation and washed with PBS.

A calibration curve was generated to determine the relation-
ship between the peptide concentration and fluorescence
emission. Since a known quantity of MSNPs were used in the
conjugation reaction, the amount of conjugated peptide can
be deduced from the calibration curve.

Enzymatic cleavage

The peptide was cleaved using bovine pancreatic carboxypepti-
dase A (Sigma #C9268) which hydrolyzes peptide bonds of
C-terminal residues with aromatic or aliphatic side chains.
The enzyme is pre-treated with phenylmethylsulfonyl fluoride
to eliminate trypsin and chymotrypsin activity.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Paper

Carboxypeptidase A was resuspended in 1 M NaCl at
10 units mL~". This solution was then diluted thirty-fold in
buffer 2 (25 mM Tris-HCl, 500 mM NaCl; pH7.5).

Cell growth

Cell culture conditions. The ovarian cancer cell line SKOv3
was cultured in McCoy’s 5A medium supplemented with 10%
fetal bovine serum, 100 pg ml~" streptomycin and 100 U m1™*
penicillin (Life Technologies, Paisley, UK). The cells were incu-
bated at 37 °C in a humidified air atmosphere containing 5%
CO,.

Incubation with paclitaxel. SKOv3 cells were seeded on cover-
slips in 24-well plates at a density of 0.5 to 1.0 x 10> cell per
well in 1.0 mL of complete McCoy’s 5A medium. Cells were
incubated overnight and grown to 50-80% confluence. Culture
medium was removed and replaced with 0.5 mL of medium
containing concentrations of paclitaxel ranging from 5 nM to
200 nM or paclitaxel-loaded nanoparticles. In control wells
samples were either incubated with medium alone or
unloaded nanoparticles. After treatment, cells were incubated
for a further 18 h at 37 °C in 5% CO,. Cells grown on the cover-
slips were then washed three times with PBS and fixed/per-
meabilized with ice-cold absolute ethanol followed by staining
with Phospho-Histone H3 antibody (Cell signalling technology,
Boston, USA). Stained cells were analysed under immuno-
fluorescent microscope (Zeiss 780 inverted confocal).

Cell lysate preparation. SKOv3 cells were plated at a density
of 3 x 10° cell per well in 6-well plate and cultured overnight.
Culture medium was removed and replaced with complete
McCoy’s5A medium containing paclitaxel (10 nM to 500 nM).
After 1 to 4 h incubation with paclitaxel the cells were
detached by trypsinization, and transferred to 1.5 mL micro-
centrifuge tubes. Cells were centrifuged at 3000 rpm, and the
cell pellets resuspended in 200 pl of cold lysis buffer (50 nM
Tris-HCl; pH 7.4, 150 nM NacCl, 0.01% (v/v) Triton) with freshly
added protease inhibitor (Invitrogen) and placed on ice for
30 min to ensure efficient lysis. Lysates were then centrifuged
at 13000 rpm for 15 min at 4 °C, and supernatants collected
for the enzymatic cleavage assay.

Spectroscopy

Spectra were collected using a Cary Eclipse Fluorescence
Spectrophotometer (Agilent). Samples were loaded into quartz
cuvettes with a 1 cm light path (Hellma Analytics), and
scanned with an excitation wavelength of 310 nm, with both
excitation and emission slits set to 5 nm.

Western blotting

Western blotting was performed to assess levels of Glu-
tubulin. Briefly, cell lysates were prepared from SKOv3 cells
treated with various concentration of paclitaxel for 1 to 4 h.
Protein concentration was determined for each lysate and
equal amounts of protein (20-30 pg per well) were separated
by SDS-PAGE for 2 h at 100 V, prior to protein transfer to nitro-
cellulose membrane. The membrane was blocked with 5%
(w/v) milk in blocking buffer (1x TBS) at 4 °C overnight. Sub-
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sequently the membrane was probed with Rabbit anti-detyrosi-
nated tubulin (Glu-tubulin) antibody (Millipore), followed by
the incubation with the secondary antibody, HRP conjugated
anti-rabbit IgG (Sigma Aldrich). The signal was developed
according to manufacturer’s instructions (Pierce ECL Western
blotting substrate).

Statistical tests

Samples were compared for significance used the student’s
t-test. A two-tailed distribution with unequal variance was
assumed.

Conclusions

In this study we presented a novel system that comprises a
nanoparticle carrier and a FRET-based peptide biosensor. We
showed that the biosensor could be utilized as a measure of
the on-target activity of paclitaxel. Some of the key mecha-
nisms of poor response to paclitaxel are attributed to poor
bioavailability and tubulin-mediated resistance mechanisms.
Therefore, our novel delivery-biomarker combination could
have important clinical implications. Future work will focus on
further development and validation using in vivo preclinical
models.
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