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Computer-based theoretical calculations were employed to direct the design of docetaxel conjugates
with enhanced solubility in the internal phase of a nano-emulsion formulation. The theoretically-
identified optimal docetaxel conjugates were synthesized by direct attachment of lauroyl moieties
through an ester linkage to docetaxel. In comparison to docetaxel, the conjugates exhibited
significantly improved solubility in oil, as predicted by our theoretical calculations. This contributed to
high drug entrapment efficiencies (up to 97%) and a high drug loading capacity (5.7% w/w) for the
docetaxel conjugates. The mono-substitution of an acyl group at C-2¢ of docetaxel resulted in a
conjugate with 37- to 46-fold lower cytotoxicity than that of the parent drug in two human cancer cell
lines. Importantly, the activity exerted by the mono-substituted docetaxel on the cancer cells was due in
part to the cytotoxicity of the parent drug that was released via hydrolysis of the ester bond between the
lauroyl moiety and the drug under biologically relevant conditions. In contrast, di- and tri-substitution
of acyl groups at C-2¢, C-7 and/or C-10 of docetaxel resulted in non-hydrolysable conjugates that were
found to be inactive. Overall, our results show that computer-based theoretical calculation is a
promising strategy for guiding the enhancement of material–drug compatibility in formulation
development. Also, these studies confirm that chemical modification of docetaxel for enhancement of
material–drug compatibility should be limited to mono-substitution at C-2¢ and result in a prodrug that
is hydrolysable at a moderate rate under biologically relevant conditions.

Introduction

It has been reported that about 40% of the small molecules
that are emerging as new drug candidates are hydrophobic.1

Full exploitation of the therapeutic potential of hydrophobic
drugs relies on their solubilization in a formulation or requires
an advanced delivery system. However, low drug loading levels
(i.e. low drug to material ratio) and poor drug retention in the de-
livery system following administration remain serious problems.2,3

In order to address these challenges, contemporary efforts are
focused on optimizing the compatibility between the drug and
the excipient (i.e. polymer or lipid) that forms the core of the
delivery system.4–7 Optimization of the compatibility between the
hydrophobic drug and core-forming material has been shown to
result in significant improvements in formulation stability, drug
loading capacity and drug retention.7

Several strategies have been successfully utilized in order to
enhance material–drug compatibility; of particular note are the
following three approaches. First, one may pre-screen a library
of materials against the drug of interest using semi-empirical and
computational methods in order to identify the best material–
drug pair.1,8–10 Second, chemical modification of the core-forming
material of the delivery system has the potential to increase the
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suitability of the core as a microenvironment for solubilization
of a specific drug (e.g. NK911 – a formulation of doxorubicin,6

and NK105 – a formulation of paclitaxel (PTX)5). Third, the drug
molecules may be chemically modified or conjugated to generate
a prodrug that has increased solubility, loading and/or retention
in a specific formulation. For example, a study by Lundberg et al.
demonstrated that the prodrug PTX-oleate is significantly more
soluble in a cholesterol microemulsion formulation than PTX.7

Also, the prodrug PTX-docosahexanoic acid11 (i.e. Taxoprexin R©)
was found to have a higher solubility than unmodified PTX in the
conventional formulation of PTX that is known as Taxol R© and
formed from 10% Cremophor EL-P/10% ethanol/80% saline.11

Taxoprexin R© has entered phase III clinical development, targeting
patients with locally advanced or metastatic NSCLC.12

Currently, the taxanes, namely PTX and docetaxel (DTX), are
the most widely used hydrophobic drugs for the treatment of
cancer.13,14 Indeed PTX, in the commercially available formulation
Taxol R©, is approved for first-line treatment of various cancers such
as ovarian, breast, and non-small-cell lung. The commercially
available formulation of DTX, known as Taxotere R©, is approved
for first-line treatment of prostate, gastric, lung, breast and head
and neck cancers.13–16 PTX and DTX exert their cytotoxic effect by
binding b-tubulin and inhibiting microtubule depolymerisation,
which leads to cell cycle arrest.14,17 While PTX and DTX are
structurally similar, and several pre-clinical and clinical studies
have shown that DTX is at least as effective as PTX,13,14,18–22

their pharmaceutical characteristics have important distinctions.
In comparison to PTX, DTX binds microtubules with greater
affinity,14 and in vitro studies have revealed that DTX is more
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cytotoxic.17,23 However, the commercially available formulation
of DTX (i.e. Taxotere R©)17 has side-effects that are caused by the
polysorbate 80 formulation vehicle, such as acute hypersensitivity
reactions and vesicular degeneration.24–26 There is therefore an
impetus to develop new formulations of DTX that are formed
from safer excipients or materials.

With the intention of developing a safer delivery mate-
rial to replace polysorbate 80, we recently generated nano-
emulsion (NE)/nanocapsule formulations stabilized by a non-
toxic poly(ethylene glycol) (PEG) derivative (viz. Solutol R© HS
1527) that was shown to circulate for prolonged periods in vivo and
accumulate preferentially at the tumor site.28,29 The inner phase
of this NE included FDA-approved medium chain triglycerides30

(i.e. caprylic/capric triglyerides; LabrafacTM). However, the drug
loading capacity of this NE formulation for DTX was not optimal;
therefore large volumes of the NE formulation would need to
be administered in order to achieve therapeutic drug levels. In
order to address this deficiency, this study pursues the chemical
modification of DTX in order to improve the compatibility
between the drug and the inner phase of the NE formulation.

In another article, we described both molecular dynamics
and semi-empirical methods for estimating the solubility of
DTX in various pharmaceutical excipients and validated the
methods experimentally.9 In this study, we employed a similar
computational method to direct the chemical modification of
DTX. The optimal DTX conjugates, identified by computer
simulation, were synthesized, characterized and evaluated in
terms of solubility in LabrafacTM. NE formulations of the DTX
conjugates were then prepared and investigated in vitro in terms
of drug entrapment efficiency and stability. The experimental
studies on DTX conjugates demonstrate significant improvements
in solubility, drug loading capacity and entrapment efficiency in
the NE formulation. Evaluation of the in vitro cytotoxicity of the
conjugates in SKOV-3 and H460 cancer cells revealed a marked
decrease in the activity of DTX conjugates relative to DTX. Only
the mono-substituted DTX conjugate was slowly hydrolyzed
in vitro, cleaving the conjugated moiety from the parent drug and
thus alleviating the conjugation-based inhibition of cytotoxicity,
which is all but complete. Therefore, the hydroxyl group at C-2¢
of DTX was identified as the optimal group for direct chemical
modification of the drug to produce a conjugate with enhanced
solubility in the formulation and capacity for regeneration of the
biological activity of the drug. Interestingly, the good agreement
between the computational and the experimental solubility and
hydrophobicity data suggests a bright future for theoretically-
guided prodrug development of hydrophobic drugs.

Results and discussion

Theoretical hydrophobicity and solubility parameters

Lipidic nanoformulations that contained LabrafacTM as the core
component have been shown to be stable in vivo with a prolonged
circulation time and significant accumulation in solid tumors.28,29

However, administration of large volumes of this emulsion would
be required in order to achieve therapeutic drug levels due to
the limited drug loading capacity of the NE formulation for
DTX. Replacement of the inner phase of the NE with other
excipients resulted in either less drug loading (i.e. poor solubility)9

or serious toxic side-effects.34 In light of the fact that the extent
of drug loading and retention can be significantly improved by
increasing the compatibility between the drug and the core of the
delivery system,8,10,37 we set out to investigate the conjugation of
DTX to saturated fatty acid moieties that are structurally similar
to LabrafacTM in terms of theoretical octanol-to-water partition
coefficients (logPo/w) and Hildebrand solubility parameters (dHIL).

The logPo/w and dHIL values of DTX, DTX conjugates and
LabrafacTM were determined by computer simulation (Table 1).
The dHIL of LabrafacTM (i.e. mainly a mixture of tricaprin and
tricaprylin) is an average of the dHIL of tricaprylin (d = 17.30
(J/cm3)1/2) and tricaprin (dHIL = 17.80 (J/cm3)1/2). For each drug–
LabrafacTM pair, the difference between the dHIL of drug and dHIL

of LabrafacTM (DdHIL) was calculated in order to estimate their
relative miscibility. A lower value of DdHIL for a specific drug–
LabrafacTM pair is predicted to result in a higher solubility for
the drug in LabrafacTM. A higher value for the calculated log
Po/w is indicative of a more lipophilic drug and greater degree
of compatibility between the drug and the oil phase. Importantly,
based on the logPo/w values for a total of ten compounds (Table 1),
a linear relationship between the calculated logPo/w values and the
total number of carbon atoms in the acyl chains conjugated to
DTX was obtained (R2 = 0.997). The relationship was:

logPo/w = 0.44 ¥ (no. carbon atoms in all acyl chains
conjugated to DTX) + logPo/w (DTX) (1)

According to this relationship, each carbon atom in the attached
acyl chain contributes approximately 0.44 ± 0.01 to the logPo/w

value for the DTX conjugate. As shown in Table 1, lower DdHIL

and greater logPo/w values were obtained for DTX conjugated
with longer hydrocarbon chains and/or more lipophilic side
chains per drug molecule.9 Studies have shown that the toxicity
of fatty acids in Jurkat (T-lymphocyte) and Raji (B-lymphocyte)
human cell lines decreased when the hydrocarbon chain length was
decreased.38 The tolerable concentration of lauric acid (C12:0) in
human cell lines was quite high (i.e. 200 mM)38 in comparison to
the cytotoxicity of DTX in a range of human tumor cell lines
(0.13 nM to 24 nM).39 Furthermore, Immordino et al. reported
that the interaction of a lipophilic prodrug with a liposome bilayer
increased when the acyl chain of the prodrug penetrated into the
lipid bilayer and completely overlapped with the hydrophobic tails
of phospholipids, thus improving the stability of the liposome.40

For these reasons, DTX conjugates with laurate moieties (C12:0,
Table 1) were synthesized in order to produce conjugates with
relatively non-toxic acyl chains that allow for full overlap with
LabrafacTM (i.e. capric/caprylic glycerides), and yet have relatively
moderate molecular weights and logPo/w values.

Characterization of DTX conjugates

In this study, DTX was mono, di and trisubstituted with laurate
moieties using a direct and efficient method that produced the
DTX conjugates in high yield. The lauroyl chloric acid group of
the fatty acid was directly conjugated to the hydroxyl (OH) group
of DTX in a single step. Site-specific conjugation of fatty acid
moieties to the OH groups of DTX was achieved by variation of
the temperature during the reaction procedure.

The conjugation of the fatty acid moieties to DTX was
confirmed by 1H-NMR (Fig. 1). The 1H NMR chemical shifts
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Table 1 Docetaxel and candidate docetaxel conjugates. The octanol-to-water partition coefficients (logPo/w) and solubility parameters (dHIL) were
calculated using QSAR+ and C2.Synthia, respectively

Mono-substituted Di-substituted Tri-substituted

C10:0 C12:0 C14:0 C10:0 C12:0 C14:0 C10:0 C12:0 C14:0

Docetaxel x = 8 x = 10 x = 12 x = 8 x = 10 x = 12 x = 8 x = 10 x = 12

MW (g/mol) 807.9 962.1 990.2 1018.2 1144.4 1172.5 1228.6 1298.7 1354.8 1439.0
logPo/w 2.45 6.69 7.60 8.51 11.84 12.75 14.57 16.08 17.90 20.64
dHIL (J/cm3)1/2 24.22 22.66 22.49 22.33 21.44 21.33 21.13 20.65 20.50 20.30
DdHIL

a 6.67 5.11 4.94 4.78 3.89 3.78 3.58 3.1 2.95 2.75

a DdHIL = |dHIL–drug - dHIL–LabrafacTM |. The dHIL of LabrafacTM is 17.55, which is an average of dHIL values for tricaprylin (dHIL = 17.30) and tricaprin
(dHIL = 17.80).

Fig. 1 1H NMR spectra of (a) 1L-DTX, (b) 2L2¢,7-DTX (c) 2L2¢,10-DTX and (d) 3L-DTX.

for the conjugated fatty acid moieties on DTX conjugates
are recorded in Table 2. The proton intensities are in accordance
with the structure of the drugs. The 1H shifts for DTX and
DTX conjugates were comparable to those reported previously

for DTX and DTX derivatives.41 The 1H proton chemical
shifts for the hydroxyl hydrogens at the C-2¢ (HO-C-2¢, 3.35 ppm),
C-7 (HO-C-7, 1.50 ppm) and C-10 (HO-C-10, 4.20 ppm) atoms
on DTX disappeared following conjugation of the fatty acid
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Table 2 1H NMR data for docetaxel, 1L-DTX, 2L2¢,7-DTX, 2L2¢,10-DTX and 3L-DTX

Positionb 1H Docetaxel 1L-DTX 2L2¢-10-DTX 2L2¢-7-DTX 3L-DTX

2 1H 5.68 (d, 7.1) 5.69 (d, 7.2) 5.69 (d, 7.1) 5.69 (d, 7.0) 5.68 (d, 7.0)
3 1H 3.91 (d, 7.0) 3.94 (d, 7.3) 4.02 (d, 7.1) 4.02 (d, 7.0) 3.97 (d, 7.0)
5 1H 4.94 (dd, 9.7, 2.1) 4.96 (dd, 9.6, 2.2) 4.95 (dd, 9.7, 2.2) 4.95 (dd, 9.7, 2.2) 4.95 (dd, 9.7, 1.6)
6 Ha 2.59 (dt, 3.2, 7.2) 2.59 (dt, 3.3, 7.4) 2.53 (ddd, 4.7,

9.2, 17.2)
2.62 (dt, 2.7, 7.3) 2.62 (dt, 2.5, 7.1)

6 Hb 1.85 (m) 1.85 (m) 1.92 (m) 1.92 (m) 1.76 (m)
7 1H 4.24 (m) 4.26 (m) 4.19 (m) 5.59 (m) 5.59 (m)

OH 1.57 (br) 1.53 (br) 1.54 (br) — —
10 1H 5.20 (d, 1.6) 5.21 (d, 1.4) 6.31 (s) 5.34 (d, 1.20) 6.31 (s)

OH 4.20 (d, 1.7) 4.18 (d, 1.4) — 3.94 (d, 1.6) —
13 1H 6.22 (t, 8.6) — 6.24 (t, 8.8) 6.24 (t, 8.8) 6.23 (t, 8.8)
14 Ha 2.27 (d, 9.2) 2.34 (d, 8.2) 2.35 (d, 8.6) 2.35 (d, 8.7) 2.28 (d, 11.45)
16 3H 1.24 (s) 1.22 (s) 1.22 (s) 1.22 (s) 1.22 (s)
17 3H 1.13 (s) 1.12 (s) 1.09 (s) 1.09 (s) 1.17 (s)
18 3H 1.85 (s) 1.96 (s) 2.00 (s) 2.00 (s) 2.00 (s)
19 3H 1.76 (s) 1.75 (s) 1.84 (s) 1.84 (s) 1.80 (s)
20 Ha 4.32 (d, 8.5) 4.33 (d, 8.4) 4.34 (d, 8.4) 4.34 (d, 8.4) 4.32 (d, 8.3)

Hb 4.19 (d, 8.5) 4.20 (d, 8.4) 4.21 (d, 8.6) 4.21 (d, 8.7) 4.17 (d, 8.4)
22 3H 2.37 (s) 2.44 (s) 2.44 (s) 2.44 (s) 2.42 (s)
25 and 29 2H 8.11 (d, 7.3) 8.12 (d, 7.1) 8.12 (d, 7.1) 8.12 (d, 7.1) 8.12 (d, 7.1)
26 and 28 2H 7.50 (t, 7.3) 7.50 (t, 7.2) 7.50 (t, 7.3) 7.50 (t, 7.2) 7.50 (t, 7.2)
27 1H 7.61 (t, 7.5) 7.61 (t, 7.2) 7.61 (t, 7.4) 7.61 (t, 7.4) 7.61 (t, 7.4)
31 and 35; 32 and 34 4H 7.35–7.42 (m) 7.34–7.43 (m) 7.35–7.43 (m) 7.35–7.42 (m) 7.35–7.42 (m)
33 1H 7.32 (m) 7.30 (m) 7.30 (m) 7.30 (m) 7.31 (m)
2¢ 1H 4.62 (br) 5.44 (br) 5.44 (br) 5.44 (br) 5.44 (br)

OH 3.34 (d, 5.4) — — —
3¢ 1H 5.26 (d, 8.6) 5.36 (d, 9.5) 5.34 (d, 9.6) 5.35 (d, 7.4) 5.32 (d, 9.9)
4¢ 1H 5.42 (d, 9.4) 5.37 (d, 2.9) 5.39 (d, 2.8) 5.39 (d, 3.1) 5.38 (d, 3.2)
7¢, 8¢, 9¢ 9H 1.34 (s) 1.33 (s) 1.34 (s) 1.34 (s) 1.34 (s)

Laurate side chain(s)
CH3

c # L ¥ 3H 0.88 (m) 0.88 (m) 0.88 (m) 0.88 (m)
(CH2)8

c # L ¥ 8 ¥ 2H 1.25 (m) 1.27 (m) 1.24 (m) 1.24 (m)
Cb at C-2¢ 2H 2.34 (m) 2.35 (m) 2.35 (m) 2.32 (m)
Cb at C-7 2H 2.22 (t, 7.3) 2.22 (t, 7.5) 2.22 (m)
Cb at C-10 2H 2.22 (m)
Ca

c # L ¥ 2H 1.53 (m) 1.59 (m) 1.54 (m) 1.45–1.70 (m)

a Chemical shifts are in ppm; coupling constants are in Hz. Multiplicities are as follows: s: singlet; d: doublet; dd: doublet of doublets; t: triplet, dt: doublet
of triplets; m: multiplet; br: broad. b Refers to the structural formula given in Table 1. c Total number of H = (number of laurate side chains ¥ number of
hydrocarbon groups) ¥ 2H.

moieties. Furthermore, the 1H chemical shift for the hydrogens
connected to C-2¢ (HC-2¢, 4.62 ppm), C-7 (HC-7, 4.24 ppm) and
C-10 (HC-10, 5.20 ppm) atoms resonated at lower field strengths
due to the conjugation.

For example, as shown in Fig. 1a, the 1H-NMR for 1L-DTX
verified the conjugation of lauroyl chloride to the OH group at
the C-2¢ atom, by the absence of the peak at 3.35 ppm (HO-C-2¢)
and a shift in the peak at 4.62 ppm (br) to 5.45 ppm (br). The
calculated mass of 1L-DTX (989.5) agreed with the data obtained
by ESI analysis, (990.5 [M + H+], 1007.5 [M + NH4

+] and 1012.5
[M + Na+]).

As demonstrated in the 1H-NMR for 2L2¢,7-DTX (Fig. 1b), in
addition to the observations in the 1H-NMR for 1L-DTX, the
peak at 1.50 ppm (HO-C-7, br) was not detected whereas the peak
at 4.24 ppm (m, HC-7) was reallocated to 5.59 ppm (q), verifying
the formation of 2L2¢,7-DTX. The formation of 2L2¢,10-DTX was
demonstrated by 1H-NMR based on the disappearance of the peak
at 4.20 ppm (d, HO-C-10) and a shift in the peak corresponding to
the hydrogen at the C-10 position from 5.20 ppm (d) to 6.31 ppm
(d). The mass spectra of 2L-DTX obtained by ESI analysis showed

a protonated molecule [M + H+] at 1172.7 that agreed with the
calculated mass (1171.7).

The above NMR observations for 1L-DTX, 2L2¢,7-DTX and
2L2¢,10-DTX were also found for 3L-DTX, confirming the forma-
tion of 3L-DTX. The calculated mass of 3L-DTX was 1353.9,
which agrees with the mass obtained by ESI, i.e. 1371.9 [M +
NH4

+].
Previous studies on the conjugation of PTX to hyaluronic acid

have revealed that hyaluronic acid is preferentially conjugated
to the OH-C-2¢ group in PTX, rather than the more sterically
hindered OH-C-7 group.42–44 Therefore, it was expected that the
conjugation of DTX to fatty acid moieties would preferentially
occur at the OH-C2¢ group of DTX. Amongst secondary conju-
gation sites, the OH-C-7 group is predicted to have slightly higher
chemical reactivity toward the conjugation of a fatty acid than
the OH-C-10 group. In fact, the formation of 2L2¢,7-DTX product
was found to be approximately 4.5 times greater than 2L2¢,10-DTX.
These results show that the OH-C-2¢ group is the most favourable
conjugation site for fatty acid moieties, followed by the OH-C-7
group and, finally, the more sterically hindered OH-C-10 group.
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Experimental lipophilicity and solubility

In order to validate the results obtained by computer simulation,
the relative lipophilicity of DTX and conjugates were determined
based on their retention time obtained from the HPLC chro-
matograms and compared to the theoretically calculated logPo/w

values. It is worth noting that a C18 reverse-phase column was used
for HPLC analysis, hence under similar conditions less lipophilic
molecules are eluted earlier than more lipophilic molecules.
According to the retention time of DTX and conjugates obtained
from HPLC using 2-propanol:acetonitrile:water (40:45:15, v/v/v)
as mobile phase, DTX (RT = 2.8 min) was the least lipophilic
molecule followed by 1L-DTX (RT = 5.1 min), 2L2¢,10-DTX (RT =
20.5 min), 2L2¢,7-DTX (RT = 22.4 min) and then 3L-DTX (RT >

60 min). Similarly, the theoretically calculated logPo/w values
increased with number of conjugated acyl chains. Therefore, the
relative lipophilicity of each of the conjugates was found to be
in good agreement with the logPo/w values, and may be tuneable
by varying the acyl chain length and the number of side chains
attached to DTX (eq. 1).

The experimental solubility of DTX and DTX conjugates were
determined and employed to validate the results obtained by
computer simulation. In comparison to the solubility of DTX
in LabrafacTM, only the relative solubilities of the DTX conjugates
were determined due to their high solubility in LabrafacTM (27%
w/w of 1L-DTX, 34% w/w of 2L-DTX or 3L-DTX in the
LabrafacTM unsaturated solution). As listed in Table 3, the relative
solubility of the DTX conjugates in LabrafacTM (>345 mg/mL

Table 3 Solubility and cytotoxicity of docetaxel (DTX) and DTX
conjugates

IC50
b (nM)

DTX or DTX
conjugates

Solubilitya

(mg/mL) SKOV-3 H460

DTX 43.7 ± 0.5 1.8 ± 0.2 1.5 ± 0.7
1L-DTX > 368 (300) 82 ± 16 56 ± 3
2L2¢,7-DTX > 500 (345) >2 ¥ 105 >2 ¥ 105

3L-DTX > 500 (298) >2 ¥ 105 >2 ¥ 105

a Values in parentheses are equivalent concentration of DTX. b Data are
presented as mean of DTX equivalent ± SD (n = 3). The chemical structure
of 1L-DTX (mono-substituted), 2L2¢,7-DTX (di-substituted) and 3L-DTX
(tri-substituted) are shown in Table 1 with x = 10.

DTX equivalent) is more than eight-fold higher than the solubility
of unmodified DTX in LabrafacTM (43.7 mg/mL or 4% w/w
of DTX in LabrafacTM saturated solution).9 It is well known
that the solubility of a compound is based on the concept of
“like dissolves like”.45 In comparison to unmodified DTX, DTX
conjugates (i.e. 1L-DTX, 2L-DTX, 3L-DTX) are more lipophilic as
indicated by their higher logPo/w values and longer retention times
observed by HPLC analysis. Therefore, the DTX-conjugates have
a greater solubility in LabrafacTM. In addition, the significant
enhancement in the miscibility of the DTX conjugates is attributed
to the similarity of the chemical structure of LabrafacTM and
the laurate moieties that are conjugated to DTX (Table 1).
In comparison to the previously reported solubility for DTX
in various triglycerides9, the solubility of DTX conjugates in
LabrafacTM is significantly greater than the solubility of DTX in
tributyrin (108 mg/mL) and LabrafacTM (43.7 mg/mL).

Stability, drug loading and entrapment efficiency

NE formulations, outlined in Table 4, were prepared with low
(i.e. formulation A) and high (i.e. formulation B) initial amounts
of DTX or DTX equivalent. The amount of DTX or DTX
equivalent initially added in DTX-A (formulation of DTX),
1L-DTX-A (formulation of 1L-DTX) and 2L-DTX-A (formula-
tion of 2L2¢,7-DTX) formulations was 0.6% by weight of the NE
(i.e. 100% ¥ initial weight of DTX or DTX equivalent � the total
mixture of Solutol R© and LabrafacTM). The DTX-B formulations
were prepared initially with 1.2% by weight of DTX per mL of the
NE, whereas the 1L-DTX-B and 2L-DTX-B formulations were
initially prepared with 5.7% by weight of DTX equivalent per mL
of the NE.

The stability of the NE formulations was observed by mi-
croscopic analysis. As discussed previously, the amount of drug
loaded in the NE formulations depends on the solubility or
miscibility of the drug in LabrafacTM, which is the internal phase of
the NE. Super-saturation of the drug in the NE formulations can
lead to drug crystallization or precipitation, which was observed by
microscopic analysis for DTX-B formulation. Drug-loaded NEs
were in the range of 167 to 206 nm in diameter and stable over 24 h
of storage at room temperature as determined by DLS. Following
48 h of storage at room temperature, DLS analysis of the NEs
revealed bimodal population distributions with diameters of
180–250 nm and 300–500 nm for each population.

Table 4 Composition and properties of nano-emulsion formulationsa

Formulation
DTX or DTX equiv.
addedb (mg)

DTX or DTX equiv.
loadedc (% w/w)

Drug EE by
ultracentrifuge (%)

Drug EE by
dialysis (%) Diameter (nm) Polydispersity

NE control 0 — — — 198 ± 3 0.16 ± 0.20
DTX-A 15.0 (13.4) 0.6 (0.5) 90 ± 3 81 ± 6 199 ± 12 0.68 ± 0.88
DTX-B 30.0 (2.9) 1.2 (0.1) 10 ± 1 7 ± 1 182 ± 26 0.17 ± 0.04
1L-DTX-A 15.0 (13.8) 0.6 (0.6) 92 ± 4 80 ± 4 203 ± 7 0.19 ± 0.02
1L-DTX-B 150.0 (133.4) 5.7 (5.1) 89 ± 6 78 ± 3 184 ± 9 0.17 ± 0.03
2L-DTX-A 15.0 (14.6) 0.6 (0.6) 97 ± 1 85 ± 5 167 ± 9 0.15 ± 0.01
2L-DTX-B 150.0 (137.1) 5.7 (5.2) 91 ± 1 85 ± 3 206 ± 5 0.18 ± 0.03

a Nanoemulsion (NE) samples were prepared in triplicate. Constant amounts of LabrafacTM (1485 mg, 2.9 mmol), Solutol R© (990 mg, 1 mmol) and NaCl
0.9 (w/v, 12.46 mL) were added to each NE formulation. b The amount of docetaxel (DTX) or DTX equivalent initially added and actually loaded (values
in parentheses). c The percent of DTX equivalent initially added and actually loaded (values in parentheses) was determined as the weight percentage of
DTX equivalent relative to the total weight of NE (drug, LabrafacTM and Solutol R©) excluding the dispersion media. (d) Drug entrapment efficiency (EE)
was calculated as the percentage of drug actually loaded relative to total drug initially added.
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The drug loading and EEs were determined using the ultra-
centrifugation and dialysis methods that have been validated as
efficient methods for measuring drug EE in parenteral emulsion,
liposome and micelle formulations.35,46 The molecular weight
cutoff of the dialysis membrane (10 kDa) only allows for diffusion
of the free DTX or DTX conjugates. Following dialysis, the drug
entrapped NE in the dialysis bag was collected and analyzed
by HPLC. In comparison, the ultracentrifugation method allows
non-entrapped drug and the dispersion medium from the outer
chamber to pass through a filter (molecular weight cutoff 10 kDa).
Following ultracentrifugation, the drug entrapped NE in the
supernatant and the dispersion medium were collected in separate
chambers and analyzed by HPLC. In comparison to the drug EE
obtained with the ultracentrifugation method, the EE measured
using the dialysis method was 3–12% lower. The lower drug EE
obtained from the dialysis method can be attributed to additional
loss of entrapped drug that occurs following loss of the free drug
and the equilibration process.35

About 90% of DTX was entrapped in the emulsion when
the initial amount of drug added was 0.6% by weight (DTX-A
formulation). Non-entrapped DTX was detected in the dispersion
media at a concentration of 6 mg/mL. The drug loading and
EE of DTX-loaded NEs significantly decreased when the initial
amount of DTX added was doubled, indicating that the maximum
drug loading capacity was reached with the DTX-A formulation.
Furthermore, the drug precipitate in the DTX-B formulation was
effectively separated from the NE sample, hence further indicating
the validity of the dialysis and ultracentrifugation methods for the
measurements of drug loading and EE.

As discussed previously, the conjugation of fatty acid to DTX
results in a significant improvement in miscibility between the
drug and LabrafacTM, as well as an increase in drug loading and
drug EE in the NE formulations, in comparison to unmodified
DTX. According to the results obtained from the ultracentrifu-
gation method, with an additional drug loading of 0.6% by
weight, the percentage of DTX conjugates entrapped in the
NE formulations were 92% (1L-DTX-A formulation) and 97%
(2L-DTX-A formulation). As the initial drug added increased to
5.7% by weight in the 1L-DTX-B and 2L-DTX-B formulations,
approximately 89–91% of DTX conjugates were entrapped in
the NE. The concentration of non-entrapped 2L-DTX and
1L-DTX in the dispersion media was in the range of 1.0 mg/mL
to 1.6 mg/mL. Furthermore, small amounts of non-entrapped
DTX conjugates (0.06–0.6% w/w of the added DTX conjugates)
were hydrolyzed and converted to DTX in the dispersion media
as detected by HPLC analysis. Analysis of the entrapped NE
formulations of 1L-DTX and 2L-DTX revealed no DTX. The
final concentrations of 1L-DTX and 2L-DTX were 89 mg and
91 mg of DTX equivalent per mL of LabrafacTM in the 1L-DTX-B
and 2L-DTX-B formulations, respectively.

Many studies have reported that the drug loading capacity and
EE of formulations are related to the solubility and hydrophobicity
of the drug.37,47,48 In comparison to DTX, the actual drug loading
of the DTX conjugates in the 1L-DTX-B and 2L-DTX-B formu-
lations (Table 4) is approximately 10-fold higher in terms of DTX
equivalent. This enhancement in the drug loading of the DTX
conjugates can be attributed to the increase in the lipophilicity
and the miscibility between the DTX conjugates and LabrafacTM,
in comparison to DTX. The loading of the DTX conjugates in

the PEG-based NE formulations is also approximately five times
higher than the loading of a PTX-oleate derivative in a cholesterol
microemulsion.7 In the current research, the concentration of
drug solubilized was 4.5 mol% (DTX equivalent) relative to the
total moles of Labrafac and Solutol HS15, while in the previous
study a loading of 0.9 mol%.7 (PTX equivalent relative to total
moles of lipid and surfactant) was obtained for PTX-oleate in the
cholesterol microemulsion.7 Furthermore, the loading level of the
DTX conjugates in the NE formulations were comparable to the
levels achieved for PTX in micelle formulations (i.e. 1% to 4% by
weight).47,49

In vitro cytotoxicity and hydrolysis of DTX conjugates

In order to maximize drug efficiency, the chemical modification of
a taxane to improve solubility should not lead to a pronounced
decrease in the activity of the drug at the tumor site.50 However,
many studies have reported that modification at C-2¢, C-7 and/or
C-10 of taxanes does indeed modify drug activity.10,50–56 In this
study, the cytotoxicity, evaluated by measurement of the 50%
inhibitory concentration (IC50), of unmodified DTX and DTX
conjugates was determined in two cancer cell lines (Table 3).

The IC50 values for DTX in SKOV3 (1.8 nM) and H460 (1.5 nM)
cell lines agreed with previous reports.36,39 Unfortunately, the
cytotoxic effects of 1L-DTX were much less than those of the
parent drug (IC50 = 82 or 56 nM; Table 3) and the 2L- and
3L-DTX conjugates did not maintain any pharmaceutically rel-
evant cytotoxicity (IC50 > 20 mM; Table 3). The superior reactivity
of the C-2¢ group during acyl-chain conjugation to DTX suggests
that the ester group at the C-2¢ may be more rapidly hydrolyzed
than other conjugation points under biological conditions.36,52,53,57

Following the 72 h incubation period in RPMI media, a total of
7% ± 2% of the 1L-DTX was hydrolyzed to produce DTX (1%
of DTX) and other taxane derivatives. There was no evidence of
hydrolysis of the 2L2¢,7-DTX and 3L-DTX conjugates.

The proportion of DTX released by hydrolysis of 1L-DTX
within 72 h (1%) is not large enough to completely account
for the activity that 1L-DTX exerted on SKOV3 and H460 cell
lines. It remains possible that 1L-DTX conjugate molecules retain
some activity, that other hydrolysis products were also cytotoxic,
or that hydrolysis is increased in the presence of the cell lines.
Nevertheless, these studies clearly show that the cytotoxicity of
1L-DTX is significantly impaired in the conjugated form and that
this conjugate is slowly hydrolyzed to release the parent drug under
biologically relevant conditions.

Similarly, a significant loss in cytotoxicity against the MCF-7
human breast cancer cell line was reported for PTX prodrugs di-
substituted at C-2¢ and C-7 with acyl chains, of varying lengths
(C6:0-C16:0) in comparison to PTX (IC50 < 1 nM), due to lack
of hydrolysis of the acyl chains.53 In contrast, mono-substituted
bromoacyl-PTX conjugates (IC50 values ranged from 3 to 70 nM)
were found to retain significantly more of their activity due
to ease of hydrolysis of the bromoacyl chains.53 In vitro, PTX
prodrugs modified with shorter bromoacyl chains (i.e. C6:0-
C12:0) were found to be more active than PTX conjugates with
longer bromoacyl chains (i.e. C14:0–C16:0). In contrast, in vivo it
was the formulation including 2¢-(2-bromo)hexadecanoyl (C16:0,
IC50 = 70 nM) that was most efficacious, in comparison to
liposome formulations incorporating the PTX conjugates with
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shorter chain bromoacyl moieties.53 The authors suggested that
the superior efficacy of the formulation incorporating the longer
chain bromoacyl PTX conjugate suggests that “slow but sustained
delivery” of PTX to tumor cells is advantageous in vivo.53 In light
of this information, the 1L-DTX prodrug in combination with
the non-toxic NE formulation, which was shown to circulate for
prolonged periods in vivo and accumulate preferentially at tumor
sites, may be a promising combination.28,29

Computational methods

Calculation of hydrophobicity and solubility parameters.
QSAR+ and Synthia, Cerius2, Accelrys Inc. (i.e. C2_QSAR+
and C2.Synthia)31 were employed to estimate the octanol to
water partition coefficient (logPo/w) and solubility parameters
of the compounds, respectively (Table 1). The logPo/w model
employed was established by Ghose and Crippen using the atom-
based approach in which each atom is assigned an additive value
from a particular class.32 The C2.Synthia module applies the
Fedors approach to calculate the Hildebrand solubility parameters
(dHIL).33 In a previous study, we examined the accuracy and
reliability of various in silico methods for use in the selection
of a suitable excipient for solubilization of DTX.9 In this study,
the dHIL values for DTX and a series of excipients were obtained
using semi-empirical methods (i.e. group contribution method and
C2.Synthia module, Cerius2 software) and molecular dynamics
simulation. Overall, the molecular dynamics simulation method
produced the most accurate results but required significant time
and computational resources. The semi-empirical method, relying
on the C2.Synthia module, was found to be fast, reliable and
provided a good prediction of the relative degree of solubility of the
drug in various structurally similar excipients. For these reasons
the C2.Synthia module was employed in the current research to
obtain a rapid and straightforward prediction of the dHIL and log
Po/w values.

Theoretically, the smaller the difference between the values for
dHIL of the solute and solvent, the greater the solubility of the
solute in the solvent.33 In this study, the dHIL values were used
to estimate the miscibility of the drugs (i.e. DTX conjugates and
DTX) and LabrafacTM (i.e. tricaprylin and tricaprin) based on the
chemical structures of the molecules.9 The logPo/w can be employed
to predict the relative lipophilicity and retention of the drugs in
the inner phase (i.e. LabrafacTM) of the emulsion formulation.

Experimental

Materials

Anhydrous DTX (99.8%) was obtained from Sai Life Sci-
ences (Hyderabad, India). Lauroyl chloride (98%) and 4-
(dimethylamino)pyridine (DMAP) (99%) were purchased from
Sigma Aldrich (Oakville, ON, Canada). HPLC-grade solvents
were obtained from Caledon (Georgetown, ON, Canada).
LabrafacTM (i.e. LabrafacTM Lipo WL 1349) and Solutol R© (i.e.
Solutol R© HS 15) were provided by Gattefossé Canada, Inc.
(Toronto, ON, Canada) and BASF Corporation (Florham Park,
NJ), respectively. Gibco R© RPMI-1640 medium was acquired from
Life Technologies (CA). All materials were used as received.

Synthesis and characterization of DTX conjugates

The conjugation of lauroyl chloride to DTX was monitored by thin
layer chromatography (TLC) using chloroform:methanol:hexane
(93:3:4, v/v/v) as solvent. The formation of the DTX-conjugates
was verified using mass spectrometry (MS) and 1H nuclear
magnetic resonance (NMR).

Synthesis. Briefly, DTX (500 mg, 6.19 ¥ 10-4 mol) and DMAP
(151.2 mg, 12.38 ¥ 10-4 mol) were dissolved in 15 mL of
dichloromethane in a 50 mL round-bottom flask. The reaction
mixture was stirred for 10 min under nitrogen atmosphere at
0 ◦C using an ice bath. Then, lauroyl chloride (147 mL, 6.19 ¥
10-4 mol) was added dropwise to the mixture followed by stirring
for 6 h under nitrogen atmosphere at 0 ◦C to produce the mono-
substituted DTX conjugate, 2¢-lauroyl-docetaxel (1L-DTX, reten-
tion factor (Rf) = 0.20). A second portion of DMAP (151.2 mg,
12.38 ¥ 10-4 mol) and lauroyl chloride (147 mL, 6.19 ¥ 10-4 mol)
were added to the reaction mixture and stirred for another 5 h
under nitrogen atmosphere at 0 ◦C. This yielded a mixture of
two di-substituted DTX conjugates that were then separated by
TLC to obtain the 2¢,7-dilauroyl-docetaxel (2L2¢,7-DTX, Rf = 0.70)
and 2¢,10-dilauroyl-docetaxel (2L2¢,10-DTX, Rf = 0.60). Finally, a
third portion of DMAP (151.2 mg, 12.38 ¥ 10-4 mol) and lauroyl
chloride (147 mL, 6.19 ¥ 10-4 mol) were added to the reaction
mixture and stirred for 5 h under nitrogen atmosphere at room
temperature to obtain 2¢,7,10-trilauroyl-docetaxel (3L-DTX, Rf =
0.90).

Purification. The reaction mixture was diluted with diethyl
ether, washed with 5% HCl and saline. The solution of DTX
conjugate was collected, dried and dissolved in acetonitrile. This
solution was then stored at 0 ◦C overnight followed by filtration
to further remove the precipitated impurities. The collected
solution was concentrated and applied to a silica gel column with
chloroform:methanol:hexane (20 mL of 95:1:4, 20 mL of 94:2:4
and 40 mL of 93:3:4, v/v/v) as mobile phase to obtain the pure
DTX conjugates. The yields for the conjugation reactions were
greater than 70% in all cases.

Analytical measurements

Nuclear magnetic resonance (NMR) spectroscopy. The 1H
NMR spectra were measured with a Mercury 300 spectrometer
at 300 MHz in CDCl3. The 1H chemical shifts are reported in
Table 2 relative to the internal standard trimethylsilane (TMS) (d =
0.00 ppm).

Mass spectroscopy. Electrospray Ionization (ESI) was em-
ployed on an AB/Sciex QStar mass spectrometer (Applied Biosys-
tems, Foster City, CA) connected to an Agilent 1100 capillary LC
system (Agilent Technologies Canada Inc. Mississauga, ON) to
determine the chemical composition of the DTX conjugates.

High performance liquid chromatography (HPLC) analysis.
The concentration of DTX conjugate and DTX was measured
using an HPLC (Agilent series 1200 Liquid Chromatograph,
Agilent Technologies Canada Inc. Mississauga, ON) equipped
with a Waters UV/VIS detector (Waters Inc., Milford, MA),
Agilent sample processor and an Waters XTerra C18 reverse-
phase column (particle size, 5 mm) of dimensions 4.6 ¥ 250 mm.
DTX conjugates and DTX were detected at a wavelength of
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227 nm. The flow rate was 1.0 mL/min. The mobile phase used
for analysis of DTX (retention time (RT) = 8 min) was acetonitrile
and water (53:47, v/v). Mixtures of 2-propanol, acetonitrile and
water (40:45:15, v/v/v) were used to isocratically elute 1L-DTX
(RT = 5.1 min), 2L2¢,7-DTX (RT = 22.4 min) and 2L2¢,10-DTX
(RT = 20.5 min). The 3L-DTX was eluted isocratically at 7.0 min
and greater than 60 min using 2-propanol:acetonitrile:water
with a volume ratio of 74:20:6 and 40:45:15 as mobile phase,
respectively.

Dynamic light scattering (DLS). DLS was used to determine
the size and distribution of the emulsion at an angle of 90◦ at
room temperature (90Plus Particle Size Analyzer, Brookhaven
Instruments Corporation; Holtsville, NY). All samples were
measured after 1:400 dilutions using filtered double-distilled
water.

Evaluation of relative solubility

The relative solubility of DTX and conjugates (i.e. 1L-DTX,
2L-DTX and 3L-DTX) were measured in LabrafacTM at room
temperature. Briefly, known amounts of DTX or DTX conjugate
were added to LabrafacTM and the mixture was vortexed and
stirred at room temperature for 24 h. The samples were then
centrifuged in Eppendorf tubes for 1 h at 20000g (Eppendorf
5804R, Eppendorf Inc., Hamburg, Germany) to remove undis-
solved drug. Following centrifugation, the saturated solution (i.e.
the supernatant) was separated and analyzed by HPLC.9 The
saturation of the solution containing DTX was confirmed by
the presence of precipitate on the bottom of the Eppendorf tube.
However, precipitate was not observed in the LabrafacTM solutions
containing high concentrations of DTX conjugates. The relative
solubility of the conjugate in this study, determined by using
HPLC, was defined as the concentration of the DTX conjugate
in the LabrafacTM unsaturated solution.

Preparation and characterization of the nano-emulsion

Formulations containing low (i.e. 0.6% and 1.2% w/w) and high
drug concentrations (i.e. 5.7% w/w) were prepared and inves-
tigated in terms of stability, drug-loading and drug-entrapment
efficiency. The compositions of the nano-emulsions (NEs) are
provided in Table 4. The NEs were prepared using a slightly
modified procedure that was reported in the literature.34 Briefly,
drug (i.e. DTX conjugate or DTX) was dissolved and stirred in
LabrafacTM at room temperature for 24 h followed by stirring at
60 ◦C for 10 min. To this solution, Solutol R© was added and stirred
(630 rpm) for 15 min at 40 ◦C. The dispersing phase (0.9% w/v
NaCl) was then added to this mixture with agitation (840 rpm)
and stirred for another 10 min under the same conditions. Finally,
the formulation was sonicated for 3 h using a Bransonic 1510
(Bransonic, Danbury, CT). The mean hydrodynamic diameter and
size distribution were determined in triplicate by DLS (Table 4).
HPLC analysis was used to confirm that the drug and conjugates
remained intact following NE preparation. The physical stability
of the NE was assessed by size measurements. The NEs were
observed under a VWR VistaVision microscope (Mississauga,
Ontario, Canada) in order to verify if crystallization of DTX or
DTX conjugates had occurred.

Determination of drug loading and entrapment efficiency

The entrapment efficiency (EE) of the NE formulations of DTX
or DTX conjugates were measured using both ultracentrifugation
and dialysis methods in triplicate.35

Ultracentrifugation. Briefly, a 1.0 mL aliquot of an NE
sample was placed in the outer chamber of an ultra-filter tube
(molecular weight cut-off 10 kDa; Millipore Co., Bedford, USA)
and centrifuged at 2500g for 1 h at room temperature. The
dispersion medium along with the free drug was separated from the
NE sample through the ultrafiltration device. The concentration
of drug in the dispersion medium (inner chamber) and the
supernatant (outer chamber) were measured using HPLC.

Dialysis. The free drug in the dispersion medium was removed
using the dialysis method.35 Briefly, 200 mL of NE sample was
added to dialysis tubing (molecular weight cutoff 10 kDa) and
suspended in saline (1 L) at room temperature for 40 min.
The concentration of drug remaining in the dialysis tubing was
measured by HPLC analysis.

Entrapment efficiency was calculated using the following
equation:

EE (% ) =
Weight of drug in the supernatant or  dialysis bag

Iniitial weight of drug loaded
×100

(2)

Evaluation of in vitro cytotoxicity and hydrolysis

The cytotoxicity of DTX and DTX conjugates were evaluated
in triplicate in SKOV-3 human ovarian and H460 human non-
small-cell lung cancer cells using RPMI 1640 as cell growth
media, as described elsewhere.36 Briefly, cells were seeded in 96-
well plates with a cell density of 5000 cells/well followed by a
24 h incubation period. The cell growth media was then replaced
with 150 mL of fresh media containing the appropriate amounts
of unmodified DTX, 1L-DTX, 2L2¢,7-DTX and 3L-DTX (n = 3).
Following 72 h incubation, the MTT assay was employed to
determine the cell viability by measuring optical absorbance at
570 nm using a Spectra Max plus microplate reader (Molecular
Devices, Sunnyvale, CA). The cells incubated with drug free media
(i.e. the control) were considered to be 100% viable.

The hydrolysis of DTX conjugates was studied in RPMI media
in triplicate. Briefly, solutions of DTX conjugates (350 mM DTX
equivalent) in RPMI were incubated at 37 ◦C for 72 h. The
concentration of DTX, released via hydrolysis of the ester bond
between the lauroyl moiety and the drug, was measured by HPLC
analysis.

Conclusion

This study demonstrates that conjugation of DTX to a moiety
that is chemically similar to that of the solubilizing media
of the formulation is a promising strategy for enhancing the
drug loading and encapsulation efficiency in a NE formulation.
However, these studies also highlight the need to consider the
impact of chemical modification of a drug on biological activity.
Theoretical calculations predicted that the DTX-lauroyl conju-
gates would have increased solubility in LabrafacTM with the tri-
substitute being favored over the di- and mono-substitutes. Indeed,
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experimental evaluation revealed that synthesis of the mono-, di-
and tri-substituted conjugates resulted in marked increases in the
solubility and loading of the drug (in terms of DTX equivalents) in
the NE formulation. However, a balance must be achieved between
optimizing solubility and maintaining activity. In this regard, the
mono-substituted conjugate (1L-DTX) is identified as the DTX
prodrug with the requisite properties for further consideration.
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