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A B S T R A C T

Nanocolloids are considered ideal carriers for hydrophobic drugs owing to their core–shell structure. Lapatinib is
a potential anti-cancer agent, but its clinical use is limited because of its poor aqueous solubility, thus requiring
larger oral doses with the associated toxicity. Thus, in the present study, we fabricated self-assembled nano-
colloidal polymeric micelles (LP-PMs) of Soluplus® and Pluronic® F127 by the thin-film hydration method and
assessed their delivery potential of the hydrophobic anti-cancer drug lapatinib (LP) and optimised these nano-
colloidal polymeric micelles using Quality-by-Design approach. Amorphisation of the drug and no typical in-
compatibility other than hydrogen bonding in the LP-PMs was confirmed by solid-state characterisation. The LP-
PMs exhibited a uniform size of 92.9 ± 4.07 nm, with a 5.06mV zeta potential and approximately 87% drug
encapsulation. The critical micellar concentration (CMC) of Soluplus® decreased from 6.63× 10−3 to
4.4× 10−3 mg/mL by incorporating Pluronic® F127. Further, the sustained release of LP from the LP-PMs was
confirmed by in-vitro release studies showing 36% and 60% of LP released from the LP-PMs within 48 h in release
media of pH 7.4 and pH 5.0, respectively. These results support their capability of preferential release at acidic
tumor environment. Their hemocompatibility evidenced by hemolysis below accepted limits and no platelet
aggregation with resistance to instant dilution illustrated their admirable blood compatibility and suitability for
intravenous administration. The encapsulation of LP inside micelles enhanced the cytotoxicity of LP against
SKBr3 breast cancer cells. Further, the LP-PMs were found to be stable over six months when stored at 2–8 °C.
These findings indicate the improved potential of nanocolloidal polymeric micelles as promising carriers for the
preferential and sustained delivery of hydrophobic anticancer drugs such as lapatinib to tumours.

1. Introduction

The design and development of nanocarrier systems for highly hy-
drophobic anti-cancer drugs is a challenging research area. However, in
recent years, a few nanocarrier systems viz., nanoparticles,

nanocapsules, nanocolloids, polymeric micelles (PMs), liposomes,
polymeric microstructures, etc., have been investigated as sustained
and targeted delivery systems to tumours [1–3]. Because of their higher
encapsulation efficiency and pharmacokinetic features, nanocolloidal
carrier systems have received significant attention in the area of
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pharmaceutical research [4]. Among them, PMs have been of great
interest for hydrophobic drug delivery because of their ability to en-
hance the solubility and bioavailability of hydrophobic drugs by virtue
of their nanosize, typical core–shell structure [5,6] and exemplary
therapeutic potential for cancer management owing to their tumour-
targeting ability via the enhanced permeability and retention (EPR)
effect [7]. The unique core–shell structure of these micelles comprises a
corona of hydrophilic polymeric chains that envelops an inner core
comprising hydrophobic segments, isolating the core from the aqueous
exterior. This peculiar property of PMs facilitates the encapsulation of
hydrophobic drugs via the solubilisation effect while the hydrophilic
shell forms hydrogen bonds with the aqueous surrounding and im-
proves the stability of the formulation in-vitro [8].

Further, the outer hydrophilic shell aids PMs in bypassing the re-
cognition and non-specific phagocytosis by a reticuloendothelial system
(RES) and prolongs the blood circulation time [1]. Beyond solubilisa-
tion and stability, hemocompatibility and reduced toxicity are im-
portant determinants of its success for drug delivery [9,10]. In the
present study, we attempted the delivery of lapatinib (LP) (logP 5.45),
an anti-cancer drug used to treat breast cancer, by entrapping LP inside
the hydrophobic core of PMs, thus enhancing the aqueous solubility of
the drug. The average particle size of the micelle (< 200 nm) is also
favourable for their accumulation in tumours by passive targeting via
the EPR effect [11].

Breast cancer (BC) is the second leading cause of death in women
and there are expected to be about 1.98 million cases by 2020 [12]. LP
was approved in 2007 for the treatment of HER2-positive advanced and
metastatic BC in combination with capecitabine the US Food and Drug
Administration (USFDA). LP is better at inducing tumour cell apoptosis
and drug resistance reversal than monoclonal antibodies [13]. Un-
fortunately, the drug has poor aqueous solubility (7 μg/mL), resulting in
restricted dissolution in gastrointestinal (GIT) fluids, and low oral
bioavailability following oral administration. Regarding the oral route,
LP also fails as an injectable therapeutic because it is insoluble in the
solvents most frequently used for injectables [14]. Therefore, LP (Ty-
kerb®, GlaxoSmithKline) must be administered in large daily doses
(1250mg/day), which induces serious side effects such as nausea, ra-
shes, severe diarrhoea and hepatotoxicity [1]. Therefore, routes of ad-
ministration other than oral must be investigated or various nanocarrier
strategies must be employed to enhance solubility, bioavailability, and
tumour targeting at low doses of the drug. The promising benefits of-
fered by a micellar nanocolloidal system for delivery of a hydrophobic
anticancer drug could be employed to fulfill the clinical as well as
pharmaceutical needs for successful LP delivery.

Micellar forms are a significant characteristic of amphiphilic sur-
factants and polymers. Research in the area of polymer synthesis has
come up with some novel amphiphilic polymers, viz. various grades of
Pluronic®, Soluplus®, Solutol®, etc., for the development of micellar
preparations. Soluplus® is a novel triblock polymer composed of a
polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol (57%
vinyl caprolactam/30% vinyl acetate/13% PEG6000) having an
average molecular weight ranging from 90,000 to 140,000 g/mol [15].
It was designed and produced by BASF to prepare solid solutions of
poorly water-soluble drugs by hot-melt extrusion technology. It is am-
phiphilic, and thus it can be employed as a surfactant for the solubili-
sation of poorly water-soluble drugs. Soluplus® self-assembles as na-
nocolloidal micelles instantly in an aqueous environment to reduce the
free energy above the critical micellar concentration (CMC) [16].
Therefore, it has been reported to be a favourable carrier for nanode-
livery systems, displaying improved bioavailability and dissolution
profiles [17]. Recently, its use in the improvement of poorly water
soluble drugs and for sustained release of the drugs has been reported
by several research groups [18–20].

The present work thus aimed to formulate a nanocolloidal PM dis-
persion for the loading of LP, a poorly water-soluble BCS Class II drug.
The thermodynamic stability of the nanocolloidal PM dispersion was

determined in terms of the CMC of the polymer/s and their combina-
tion. The PMs were optimised by using a Quality-by-Design (QbD) ap-
proach through proper selection of dependent and independent factors.
The optimised nanocolloidal lapatinib polymeric micelles (LP-PMs)
were evaluated to determine whether the encapsulation of LP could
enhance its loading to a physiologically significant level. We also
sought to demonstrate the ability of the proposed nanocolloidal for-
mulation to sustain the delivery of the LP cargo over the intended
period and to determine its anti-cancer efficacy and hemocompatibility
for the safety of the patients.

2. Materials and methods

2.1. Materials

Lapatinib was purchased from Xi’an Kerui Biotechnology Co. Ltd
(Xi’an, China). Soluplus® and Pluronic® F127 (PF127) was kindly gifted
by BASF India Limited (Navi Mumbai, India). Other solvents of HPLC
grade and Ultrapure Milli Q water were used throughout the studies.
SKBr3 cell line was procured from National Centre for Cell Science,
Pune while culture media and other necessary entities purchased from
Himedia, India.

2.2. Determination of critical micelle concentration (CMC)

The CMC of Soluplus® and its mixture with PF127 (1% of dry weight
of Soluplus®) was estimated by the iodine hydrophobic probe method
[21]. The detailed procedure is given in Supplementary (S1.1). The
profile of absorption intensity versus the logarithm of Soluplus® con-
centration was plotted. The value corresponding to a sharp increase in
absorbance intensity is considered the CMC of Soluplus®.

2.3. Experimental design

The experimental model employed the Box–Behnken design (BBD),
having three factors, three levels, and three centre points. Once de-
signed, both statistical and mathematical techniques were applied using
the response surface methodology (RSM) to assess the effect of each
parameter. The dependent and independent variables were selected on
the basis of previous studies from the literature and preliminary trial
experiments. The ratio of drug to Soluplus® (A), amount of methanol
(B), and the amount of surfactant i.e., PF127 (C) were chosen as the
three independent factors, and the selected dependent factors were
particle size (PS) (Y1), polydispersity index (PDI) (Y2) and encapsula-
tion efficiency (EE) (Y3). Table 1 summarises the set constraints and
independent variables with their coded levels (high, medium, and low).
The assessment of the experimental design was performed by em-
ploying Design Expert (STAT-EASE, 7.0.0, Minneapolis, MN) software
and the significance of the parameters was determined by applying
analysis of variance (ANOVA).

Moreover, the influence of all the three chosen independent vari-
ables on responses was assessed by studying the quadratic equations on
the basis of the best-suited model, which is illustrated as follows:

Y=X0 + X1A+X2B+X3C + X4AB+X5AC+X6BC+X7A2 + X8B2

+ X9C2

where, Y= response, X0 = constant, X1, X2, and X3 = linear coeffi-
cients, X4, X5, and X6 = interaction coefficients, and X7, X8 and X9 =
quadratic coefficients. A suitable model was then selected from the
statistical data for instance, regression coefficient (R2), Fisher's (F)
value, p-value, and the lack of fit value. Then, the optimised batch was
chosen by minimising the particle size and PDI and maximising EE; this
optimised batch was then used for all physicochemical and in-vitro
characterisation. The reliability of the developed mathematical models
was validated by comparing predicted and experimental responses
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using percent (%) bias [22].

2.4. Preparation of polymeric micelles

The LP-loaded micelles were fabricated by a previously described
thin-film hydration method with slight modifications [23]. Briefly, the
defined amount of LP and Soluplus® were dissolved in the appropriate
quantity of methanol in a beaker with constant stirring until a clear
solution was obtained. The solution was then transferred to a round-
bottom flask, and the methanol was evaporated to form a thin film by
rotary evaporator at 35 °C and 60 rpm under vacuum. The film was then
vacuum dried overnight to ensure complete removal of methanol. Next
day, the film was hydrated by adding 10mL of warm deionised water
containing PF127 and rotating it at 80 rpm for a further 30min to
prepare a micellar dispersion. The dispersion was then filtered through
a 0.45-μm filter to filter out aggregated and unincorporated drug.

2.5. Solid-state characterisation of LP-PMs

2.5.1. Fourier transform infra-red (FT-IR) study
The FT-IR spectra of LP, Soluplus®, PF127, physical mixtures of all

excipients and the LP-PMs were recorded on FT-IR (SHIMADZU 8400S,
Japan). (See S1.2) The spectra were scanned and recorded in the range
of 4000 cm−1 to 400 cm−1 to investigate the polymer-drug interac-
tions.

2.5.2. X-ray powder diffraction (XRPD) study
The XRPD patterns of LP, Soluplus®, PF127, physical mixtures of all

excipients and the LP-PMs were recorded using Rigaku portable X-ray
diffractometer (Rigaku, Japan), using nickel-filtered Cu Kα radiation
generated (whereas the X-ray tube was operated at a potential at 40 kV
and 25mA). The diffractogram was scanned over a 2θ range of 5–70°
with a scanning rate of 2°/min and step size 0.02°.

2.5.3. Particle size analysis
The average particle size, polydispersity index (PDI) and zeta po-

tential of the PMs was determined by the principle of dynamic laser
scanning (DLS) technique employed by Beckman Coulter Particle
Analyzer (Delsa™Nano C). The instrument was equipped with a He-Ne
laser. All the measurements were carried out at scattering angle fixed of
165°.

2.5.4. Morphological characterization
The particle size analysis and morphological observations were

performed by employing High Resolution-Scanning Electron
Microscopy (HR-SEM) (FEI-Nova NanoSEM 450), operated at 15 kV and
Atomic Force Microscopy (AFM) (NT-MDT, NTGRA PRIMA, Russia)
(See S1.3 for sample preparation method).

2.6. Encapsulation efficiency (EE) and drug loading (DL)

The EE and DL of the LP-PMs were measured using UV-spectro-
photometer (Shimadzu UV-1800). In brief, a defined volume of the
formulation was dissolved in methanol and further diluted up to 1mL.
The solution was sonicated and vortexed to dissolve the formulation
and centrifuged at 15,000 rpm at 4 °C for 15min. The collected super-
natant was suitably diluted with methanol, and the absorbance was
recorded at λmax of 261.5 nm. Based on the standard curve of LP in
methanol, the concentration of LP was calculated and the EE and DL
were determined by using following equations:

= ×EE (%)
Amount of LP entrapped in PMs

Initial amount of LP
100

=

−

×DL(%)
Amount of LP entrapped in PMs

Total dry weight of LP PMs
100

2.7. In-vitro cumulative drug release studies

The reported dialysis bag method, from literature with necessary
modifications, was employed to perform an in-vitro release study of the
LP-PMs (for details see S1.4) [24]. The released LP was detected by UV-
spectrophotometer. The cumulative percent drug release was also cal-
culated.

2.8. Hemocompatibility study

The hemocompatibility study involved the collection of blood
samples from volunteers in heparinised tubes. The blood samples were
centrifuged for 10min at 5000 rpm to isolate the erythrocytes from the
plasma; the erythrocytes were then washed three times with physiolo-
gical saline. The isolated erythrocytes (900 μL) were mixed with a series
of dilutions of pure drug suspensions and LP-PMs. After gentle mixing,
these were incubated for 1 h at room temperature. Physiological saline
(4mL) was added to the mixture, which was then centrifuged for
15min at 10,000 rpm. The erythrocytes incubated with 0.5% Triton-
X100/blood and physiological saline/blood served as a positive control
(PC) and negative control (NC), respectively. The separated supernatant

Table 1
Composition of lapatinib-loaded polymeric micelles (LP-PMs) as per Box-Behnken design.

Batch Code LP:Soluplus® ratio
(w/w)

Methanol
(mL)

Pluronic® F127
(%)

Paticle Size
(nm)a

PDIa EEa

(%)
DLa

(%)

1 0 0 0 93.6 ± 3.1 0.099 ± 0.012 84.71 ± 5.73 9.97 ± 0.67
2 0 −1 +1 116.0 ± 2.6 0.292 ± 0.016 82.53 ± 4.75 7.50 ± 0.43
3 0 −1 −1 125.2 ± 2.0 0.304 ± 0.030 72.31 ± 6.72 12.05 ± 1.12
4 +1 +1 0 72.8 ± 4.9 0.235 ± 0.032 83.82 ± 3.18 8.60 ± 0.33
5 −1 +1 0 112.3 ± 2.0 0.267 ± 0.004 72.75 ± 9.36 10.03 ± 1.29
6 0 0 0 94.9 ± 1.5 0.122 ± 0.028 84.79 ± 4.95 9.97 ± 0.58
7 −1 0 +1 130.4 ± 1.8 0.261 ± 0.029 71.86 ± 10.31 7.37 ± 1.06
8 0 0 0 92.9 ± 4.1 0.093 ± 0.018 82.13 ± 4.69 10.76 ± 0.90
9 +1 0 −1 108.8 ± 2.3 0.255 ± 0.005 75.81 ± 2.47 10.46 ± 0.34
10 0 +1 +1 97.9 ± 2.9 0.207 ± 0.014 84.02 ± 5.55 7.64 ± 0.51
11 −1 0 −1 108.4 ± 2.1 0.307 ± 0.022 64.03 ± 12.06 13.48 ± 2.54
12 0 0 0 95.5 ± 1.2 0.100 ± 0.010 84.05 ± 6.52 9.89 ± 0.77
13 0 0 0 95.4 ± 1.7 0.097 ± 0.007 86.07 ± 5.39 10.13 ± 0.63
14 +1 0 +1 79.9 ± 1.8 0.226 ± 0.007 81.49 ± 4.38 6.65 ± 0.36
15 0 +1 −1 102.6 ± 7.4 0.285 ± 0.062 88.14 ± 3.87 14.69 ± 0.65
16 −1 −1 0 120.8 ± 2.3 0.288 ± 0.013 71.84 ± 6.93 9.91 ± 0.96
17 +1 −1 0 112.8 ± 2.4 0.265 ± 0.012 79.78 ± 5.98 8.18 ± 0.61

a All the results are mentioned as mean ± standard deviation, n=3.
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was quantified by measuring its optical density (OD) at 540 nm with a
UV-spectrophotometer. The following equation was used to estimate
the percent (%) hemolysis [25]:

=
−

−

×
OD OD
OD OD

Haemolysis (%) 100test NC

PC NC

2.9. Platelet aggregation test

The reported method by Bender et al. was then used [26]. LP-PMs
were incubated with citrated whole blood at 37 °C for 30min with in-
termittent agitation; PBS pH 7.4 and collagen (2 μg/mL) served as the
negative and positive control, respectively. Smears of treated blood
were prepared on glass slides and air dried. Cells were stained with
Leishman’s stain (Span Diagnostic, India) and then rinsed with water.
The air-dried slides were then observed by optical microscope (De-
winter Trinocular Microscopic Unit, Dewinter Technologies).

2.10. Effect of dilution on physical stability of LP-PMs

To assess the integrity of the LP-PMs when diluted to higher extents,
simulating intravenous administration, the LP-PMs were diluted to 10,
100, 200, 400, and 500 times with de-ionised water, simulating aqu-
eous body fluids. The particle size of the LP-PMs in diluted solutions
was then measured, as given in 2.5.3.

2.11. Stability studies

Stability studies were conducted to verify the stability of the opti-
mised LP-PMs in different environmental conditions. According to
protocol, the LP-PMs were stored at 30 ± 2 °C/65 ± 5% relative hu-
midity (RH) (for long term at room temperature) and 5 ± 3 °C (for
refrigerated condition) for 6 months. The samples were withdrawn at 0,
3, and 6 months and evaluated in terms of change in particle size, PDI,
and EE. The temperature conditions were selected according to Q1A
(R2) ICH guidelines. Minitab® ver. 17 was used to estimate the shelf life
[27].

2.12. In-vitro anti-cancer efficacy studies

The SKBr3 cancer cell line was cultured in McCoy’s 5A medium
(with 10% fetal bovine serum, 100mg/mL streptomycin, 100 U/mL
penicillin) and incubated at 37 °C and 5% CO2. The cells (104 cells/
well) were seeded in a 24-cell culture plate and treated with mix of
Soluplus® and PF127, placebo micelle, LP solution (LS) and LP-PMs
(10 μg of LP/mL) for 24 h. The cells were then carefully washed with
PBS three times and fixed by 4% paraformaldehyde in PBS (pH 7.4) for
15min at room temperature. Fixed cells were washed with PBS again
and mounted on glass slides. The slides were then observed under in-
verted light microscope

2.13. Statistical analysis

All the results are articulated in the form of mean ± standard de-
viation (SD). Statistical comparisons were carried out by student (un-
paired) t-test and one-way/two-way analysis of variance (ANOVA) by
employing the GraphPad Prism (GraphPad Prism Software, USA). The
disparity was supposed to be statistically significant when p < 0.05
(95% Confidence Interval).

3. Results

3.1. Determination of critical micelle concentration (CMC)

The iodine hydrophobic probe method employs iodine (I2) as a
hydrophobic probe whose absorbance abruptly increases as the am-
phiphiles get converted to micellar form and the corresponding
polymer concentration is considered the CMC. The profile of absorption
intensity versus Soluplus® concentration is illustrated in Fig. 1(A, B).
The observed CMC of Soluplus® was 6.63×10−3 mg/mL, which is in
good agreement with the previously reported value of 7.6× 10−3mg/
mL [18,28], and higher than reported values of generally used surfac-
tants such as Tween® 21 (2.84× 10−3mg/mL) [29]. However, the
addition of another amphiphilic polymer, PF127, decreased the CMC
value to 4.4×10−3mg/mL.

Fig. 1. Critical micelle concentration (CMC) determination of (A) Soluplus® and (B) mixture of Soluplus® and Pluronic® F127 (PF127); Solid state characterization:
(C) FT-IR spectra and (D) X-ray diffractogram of Lapatinib-loaded polymeric micelles (LP-PMs) and pharmaceutical excipients.
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3.2. Experimental design

In the present work, the BBD experimental design was employed,
which consisted of 17 runs with three factors and three levels. The
interaction of the independent variables and their effect on responses
were analysed by Design Expert Software. On the basis of these inter-
actions and the optimised levels of independent variables, an optimised
formulation (LP-PMs) was prepared. The experimental findings for each
response are recorded in Table 1.

3.2.1. Effect on particle size
The average PSs of the micelles ranged from 72.8 ± 4 nm to

130.4 ± 7 nm (Table 1). The negative coefficients of the chosen in-
dependent variables imply significant (p < 0.05) negative effects on
PS; the relation is well understood by the following polynomial equa-
tion:

Particle Size= 94.84 – 11.99A – 11.27B – 2.21C – 7.43AB –
12.70AC+1.93 BC + 3.78A2+6.55B2+ 8.23C2

The Model F-value of 476.63 (p < 0.05) suggests the significance
of the chosen model. The “Lack of Fit F-value” of 4.16 was insignificant.
However, “Predicted R2” of 0.9796 was in legitimate agreement with
the “Adjusted R2” of 0.9963, which indicates the adequacy of the
model.

3.2.2. Effect on polydispersity index
The effect of the independent variables on PDI is illustrated in

Fig. 2(C, D) and can be well understood by the following equation:

PDI= 0.10 – 0.018A – 0.019B – 0.021C – 2.250AB+4.250AC – 0.016
BC+0.076A2+0.086B2+0.084C2

The average PDI of the micelles ranged from 0.093 ± 0.018 to
0.304 ± 0.030 (Table 1), and the selected independent variables had a
significant effect (p < 0.05) on PDI. Further, the Model F-value of
79.61 (p < 0.05) suggests the significance of the chosen model. The
“Lack of Fit F-value” of 1.30 was insignificant. The “Predicted R2” of
0.9158 was in agreement with the “Adjusted R2” of 0.9779, which in-
dicates the adequacy of the model.

3.2.3. Effect on encapsulation efficiency
The average EE of the formulations was found to range from

64.03 ± 12.06%–88.14 ± 3.88% (Table 1). The effect of the in-
dependent variables on EE is given by the following equation:

EE= 93.52+ 5.05A+2.78B + 2.45C+0.78AB – 0.54AC – 3.59BC –
12.46A2 – 4.01B2 – 7.76C2

The positive coefficients suggest a direct and significant (p < 0.05)
relationship between the independent variables and EE. Similarly, the
Model F-value of 28.55 (p < 0.05) suggests the significance of the
chosen model, whereas the “Lack of Fit F-value” of 2.88 suggests its
non-significance. From the three-dimensional (3D) response surface
plots [Fig. 2(E, F)], it can be seen that by keeping one variable constant,
the other two had optimum effects around the mid-points of the design.

By statistically analysing the above experimental findings, LP-PMs
were optimised by Expert Design Software, keeping the variables, viz.
PS and PDI, minimised while maximising EE. The LP-PMs contained a
drug:polymer ratio of 1:5.46, 21.78mL of methanol, and 0.59% PF127,
with 0.887 desirability. The prepared LP-PMs were then used for sub-
sequent evaluations and the results are given in Table 2.

3.3. Preparation of polymeric micelles

The conventional methods employed for preparing PMs include the
direct dissolution method, dialysis method, film sonication method,
thin-film hydration technique (solvent evaporation method), etc. The

physicochemical characteristics of the excipients and drugs are the
deciding factors for the selection of a suitable method of PM prepara-
tion. In the present work, we used the thin-film hydration method.

3.4. Solid-state characterization of LP-PMs

3.4.1. Fourier transform infra-red study
The Fourier transform infra-red (FT-IR) spectra of LP, Soluplus®,

PF127, the physical mixture, and the LP-PMs are shown in Fig. 1(C).
The spectra of LP consisted of characteristic absorption peaks at
785 cm−1 (C–Cl aromatic), 1147 cm-1 (CeF aromatic), 1313 cm-1

(O=S]O), 3065 cm-1 (NeH stretching), etc [30]. For Soluplus®, ab-
sorption bands appeared at 3350–3650 cm-1 (intermolecular hydrogen
bonded OeH stretching), 1734 cm-1 [carbonyl stretching of OC(O)CH3

of ester], and 1636 cm-1 [carbonyl stretching of C(O)N of amide] [31].
Moreover, the spectra of PF127 exhibited peaks at 1112 cm-1, 1344 cm-

1, and 2883 cm-1, which may be assigned to CeO stretching, in-plane
OeH bending and CeH stretching of the aliphatic portion O, respec-
tively [32].

3.4.2. X-ray powder diffraction study
The existing states of LP, PF127, Soluplus®, the physical mixture,

and the LP-PMs were confirmed via XRPD analysis, and the recorded X-
ray diffractogram are shown in Fig. 1(D). LP exhibited a crystalline
nature as its diffractogram contained sharp characteristic peaks at
18.04°, 18.9°, and 21.02°; data resembled those reported in previous
literature. The broad halo with no sharp peaks in the XRPD pattern of
Soluplus® revealed its amorphous nature, whereas PF127 exhibited two
sharp peaks at 19.22° and 23.36°. The XRPD pattern of the physical
mixture displayed a mere superimposition of the above three dif-
fractograms with attenuated intensity to some extent, suggesting the
presence of crystalline LP and PF127 in the physical mixture. However,
the LP-PMs exhibited a broad halo corresponding to Soluplus® with two
superimposed peaks (19.32° and 23.4°) corresponding to PF127 without
any typical reflection peaks of LP.

3.4.3. Particle size analysis
The LP-PMs were well dispersed in aqueous medium. The hydro-

dynamic diameter and PDI were analysed by DLS technique, and the
results are presented in Table 2. It can be seen from Fig. 3(A) that
diameters of the optimised LP-PMs were 92.9 ± 4.07 nm (8.04% bias)
with a PDI of 0.093 ± 0.083.These results are in good agreement with
the values predicted by the quadratic model. The lower PDI confirmed
the successful preparation of monodispersed and uniform-sized mi-
celles. Further, the sizes of the micelles increased from 57.2 nm for
blank micelles (without LP) to 95.2 nm for the LP-PMs [Fig. 3(A)].

The zeta potentials of the optimised LP-PMs and blank micelles were
5.06mV and -4.84 mV, respectively, shown in Fig. 3(A).

3.4.4. Morphological characterization
The evaluation of the morphology using high-resolution scanning

electron microscopy (HR-SEM) [Fig. 3(B)] revealed the spherical shape
of the micelles. The sizes of the micelles varied between 62–95 nm, with
an average diameter of 81.85 ± 12.44 nm, which was slightly smaller
than the results of the DLS studies.

The surface roughness of the micelle films was verified by AFM, and
it was found that the micelles were spherical Fig. 3(B), with an average
peak-to-peak height of 65 nm, which may correspond to the apparent
diameter of the micelles. These results were in good agreement with
those of the HR-SEM studies.

3.5. Encapsulation efficiency and drug loading

The EE and DL of the LP-PMs were found to be 87.23 ± 4.85%
(-7.428% bias from the predicted value) and 9.27 ± 0.52%, respec-
tively.
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3.6. In-vitro cumulative drug release studies

An in-vitro release study of the LP-PMs was performed using the
dialysis bag method. Tween® 80 (0.5%) was added to the release media
in order to maintain a sink condition. The released LP was detected by
UV-spectrophotometer, as described above. The cumulative percent
release was also calculated. The impact of pH on drug release is shown
in Fig. 4(A). At the end of the first 24 h, nearly 29% of LP had been
released at pH 7.4. However, drug release slowed and 36% of the drug
was released over 48 h. At pH 5.0, the total LP release was found to be
45% and 60% at the end of 24 h and 48 h, respectively. The drug release
data were integrated into different kinetic models, and it was found that
the LP release followed the Higuchi model.The value of the Peppas
exponent n was found to be 0.477, which suggests that the LP release
followed Fick’s diffusion.

3.7. Hemocompatibility study

In the present study, no significant hemolysis, i.e., below a limit of
1%, was found in either the LP-PMs or LP-only at the four different
concentrations. However, significantly lower hemolysis (p < 0.01)
was found in the LPePMs group as compared to the LP-only group, as
depicted in Fig. 4(B).

3.8. Platelet aggregation test

Fig. 4(C) shows that platelets with normal and discoid shapes were
dispersed discretely all over the slide; no aggregation was observed in
either the control or the LP-PM–treated blood samples.

3.9. Effect of dilution on physical stability of LP-PMs

The observed PSs gradually decreased from 126.47 ± 5.28 nm for

Fig. 2. 3-D response-surface plots showing: (A&B) Effect of independent factors on particle size; (C&D) Effect of independent factors on polydispersity index; and (E&
F) Effect of independent factors on encapsulation efficiency.
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the original solution to 121.67 ± 9.07, 107.47 ± 7.25, and
93.03 ± 10.18, and 56.60 ± 7.69 nm upon dilution 10, 100, 200, and
400 times, respectively, with water. However, the solution was trans-
parent beyond 500 times dilution, and no data could be recorded by
DLS, which indicated the absence of micelles in the diluted bulk.

3.10. Stability studies

The LP-PMs were stored at two different temperature and relative
humidity conditions to observe the effect of the environment on their
stability. The changes observed in PS, PDI, and EE at each sampling
time were non-significant (p < 0.05) when the LP-PMs were stored at
5 ± 3 °C. However, significant changes were observed within the first
three months at the storage condition of 30 ± 2 °C/65 ± 5% RH, and
hence these LP-PM batches were withdrawn from the study protocol.
The results for each evaluation attribute before and after the sampling
time are tabulated in Table 3. Further, the shelf life, estimated from the
EE with the help of Minitab® version 7, was estimated to be 12 months,
as shown in Fig. 5(A).

3.11. In-vitro anti-cancer efficacy studies

Fig. 5(B) shows morphological changes in SKBr3. Untreated SKBr3
cells exhibit natural cuboidal and polygonal shape with abundant cells
in the field of vision (FOV). LP-PM-treated cells showed rounded and
smaller cells (#), more granular cytoplasm ($), and a few cells with loss
of confluence (*) in the FOV. Further, LS-treated cells exhibited their
original morphology, but some of the cells showed altered and rounded
morphology. Similarly, cells treated with mix of surfactants, placebo
micelle and LS also retained their original morphology, but a few cells
showed rounded morphology.

4. Discussion

The study was aimed at the preparation and evaluation of Soluplus®
polymeric micelles of LP for their potential to serve as nanocarriers for
highly hydrophobic anti-cancer drugs and their safety and efficacy by
the I.V. route. Although LP is a potential anti-cancer drug, its clinical
use is limited because it is currently available only in tablet form at
larger doses with increased toxicity. Thus, we attempted to prepare LP-
PMs as a micellar preparation intended for I.V. administration. In the
present research, we particularly focused on the design and optimiza-
tion of the nanocarrier system and the evaluation of the delivery and in-
vitro performance of LP-PMs.

For the preparation of the micelle, amphiphilic polymers with low
CMC values are needed. CMC is a crucial characteristic of amphiphilic
polymers in determining the in-vitro and in-vivo kinetic stability (dis-
assembly rate) and thermodynamic stability (disassembly potential), as
well as the solubilisation capacity of PMs. The addition of PF127 re-
duced the CMC of Soluplus®. The reduction in CMC was credited to the
increased contribution of hydrophobic portions of the polymers and
their enhanced interaction with the aqueous surrounding [33]. The
findings can be explained on the basis of two reported phenomena.
First, surfactants were adsorbed onto the surfaces of the micelles to
lower the surface tension. The intercalation of molecules from another
surfactant with those of the first surfactant further reduced to surface
tension. Therefore, a smaller amount of mixed surfactant was required
to lower the surface tension below CMC, thereby achieving micelleli-
sation at lower concentrations. Thus, the synergism of the two surfac-
tants lowered the CMC of the mix [34]. Second, it has been reported by
many researchers that the CMC is lowered when the chain length of the
hydrophobic part or, in other words, the hydrophobic portion, increases
[35]. The higher proportion of hydrophobic part favours the feasible
micellar form to achieve thermodynamic stability by reducing the in-
teraction of the increased hydrophobic portions with the aqueous por-
tion, reducing the CMC [34,36]. Thus, thermodynamic stability is in-
versely proportional to the CMC and directly proportional to the length
of the hydrophobic chain/portion and the contribution of the hydro-
phobic portion of the amphiphile [35,37]. Similar synergistic effects for
lowering the CMC for surfactants mixture were previously reported by
Rehman et al. for mixture of Tween 80 and Tween 20 [38], by Na-
garajan for mixture of polymer and surfactant [39] and by Bhuptani
et al. for Soluplus® and Solutol® HS 15 [40].

Further, the stability of the LP-PMs was also confirmed by diluting
the LP-PMs with deionised water. We found that with up to 400-fold
dilution of the LP-PMs, the micellar form was maintained; however, the
micelle size continued to decrease with increasing dilution. Upon fur-
ther dilution (500 times), the amphiphile concentration fell well below
the CMC value, which consequently induced the dissociation of the
micellar system completely. The observed reduction in the size with
increasing dilution can be justified by the well-known fact that com-
ponent amphiphilic polymer molecules are always in dynamic equili-
brium with the free molecules in the bulk of dispersion. The con-
centration of amphiphiles decreased gradually during the serial
dilution, and the concentration of the amphiphiles in bulk may be
maintained by a reduction in the number of amphiphiles who took part
in the micelle formation before dilution, which may be the reason for
the reduction of PS upon dilution. Similar facts were also previously
reported in the literature [21,41]. On the basis of findings of CMC de-
termination and dilution effect studies, the very low CMC values of
Soluplus® and its combination with PF127 suggests the higher ther-
modynamic and kinetic stability of prepared LP-PMs, which ensures the
unhampered integrity and less sensitivity of the LP-PMs towards dilu-
tion in large amounts of the biological fluids, avoiding burst release
during post-oral/intravenous administration [42].

The concept of design of experiment (DoE) trials makes it possible to
understand the relation between dependent and independent variables,
as well as the individual and interactive effects of these variables on the
output responses by designing the experiments in an organised manner.
We optimised the LP-PM formulations according to the BBD design, and
3D surface plots are illustrated in Fig. 2. From Fig. 2(A, B), it was
concluded that the mean PS decreased remarkably with increasing
methanol, which may have been due to the formation of a more uni-
form film during drying and the film formation phase. However, the
surfactant had an optimum effect around the midpoint, which can be
better understood by the fact that the surfactants reduced the surface
tension to reduce PS, but a further increase in PS beyond the mid-point
may have been due to the incorporation and aggregation of excess
surfactant molecules over the surface of the already prepared micelles.

Further, with increases in the amount of methanol and surfactant,

Table 2
Predicted and experimental values for optimised LP-PMs.

Independent variables Predicted Levels for
optimization

X1 : API:Polymer ratio (w/
w)

– 1:5.46

X2 : Methanol (mL) – 21.78
X3 : Co-surfactant (%) – 0.59

Dependent variables Constraints for
optimization

Y1 : Particle size (nm) – Minimum
Y2 : Polydispersity index – Minimum
Y3 : Entrapment efficiency

(%)
– Maximum

Desirability of model: 0.887
Response: Predicted

values
Experimental valuesa

Particle size (nm) 85.99 nm 92.9 ± 4.07 nm
Polydispersity index 0.108 0.093 ± 0.083
Entrapment efficiency (%) 94.226 87.23%±4.85 %

a All the results are mentioned as mean ± standard deviation, n=3.
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Fig. 3. Morphological characterization of LP-PMs Panel A) Histograms showing particle size and their distribution as well as zeta potential determined by dynamic
laser scattering technique; Panel B) High Resolution-Scanning Electron Microscopic images revealing nearly uniform and round shaped morphology and Atomic
Force Microscopic images depicting 2-dimensional and 3-dimensional morphology.
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the observed initial decrease in the PDI may have been due to the
uniform film formation during the solvent evaporation, where the op-
timum surfactant have reduced the surface tension, resulting in uniform
hydration of the thin film and PMs of similar size with a smaller PS
distribution. Conversely, high polymer or surfactant contents may have
had an impact on the hydration phase, and therefore PMs with wide
particle-size ranges were prepared, resulting in high PDI values. Thus, it
could be concluded that for the manufacture of nanocolloids (PMs) of
uniform size, optimum levels of the polymer as well as the surfactants
need to be carefully chosen.

The optimised formulation of the LP-PMs was then characterised in
terms of its physicochemical properties. XRPD and FT-IR analyses were
performed for solid-state characterization of the optimised formulation.
The FT-IR spectra of the physical mixture and the LP-PMs retained
peculiar characteristic peaks corresponding to polymers and LP, con-
firming their compatibility. However, the broadening of the band
centred at 3350 cm−1 of LP-PMs than other individual spectra may
suggest intermolecular hydrogen bonding between the LP and
Soluplus® [43,44], which may explain the increased solubility of the
drug in the presence of Soluplus®.

Further, the XRPD results implied the successful incorporation of LP
within the micelle in the amorphous form. The XRPD profile was rather
similar to those of PF127 and Soluplus®, revealing that the outer shell
consisted of Soluplus® with a sheath of PF127 over the micelle. Hence,
the results confirmed the core–shell structure of micelles incorporating
the drug inside the core within the polymeric shell [24].

The lower PDI of the optimised formulation confirmed the suc-
cessful preparation of monodispersed and uniform-sized micelles. The
hydrophilic moieties of PEG-containing −OH functional groups in the
molecule of Soluplus® and the free −OH groups of in the molecule of
PF127 conveyed a negative zeta potential to blank micelles [45].
However, FT-IR studies confirmed the intermolecular hydrogen
bonding between LP and the free −OH groups of Soluplus® and PF127,
which might have resulted in the reduction in number of free −OH
groups, which contributed to negative zeta potential of blank micelles.
Also, LP was reported to partially neutralise the negative charges on the
surfaces of micelles [24]. This may be the reason of positive zeta po-
tential observed for LP-PMs.

For better accumulation in the tumour tissue, micelles must be small
enough (< 200 nm). Because the size of the prepared LP-PMs was

Fig. 4. (A) In-vitro drug release profile of Lapatinib-loaded polymeric micelles (LP-PMs) in release media of pH 7.4 and pH 5.0 indicating preferential drug release at
lower pH; (B and C) Hemocompatibility testing where (B) represents percent hemolysis caused by different concentrations of LP-PMS and LP only; where * represents
significant (p < 0.05) difference and **represents significant (p < 0.01) difference Shelf life plot for LP-PMs and (C) illustrates no platelet aggregation observed
after the treatment of whole blood with retained original morphology of platelets.

Table 3
Results of evaluations before and after stability studies.

Conditions Results of evaluationsa

30 °C ± 2 °C/65% RH ± 5% RH 5 °C ± 3 °C

Time (month) PS (nm) PDI EE (%) PS (nm) PDI EE (%)

0 92.9 ± 4.07 0.093 ± 0.083 87.23 ± 4.85 92.9 ± 4.07 0.093 ± 0.083 87.23 ± 4.85
3 1041.7 ± 11.32 0.436 ± 0.152 81.11 ± 8.02 94.1 ± 10.42 0.586 ± 0.095 85.04 ± 3.32
6 Discontinued 105.5 ± 12.23 0.635 ± 0.092 82.86 ± 3.94

a All the results are mentioned as mean ± standard deviation, n=3.
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below 200 nm, they were thought to have excellent potential for pas-
sively targeting tumours by the EPR effect [11].

The EE and DL measure the ability of the selected dosage form to
load and deliver the amount of drug to the intended site. The observed
high EE was attributed to the increased solubility of LP due to en-
capsulation in the hydrophobic core of the Soluplus® micelles owing to
their core–shell structure. However, free LP forms intermolecular hy-
drogen bonding with excess Soluplus® (as observed in FT-IR studies) in
an aqueous environment. This effect of Soluplus® is responsible for the
solubilisation of LP to some extent. Thus, the high encapsulation effi-
ciency of the LP-PMs assures greater drug availability around the target,
thereby alleviating the systemic side effects and reducing the required
dose of the drug.

In-vitro drug release was performed at two pH conditions to simulate
LP-PMs behaviours in blood (pH 7.4) and tumour environments (pH
5.0). A comparatively higher release of LP [Fig. 4(A)] within the first
hour may be attributed to the dissolution of a minor amount of LP that
might be present in bulk of the LP-PM dispersion. At the earlier hours,
no significant difference was observed in LP release; however, a sig-
nificant difference (p < 0.001) in cumulative drug release was wit-
nessed in both media after 4 h, as illustrated in Fig. 4(A). The drug
release data were integrated into different kinetic models, and it was
found that the LP release followed the Higuchi model.

The release rate of LP from the micelles was found to be higher at
pH 5.0 than at pH 7.4; the weakening and distortion of hydrogen
bonding between LP and Soluplus® in an acidic environment might
have been the reason for enhanced drug release at the lower pH. This
behaviour also benefits the dosage form in terms of avoiding unin-
tended and premature drug release in blood circulation, thus mini-
mising dose-related toxicities. Further, the LP-PMs were found to sus-
tained the release of the drug cargo as the micelles rigorously
maintained their integrity against dissociation and avoided drug release
via small dilutions in the bulk of the body fluids [37,46]. Our findings
indicated that nanocolloidal LP-PMs can be employed as sustained re-
lease dosage forms for delivery of poorly water-soluble drugs and can
successfully and selectively deliver the drug cargo to an acidic tumour
environment.

Because LP-PMs were intended for I.V. administration, they must
exhibit hemocompatibility. Thus, we investigated and confirmed their
hemocompatibility in terms of induced hemolysis in-vitro and platelet
aggregation after treatment with LP-PMs. Incompatibility with blood
components may either cause emboli formation or lead to RBC hemo-
lysis, increasing risk to the patient [47]. Induced hemolysis of< 1%
upon I.V. administration is considered safe for patients [48]. Our
findings confirmed the hemocompatibility of LP-PMs because sig-
nificantly lower hemolysis (p < 0.01) was found in the LP-PMs than in

the LP-only group because of the encapsulation of LP inside the micelle.
No aggregation with retained morphology of platelets was observed in
the treatment with LP-PMs, indicating its hemocompatibility [47]. Our
findings thus establish that micellar encapsulation of LP-rendered LP-
PMs offers not only hemolytic protection but also a suitable and safe
nanocarrier for I.V. administration.

Stability studies were conducted on LP-PMs to evaluate the effect of
environmental conditions on LP-PMs and to recommend suitable con-
ditions for its storage. Based on the PS and EE observations, it was
concluded that refrigerated conditions should be recommended for the
storage of LP-PMs.

Lastly, it is mandatory to verify whether encapsulation of LP in
micellar form could retain its anticancer efficacy. The cytotoxicity and
anti-cancer potential of LS and LP-PMs were estimated in terms of
morphological changes. LP-PM-treated cells induced apoptosis in
SKBr3, which was confirmed by shrinkage and the round morphologies
of the cells due to cytoplasmic condensation [49,50], whereas a gran-
ular appearance indicated chromatin shrinking or nuclear fragmenta-
tion [51]. Our results agree with those of previous studies, as evidenced
by the observed change in morphology and the reduced the number of
viable cells in the LP-PM treatment group in comparison with the un-
treated group. The LS group also showed cytotoxicity, but the effect was
superseded in the LP-PMs and can be credited to the higher solubili-
sation or uptake of LP after micellisation. However, mixture of surfac-
tant and placebo micelle without drug did not show toxicity of the
SKBr3 cells.

In conclusion, we suggest that Soluplus® micelles can serve as na-
nocolloidal carriers of LP by the I.V. route without compromising its
anti-cancer efficacy. Further studies to evaluate the in-vivo performance
of the LP-PMs, however, will be required, as we plan.

5. Conclusion

We successfully developed nanocolloidal polymeric micelles for the
delivery of the highly hydrophobic drug lapatinib, an anti-cancer agent
used for the treatment of breast cancer. The uniform, spherical nanosize
(below 150 nm) of these micelles makes them useful for passive tumour
targeting by the EPR effect. Soluplus® has a very low CMC, which
further decreased by its combination with PF127, which not only pro-
vided the system with thermodynamic and kinetic stability but also
explained the resistivity of the LP-PMs to dilution in a large pool of
body fluids. Hence, it can be successfully employed as a drug carrier for
both oral and intravenous administration. In-vitro percent cumulative
drug release studies demonstrated that the LP-PMs exhibited pre-
ferential, enhanced, and sustained drug release at an acidic tumour
environment as compared to blood, which indicated the safe transport

Fig. 5. (A) Shelf-life plot of LP-PMs (B) In-vitro anti-cancer efficacy studies of LP-PMs against SKBr3 breast cancer cell line showing apoptosis-like symptoms such as
shrinking and round shape of cells due to cytoplasm condensation (arrow with #), nuclear fragmentation (arrow with $) and loss of confluence (arrow with (*), as
compared to polygonal and cuboid cells in control group.
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of LP in blood. Significantly lower hemolysis in the presence of LP-PMs
than of a free LP suspension indicated the safety and potential of LP-
PMs for intravenous administration. The cytotoxic effect of LP was re-
tained rather than enhanced by encapsulation as PMs. All these findings
establish that the Soluplus® nanocolloidal polymeric micelles can po-
tentially be employed as a successful hydrophobic drug carrier in order
to expand clinical applications and improve the effectiveness of lapa-
tinib in breast cancer therapy.
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