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A B S T R A C T

Polymeric micelles (PM) based on poly(ethylene glycol)-b-poly(N-2-benzoyloxypropyl methacrylamide) (mPEG-
b-p(HPMA-Bz)) loaded with paclitaxel (PTX-PM) have shown promising results in overcoming the suboptimal
efficacy/toxicity profile of paclitaxel. To get insight into the stability of PTX-PM formulations upon storage and
to optimize their in vivo tumor-targeted drug delivery properties, we set out to identify a lead PTX-PM for-
mulation with the optimal polymer composition. To this end, PM based on four different mPEG5k-b-p(HPMA-Bz)
block copolymers with varying molecular weight of the hydrophobic block (17–3 kDa) were loaded with dif-
ferent amounts of PTX. The hydrodynamic diameter was 52 ± 1 nm for PM prepared using polymers with
longer hydrophobic blocks (mPEG5k-b-p(HPMA-Bz)17k and mPEG5k-b-p(HPMA-Bz)10k) and 39 ± 1 nm for PM
composed of polymers with shorter hydrophobic blocks (mPEG5k-b-p(HPMA-Bz)5k and mPEG5k-b-p(HPMA-
Bz)3k). The best storage stability and the slowest PTX release was observed for PM with larger hydrophobic
blocks. On the other hand, smaller sized PM of shorter mPEG5k-b-p(HPMA-Bz)5k showed a better tumor pene-
tration in 3D spheroids. Considering better drug retention capacity of the mPEG5k-b-p(HPMA-Bz)17k and smaller
size of the mPEG5k-b-p(HPMA-Bz)5k as two desirable design features, we argue that PM based on these two
polymers are the lead candidates for further in vivo studies.

1. Introduction

Paclitaxel (PTX) is an established and potent chemotherapeutic drug
used as standard of care for multiple types of cancer such as prostate,
ovarian, breast, and lung cancer (Desai et al., 2006; Jordan et al., 1996;
Kim et al., 2001). However, the chemical nature of PTX leads to sub-
optimal biodistribution and insufficient target site accumulation.
Hence, improving its pharmacokinetic profile and maximizing its an-
ticancer effect is of great importance (Cragg, 1998).

Various attempts have been made to overcome these limitations. To
address its poor water solubility, Taxol® was introduced as a commer-
cially available formulation of PTX utilizing Cremophor EL and dehy-
drated ethanol (1:1, v/v) as excipients (Adams et al., 1993). Clinical
studies however, showed that Cremophor EL can cause an extensive
range of adverse effects (Peltier et al., 2006; van Zuylen et al., 2001)
such as acute hypersensitivity reactions and neurological toxicity
(Gelderblom et al., 2001). Moreover, premedication is required to
manage these adverse reactions (Finley and Rowinsky, 1994), which
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can be accompanied by additional side effects (Quock et al., 2002).
Therefore, improved tumor-targeted delivery of PTX requires nano-
carrier formulations that sufficiently retain the drug while circulating in
the bloodstream upon intravenous administration and release the drug
at the target site. To this end, Abraxane® was introduced as a next-
generation nanoparticulate formulation of PTX which is approved by
the US Food and Drug Association (US FDA) and European Medicines
Agency (EMA). In this formulation, albumin-PTX nanoparticles are
prepared through high-pressure homogenization method and avoid the
Cremophor-associated adverse effects (Blum et al., 2004; Ibrahim et al.,
2002). Nevertheless, the nanoformulation generated with albumin
suffers from instability issues post injection. It has been shown that
upon dilution in the bloodstream, 130 nm-sized nanoparticles break
down into 10 nm soluble albumin-PTX components (Chauhan et al.,
2012).

In the search for better formulations of PTX, polymeric micelles
(PM) appear to be an attractive approach (Cabral et al., 2018;
Nishiyama et al., 2016; Soga et al., 2005). In 1980s, Ringsdorf and
colleagues introduced PM as a potential drug delivery system (Bader
et al., 1984; Pratten et al., 1985). Since then, PM have been shown to
successfully deliver many drugs of interest (Hamaguchi et al., 2005;
Kim et al., 2004; Talelli et al., 2010; Yoo and Park, 2001). PM are
formed by self-assembly of amphiphilic block copolymers in aqueous
media. The inner core of PM consists of the hydrophobic blocks of the
block copolymers, which makes it suitable to solubilize hydrophobic
compounds. The outer shell of PM is formed by the hydrophilic blocks
of the block copolymer, which stabilizes the system in aqueous en-
vironments (Nasongkla et al., 2006; Shiraishi and Yokoyama, 2013;
Soga et al., 2005; Yokoyama, 2014). Besides solubility enhancement,
PM allow for surface modification, which can be used to prolong blood
circulation time or achieve tumor targeting (Deng et al., 2012). PM
enable tumor targeted drug delivery through the enhanced perme-
ability and retention (EPR) effect (passive targeting) and/or through
the introduction of target-selective ligands (e.g. antibodies, sugar
moieties, folate residues, etc.), which enable PM to target specific re-
ceptors expressed in tumor tissue via active targeting (Fang et al., 2011;
Gothwal et al., 2016; Lu and Park, 2013; Torchilin, 2007). Therefore,
exploiting PM can be a promising method to advance PTX therapeutics
by overcoming the solubility issue of very hydrophobic drugs, avoiding
the use of Cremophore EL and related adverse effects, improving
pharmacokinetics and achieving effective tumor-targeted delivery.

A main challenge in polymeric micelle field is to improve the phy-
sical instability of PM drug formulations in the blood stream. PM-based
drug formulations are known to disassemble below the critical micelle
concentration, leading to premature and non-controlled drug release
(Letchford et al., 2009; Miller et al., 2013; Shi et al., 2017; Shi et al.,
2015). To resolve this issue, core-crosslinking of PM has been explored
(Kim et al., 1999; Shuai et al., 2004; van Nostrum, 2011). Nevertheless,
in this approach, extra steps are needed to achieve PM stability.
Covalent core-crosslinking is normally implemented after PM prepara-
tion and also, may not always retain PTX in the micelles effectively
(Talelli et al., 2015; Talelli et al., 2012).

An elegant way to improve physical stability of PM and avoid
crosslinking is the introduction of non-covalent π-π stacking interac-
tions between aromatic groups of a drug and the hydrophobic block of
the micelle-forming polymers. As presented by others, this strategy
appeared to present a step forward in enhancing the drug loading ca-
pacity and improving PM stability and drug retention (Kataoka et al.,
2000; Shi et al., 2013; Zhuang et al., 2019). Exploiting mPEG-b-p
(HPMA-Bz), Shi et al. designed PTX loaded PM which showed pro-
longed blood circulation time and excellent antitumor activity and
safety in preclinical tumor models (Shi et al., 2015).

After these studies, further improvements have been explored on π
electron-stabilized PM. Initially, tetrahydrofuran (THF) was selected as
an organic solvent to generate PM (Naksuriya et al., 2015; Shi et al.,
2015). Comparison of different organic solvents showed that using

ethanol leads to PM with a smaller size (Bagheri et al., 2018). Obtaining
smaller-sized nanoparticles is a critical achievement in tumor-targeted
drug delivery with researchers suggesting a better tumor penetration,
improved intratumoral delivery, and further enhancement of the effi-
cacy as a consequence (Cabral et al., 2011). Moreover, residual THF
might result in toxicity (Cooney et al., 1993). Hence, replacing THF
with ethanol, which is a rather safe organic solvent, would be more
appealing for clinical translation (Guideline, 2005).

In the present study, we systematically investigated possibilities for
optimization of PTX-PM to achieve PM with both the smallest size and
highest PTX retention. To this end, we used four different mPEG5k-b-p
(HPMA-Bz) block copolymers with a fixed molecular weight of PEG and
different molecular weights of the hydrophobic pHPMA-Bz block. Using
ethanol as a more pharmaceutically acceptable solvent, we prepared
PM with different ratios of drug to excipient. To evaluate the effects of
polymer variants and drug to polymer ratio on the size and PTX re-
tention, we performed studies regarding the stability, drug retention
and release, cellular uptake and 3D spheroid penetration of the PM.

2. Material and methods

2.1. Materials

PTX was purchased from Biorbyt Ltd, Cambridge, Cambridgeshire,
United Kingdom. Slide-A-Lyzer™ cassette (MWCO of 10 kDa) was ob-
tained from Thermo-Fisher Scientific. HEPES was purchased from
Sigma Aldrich (Saint Louis, USA). Analytical grade ethanol was pur-
chased from Merck (Darmstadt, Germany) and HPLC-S gradient grade
acetonitrile was obtained from Biosolve Chimie SARL (Dieuze, France).
Polysorbate 80 (Tween 80®, Fisher Scientific UK, Loughborough,
Leicester, UK) and Bovine Serum Albumin (Sigma A-4503) were used as
solubilizers of released PTX in the release tests. Spectra/Por® Float-A-
Lyzer® G2 dialysis membranes with the MWCO of 100 kDa and 300 kDa
were purchased from Spectrum labs (Rancho Dominguez California,
USA). All cell labeling reagents and fluorescent dyes were purchased
from Thermo Fisher Scientific (Naarden, the Netherlands) unless stated
otherwise. Cell medium and supplements were from Gibco BRL Thermo
Fisher Scientific (Naarden, the Netherlands).

2.2. Preparation of PM

Four types of mPEG5k-b-p(HPMA-Bz) polymer were synthesized as
described previously (Bagheri et al., 2018). The polymers were syn-
thesized with different molar feed ratios of macro-initiator: monomer to
yield mPEG5k-b-p(HPMA-Bz)17k, mPEG5k-b-p(HPMA-Bz)10k, mPEG5k-b-
p(HPMA-Bz)5k, and mPEG5k-b-p(HPMA-Bz)3k. In order to prepare PM,
variable amounts of PTX (1.5, 3 and 4.5 mg PTX), were added to 1 mL
solution of 30 mg/mL of the polymer in ethanol while heating at 60 °C.
After complete dissolution, the organic phase was added to 1 mL of
HEPES Buffered Saline (HBS 1x, HEPES 20 mM and NaCl 150 mM, pH
7.4) while heating at 60 °C and stirring (200–400 rpm) for 1–2 min. PM
formulations were placed in a dialysis cassette (MWCO of 10 kDa) at the
room temperature to dialyze against HBS for 48 h. The PTX-PM for-
mulations were filtered through 0.45 µm filters to remove un-
encapsulated fraction (precipitations) of the drug.

2.3. Characterization of PM

2.3.1. Dynamic light scattering and PM morphology
The hydrodynamic diameter (Z-ave) of the formed PM was mea-

sured utilizing Dynamic Light Scattering (DLS, Nano-s, Malvern
Instruments Ltd., UK) at room temperature and diluted 10 fold with
HBS 1x (if needed). To measure the zeta potential, 1 volume of PM
formulation was diluted with 10 volumes of a solution of HEPES
(10 mM, pH 7.5) and analyzed with Zetasizer (Nano ZS, Malvern
Instruments Ltd., UK). Here, independent replicates were prepared.

M. Sheybanifard, et al. International Journal of Pharmaceutics 584 (2020) 119409

2



Each of the replicates represents an individual formulation which was
separately prepared and measured. For transmission electron micro-
scopy (TEM) analysis, samples were allowed to adsorb on glow dis-
charged formvar-carbon-coated nickel grids (Maxtaform, 200 mesh,
Plano, Wetzlar, Germany) for 10 min. Negative staining was performed
with 0.5% uranyl acetate (Science Services GmbH, Munich, Germany).
Samples were examined using a TEM LEO 906 (Carl Zeiss, Oberkochen,
Germany), operating at an acceleration voltage of 60 kV.

2.3.2. Determination of the drug encapsulation efficiency and loading
capacity using UPLC analysis

A Waters Acquity UPLC system (Waters, MA, USA) was used to
quantify PTX concentrations. The method used to measure the PTX
concentrations of the different samples was isocratic elution UPLC, with
acetonitrile (ACN)/water (H2O) (45/55 v/v) and 0.1% formic acid as
the mobile phase. The injection volume was 2 μL with 1 mL/min flow
rate and run time of 1.5 min using the Acquity UPLC BEH C18 column
(2.1 mm × 50 mm, 1.7 μm) as the stationary phase. The UV/Vis de-
tector was set at 227 nm and peak integration was done with chro-
matographic Empower® software. PTX concentrations were calculated
using a standard calibration curve. The encapsulation efficiency (EE)
and loading capacity (LC) of PTX were calculated as follows:

=EE% Encapsulated drug (after filtration)/initial amount of added drug
100%

=
+

LC% Encapsulated drug (after filtration)
/(initial amount of drug polymer) 100%

Here, independent replicates were prepared. Each of the replicates re-
presents an individual formulation which was separately prepared and
measured.

2.4. Stability of the PTX-loaded PM

The stability of the different PM was studied by measuring the size
and the percentage of remained loaded PTX at different temperatures
(7 days at 37 and up to 5 weeks at 25 and 4 °C). PTX-loaded PM were
prepared with 30 mg/mL of polymer and drug to polymer ratios of 0.05,
0.1, and 0.15 w/w and without further modifications, were incubated
at above mentioned temperatures. To determine the remained loaded
drug, samples were centrifuged at 5,000 g for 10 min to separate the
precipitated drug from the PM. After centrifugation, a fraction of the
supernatant was dissolved in ACN and later measured by UPLC. Here,
technical repeats are reported. These repeats were generated by taking
samples from one incubated formulation. Similar experiment was
conducted to assess the size stability of the PM. After centrifugation, a
fraction of the supernatant was used to track the changes in average PM
size. Here, independent replicates were prepared. Each of the replicates
represents an individual formulation which was separately incubated
and measured with DLS.

2.5. Release of PTX from PM in presence of Tween 80®/PBS and BSA/PBS

The release studies were conducted on PTX loaded formulations in
phosphate-buffered saline (PBS, pH 7.4 composed of NaCl 137 mM, KCl
2.7 mM, Na2HPO4 10 mM, and KH2PO4 1.8 mM) containing 0.2% v/v
Tween 80® or 4.5% Bovine Serum Albumin (BSA). Prior to release, PTX
solubility in PBS with 0.2% Tween 80® was determined by applying
different amounts of PTX (0.6, 1.2, and 2.4 mg) in 1 mL of the medium
following an incubation at 37 °C for 24 h while agitating. Samples were
centrifuged at 10,000 rpm for 20 min to separate the un-dissolved
fraction of PTX from the solubilized PTX fraction. Next, 1 volume of the
supernatant was diluted with 10 volumes of ACN, centrifuged again at
5,000 g for 10 min and the supernatant was analyzed with UPLC. After

determination of PTX solubility in the medium, the required volume of
the outer medium was calculated in order to present an excessive
amount of Tween 80® in the buffer (Abouelmagd et al., 2015). To
confirm the absence of the mixed micelles, a solution of 0.2% Tween
80® micelles was incubated at 37 °C with PM of polymer mPEG5k-b-p
(HPMA-Bz)17k (30 mg/mL of the polymer) loaded with initial drug/
polymer (w/w) ratio of 0.1. Sampling was performed after 1 h, 6 h and
daily till 7 days and checked with DLS.

To perform the release study, samples were placed in Float-A-Lyzer®
G2 dialysis membrane (MWCO of 100 kDa or 300 kDa). The dialysis bag
was submerged in 50 mL of PBS + 0.2% Tween 80® and incubated at
37 °C under gentle agitation and the outer medium was changed reg-
ularly. Sampling was performed frequently from inside the membrane
for 7 days. At the end of the experiment, samples were diluted with at
least 2 volumes of ACN and the concentration of remained encapsulated
PTX was measured with UPLC.

To assess the PTX release in BSA, 45 mg/mL solution of BSA in PBS
was prepared. 1 volume of the PM was diluted with BSA (2–3 volumes)
and placed inside the dialysis membrane. The release study was per-
formed in line with the protocol for the release in PBS + 0.2% Tween
80®. To measure the retained PTX with UPLC, removal of BSA inside the
membrane was needed. To this end, 5 volumes of methanol were added
to 1 volume of the different samples following by centrifugation at
4,000 rpm for 15 min to remove precipitated BSA. Afterwards, the
supernatant was transferred into clean tubes dried under the vacuum
rotator. Finally, PTX precipitates were dissolved in ACN and measured
by UPLC. In this experiment, independent replicates were prepared.
Each of the replicates represents an individual sample which was se-
parately studied for PTX release.

2.6. Cell culture and Cy-labeled PM preparation

Human hepatocellular carcinoma cells (HepG2) were obtained from
American Type Culture Collection (ATCC) and cultured in DMEM low
glucose medium (Sigma Aldrich) supplemented with 10% FBS (Sigma
Aldrich). Human prostate cancer cells (PC3) were obtained from
American Type Culture Collection (ATCC) and cultured in McCoy’s 5A
medium (Sigma Aldrich) supplemented with 10% FBS (Sigma Aldrich).
All cells were maintained at 37 °C in a 5% CO2 and humidified atmo-
sphere. PM used for the uptake and penetration studies were labeled by
addition of either Cy3- or Cy5-conjugated polymer (1–3.3% w/w) to the
unlabeled polymer. The dye-conjugated polymer was synthesized as
described previously (Shi et al., 2015) and the PM were prepared as
described in Section 2.2.

2.6.1. PM uptake in 2D
Cells were seeded into 96-well μClear® black plates (Greiner Bio-

One, 10,000 cells/ well) and incubated overnight. Next, the medium
was replaced with fresh complete medium and appropriate amounts of
the PM was added. The cells were incubated with fluorescently labeled
PM (using cyanine dyes) and imaged live with 60x objective of
CV7000s (Yokogawa Electric Corporation, Tokyo, Japan) as often and
as long as it was required for a particular experiment. Non-treated cells
were used as negative control. Labeling of the subcellular structures
was performed according to the manufacturer instructions. Briefly, for
the nuclei staining, the cells were incubated with 10 nM Hoechst
33,342 in PBS (100 μL) for 10 min at 37 °C. The endosomes were
stained with pHrodo™ Green Dextran conjugate diluted in complete
growth medium to a final concentration of 0.05 mg/mL for 20 min at
37 °C. In this experiment, independent replicates were prepared. Each
of the replicates represents an individual cell-cultured well, which was
separately measured.
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2.6.2. PM penetration in 3D
For the microspheroids generation, HepG2 cells were seeded in

Elplasia™ (Kurarray Co Ltd., Japan) microwell plates (20,000 cells/
well). The plates are made in 96 well plate format with a microgrid of
200x200 μm squares in the bottom of each well. After seeding, cells
were randomly distributed between the squares of the microgrid and
formed individual microspheroids in suspension with a diameter of
50–120 μm after 3–5 days of culturing at 37 °C in a 5% CO2 and hu-
midified atmosphere. Before the addition of PM, cell nuclei of micro-
spheroids were stained with 10 nM Hoechst 33,342 in full culture
medium (100 μL) for 1 h at 37 °C. Then, 50% of the medium was re-
placed with fresh complete medium and appropriate amount of fluor-
escently labeled PM was added. PM penetration in microspheroids was
monitored with 20x objective of CV7000s (Yokogawa Electric
Corporation, Tokyo, Japan) as often and as long as it was required for a
particular experiment. Non-treated microspheroids were used as nega-
tive control.

For the gel penetration study in 3D, 2 lane Mimetas OrganoPlate®
(Leiden, the Netherlands) were used. The plates are based on a 384-well
microtiter plate format featuring 96 microfluidic tissue chips, with each
chip connecting four neighboring wells: one well is used for adminis-
tering the cell/gel mixture (gel channel, Fig. 7), two wells for supplying
growth medium (perfusion channel, Fig. 7), and a fourth well for
imaging. The cell/gel mixture fills gel channel of the tissue chip using
capillary pressure barriers called phase guides, which provides mem-
brane-free exchange of nutrients, gases, and waste products between
the cell/gel and the medium (Wevers et al., 2016).

Here, HepG2 cells were seeded in Mimetas OrganoPlate® in ac-
cordance with manufacturer protocols. Briefly, cells were harvested,
counted, centrifuged and the pellet was dissolved in Matrigel® (Corning
®, Lot number 7079007, 9.4 mg/mL) at 106 cells/mL. Next, 2 μL of gel
mixture per chip was pipetted in the gel inlet of the OrganoPlate®. The
gel was left to polymerize for 30 min at 37 °C. Afterwards, 50 μL of
complete growth medium per chip was pipetted in the medium inlet
and the plate was placed on Mimetas rocking platform in the cell in-
cubator to start perfusion (Trietsch et al., 2017). After 3–4 days of
growth, the media in each chip were replaced with fresh complete
medium with appropriate amount of PM. Before addition of the PM,
10 nM Hoechst 33,342 in complete medium (100 μL) was added for
nuclei labeling and incubated for 1 h at 37 °C. After PM addition, the
continued gravitational flow was ensured by the Mimetas rocking
platform (Trietsch et al., 2017) for 4 or 24 h and subsequently imaged
with 10x objective of CV7000s (Yokogawa Electric Corporation, Tokyo,
Japan) and the depth of PM perfusion into the gel channel was quan-
tified in 5 gel segments as shown in Fig. 7. Chips with non-treated cells
were used as negative control. In this experiment, independent re-
plicates were prepared. Each of the replicates represents an individual
cell-cultured well, which was separately measured.

2.6.3. Image analysis
Customized image analysis protocols were developed with

Columbus Software (U.S. National Institutes of Health, Bethesda,
Maryland, USA). For the gel penetration depth measurements Fiji
software was used.

3. Results

3.1. Preparation and characterization of the different mPEG5k-b-p(HPMA-
Bz) PM

Throughout this study, PM were made from four different mPEG5k-
b-p(HPMA-Bz) block copolymers, with a fixed molecular weight of PEG
(5 kDa) and different molecular weights of the hydrophobic blocks of
pHPMA-Bz (3, 5, 10 and 17 kDa). Previously, non-drug loaded PM were
prepared and their features (such as critical micelle concentration, etc.)
were studied (Bagheri et al., 2018). Here, PM of these different poly-
mers loaded with different PTX contents were prepared by nanopreci-
pitation using ethanol as the solvent for the block copolymers and PTX
and HBS as non-solvent. Table 1 reports the loading capacity (LC),
encapsulation efficiency (EE), zeta potential, particle size and size dis-
tribution of the different PM. This table as well as the data presented in
Tables S2 and S3 show that the hydrodynamic diameter (Z-ave) and
polydispersity index (PDI) of the PM of a given polymer was not af-
fected by the loading percentage of PTX. However, by decreasing the
hydrophobic block size (from 17 to 3 kDa) and thus the hydrophobic/
hydrophilic balance of the polymer, the average size of the PM de-
creased from 53 to 38 nm. The zeta potential of the PM was slightly
negative for all variants (between −1.6 and −3.5 mV). The data fur-
ther show that the EE of PM for PTX ranged from ~40–70% (except for
the last formulation of Table S3 (EE was 21%)) resulting in LC’s ranging
from ~2–9% (Table 1 and Tables S2 and S3).

3.2. Effect of polymer type and drug to polymer ratio on the drug leakage
and size stability of PM

In order to assess the performance of PM-based PTX formulations
with respect to drug retention during storage, PTX loaded PM were
prepared and without further modifications, placed at 37 °C for 7 days.
The results show that PM based on mPEG5k-b-p(HPMA-Bz)3k, which
contains the shortest hydrophobic polymer block, was by far the leak-
iest under these conditions (Fig. 1A, S1A and S1C). At the initial drug/
polymer ratio of 0.1 this PM retained only 40% of the drug after 6 h of
incubation. At 1 day, about 20% of PTX was retained inside these PM
while PM based on mPEG5k-b-p(HPMA-Bz)17k with the longest hydro-
phobic block still retained almost 80% of PTX. The other two PM for-
mulations showed an intermediate behavior with more PTX leakage
from PM prepared of polymer with shorter hydrophobic blocks (i.e.
mPEG5k-b-p(HPMA-Bz)5k) (Fig. 1A).

For PM based on mPEG5k-b-p(HPMA-Bz)17k and mPEG5k-b-p(HPMA-
Bz)3k, which are the most and the least stable respectively, drug re-
tention as a function of the initial drug/polymer ratio was assessed. As
can be seen in Fig. 1B and C, lower initial drug/polymer ratio clearly
led to a better drug retention. As shown in Fig. 1B, the most severe PTX
leakage was observed in PM with initial drug/polymer ratio of 0.15 (i.e
15% w/w PTX loading) with 44% of PTX retained inside these PM after
7 days of incubation. In this set, similar drug retention (more than 80%)
was observed in PM with initial drug/polymer ratio of 0.05 and 0.1 (i.e
5 and 10% w/w PTX loading). Results showed that PM based on
mPEG5k-b-p(HPMA-Bz)3k with initial drug/polymer ratio of 0.05 (i.e

Table 1
Physicochemical characteristics of PM prepared using block copolymers of different molecular weights with a drug/polymer (w/w) ratio of 0.1 (3 mg PTX and 30 mg
polymer). Data are presented as mean ± SD of independent replicates (n = 4).

Polymer Z-ave (nm) PDI Zeta potential* (mV) EE (%) LC (%)

mPEG5k-b-p(HPMA-Bz)17k 53 ± 1 0.05 ± 0.01 −2.1 ± 0.4 52.6 ± 6.7 4.9 ± 0.6
mPEG5k-b-p(HPMA-Bz)10k 51 ± 1 0.04 ± 0.02 −3.2 ± 1.9 53.9 ± 7.9 5.0 ± 0.6
mPEG5k-b-p(HPMA-Bz)5k 40 ± 1 0.05 ± 0.03 −3.3 ± 0.7 42.7 ± 8.9 3.9 ± 0.8
mPEG5k-b-p(HPMA-Bz)3k 38 ± 1 0.10 ± 0.03 −3.1 ± 1.2 43.4 ± 9.2 4.0 ± 1.0

* Zeta potential was measured in a solution of HEPES (10 mM, pH 7.5).
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5% PTX loading) is the most stable one in this set by retaining 40% of
PTX after 7 days of incubation. At this time point, around 13% of PTX
was retained in PM with initial drug/polymer ratio of 0.1 (i.e 10% PTX
loading), while almost no PTX was retained in PM with initial drug/
polymer ratio of 0.15 (i.e 15% PTX loading) (Fig. 1C).

Monitoring the mean size (presented as hydrodynamic diameter),
light‐scattering intensity (presented as derived count rate) and size
distribution (presented as PDI) of PM at the initial preparation drug/
polymer ratio (w/w) of 0.1 pointed to high stability (Fig. 2A–C).

As shown in Fig. 2D, no obvious aggregation could be detected in
PM of different polymer variants confirming the stability of the micelles
as demonstrated by DLS analysis (Fig. 2A–C).

Besides the 37 °C storage condition, drug-loaded PM were also ex-
amined for their stability at 25 and 4 °C for 5 weeks (Fig. S2A to J). The
results showed that in lower temperature conditions, the PM were more
stable and the PM types had slight impact on PTX stability compared to
37 °C storage condition.

3.3. Evaluation of in vitro release of PTX from PM in presence of Tween 80®
and BSA

Besides during storage, PTX release may also occur after adminis-
tration of the drug loaded PM in the bloodstream. The released PTX
molecules will then likely bind to albumin with high protein binding
(more than 90%) (Eiseman et al., 1994; Kumar et al., 1993). Previously,
the PTX release of PM was studied in PBS using centrifugation method.
Utilizing this method, ~30% of the drug was released from PM in
10 days (Shi et al., 2015). To further mimic the in vivo situation, PTX
release was studied in dispersion medium containing additional 0.2%
Tween 80® micelles or 4.5% BSA. Since Tween 80® and mPEG-b-p
(HPMA-Bz) might form mixed micelles, the stability of the PM in the
presence of Tween 80® was investigated using DLS. After 7 days in-
cubation of PM with 0.2% v/v Tween 80® micelles, DLS analysis
showed two peaks (Fig. S3), one with a size of around 10 nm (corre-
sponding to Tween 80® micelles) and the other with a size of around
60 nm (corresponding to PM). This indicates that Tween 80® does not
disrupt the PM and form mixed micelles with mPEG-b-p(HPMA-Bz).
This experiment was also performed with PM incubated with PBS/BSA
4.5% w/w and just as with Tween 80®, DLS analysis showed two peaks,
which indicates that the BSA did not disrupt the PM (data not shown).

When incubated in one of both media, a fast PTX release (ranging
from 36 to 69%, dependent on the PM variant) was seen over the first
4 h followed by a gradual release during the following 7 days (PM
prepared at initial drug/polymer ratio of 0.1) (Fig. 3). Independent of
the outer medium, the fastest release was obtained with PM based on
mPEG5k-b-p(HPMA-Bz)3k containing the shortest hydrophobic block. By
increasing the molecular weight of the hydrophobic block, the drug was

released slower. After 7 days, PM based on mPEG5k-b-p(HPMA-Bz)17k

and mPEG5k-b-p(HPMA-Bz)10k released 72–78% of the loaded drug
whereas PM based on mPEG5k-b-p(HPMA-Bz)5k and mPEG5k-b-p
(HPMA-Bz)3k with the shorter hydrophobic block chains released
81–90% of the loading (Fig. 3A and B).

We also investigated the effect of initial drug/polymer ratio (w/w)
on the drug release profile of the different PM variants in 4.5% BSA
containing dispersion medium and compared the drug release of PM of
polymers mPEG5k-b-p(HPMA-Bz)17k and mPEG5k-b-p(HPMA-Bz)3k with
different drug/polymer ratio of 0.05, 0.1, and 0.15 (i.e 5%, 10%, and
15% PTX loading). As can be seen in Fig. 4A and B, drug release profiles
obtained upon incubation in dispersion medium containing 4.5% BSA
were independent of initial drug/polymer ratio for both micellar for-
mulations.

3.4. Effect of type of PM on cellular uptake and tumor penetration

In order to investigate the effect of the size of mPEG5k-b-p(HPMA-
Bz) PM on their uptake by cancer cells, we performed (1) cellular up-
take experiments in classical monolayer-grown cell cultures in vitro and
(2) tumor tissue penetration experiments in 3D tumoroid cultures
grown in suspension in ultra-low attachment microplates or in hydrogel
matrix.

3.4.1. Effect of size of PM on their uptake by 2D cultured tumor cells
The uptake of Cy3-labeled PM by monolayer culture of PC3 prostate

cancer cells and HepG2 hepatocellular carcinoma cells was visualized
using confocal laser scanning microscope and quantified with
Columbus™ software. Additional endosome labeling with PH Rodo
dextran green was applied. Examples of obtained images after two
hours incubation with the PM from polymer mPEG5k-b-p(HPMA-Bz)17k

are presented in Fig. 5A. As seen, PM were internalized by both cell
types and partially co-localized with the endosomal staining. The dif-
ferent PM displayed a similar uptake pattern. The total fluorescence
intensity inside the cells after 4 h of incubation was quantified, nor-
malized by subtraction of baseline fluorescence of non-treated cells and
compared (Fig. 5B). While incubation with HepG2 cells seems to lead to
somewhat higher cell-associated fluorescence levels compared to PC3,
especially in case of smaller PM based on mPEG5k-b-p(HPMA-Bz)5k and
mPEG5k-b-p(HPMA-Bz)3k, PC3 cells did not show substantial uptake
differences between the different PM.

3.4.2. Effect of PM size on penetration into 3D tumor tissue cultures
The penetration of mPEG5k-b-p(HPMA-Bz) of different sizes was

studied in two 3D tumor tissue culture systems varying in degree of
complexity (HepG2 microspheroids grown in suspension in low at-
tachment Kurarray Elplasia microplate and hydrogel embedded HepG2

Fig. 1. Drug retention of PM during storage at 37 °C for 7 days in HBS. (A) PM prepared at a drug/polymer ratio of 0.1, (B) PM variant mPEG5k-b-p(HPMA-Bz)17k with
different initial drug/polymer ratios at start of their preparation and (C) PM variant mPEG5k-b-p(HPMA-Bz)3k with different initial drug/polymer ratios at start of
their preparation. Data are presented as mean ± SD of technical repeats (n = 3).

M. Sheybanifard, et al. International Journal of Pharmaceutics 584 (2020) 119409

5



3D cultures in Mimetas OrganoPlate®).
PM were incubated with HepG2 microspheroids (diameter ap-

proximately 50–100 μm) and imaged with confocal laser scanning mi-
croscopy. Representative examples of maximum projection images of
acquired Z stacks are presented in Fig. 6. After four hours of incubation
with HepG2 microspheroids, the PM of different sizes showed minor
differences in penetration profile into the spheroids. Analysis of Cy5
intensity inside the spheroids after four hours of incubation with PM
showed slightly lower values for the smaller sized PM based on
mPEG5k-b-p(HPMA-Bz)5k and mPEG5k-b-p(HPMA-Bz)3k compared to
the other two PM variants with larger sizes. In case of PM based on

mPEG5k-b-p(HPMA-Bz)17k penetration kinetics into the spheroids was
also studied by live imaging over time. We observed deeper penetration
of the Cy5-labeled PM in HepG2 spheroids over time. In the first 1–2 h,
the fluorescence signal was mostly detected on the periphery but after
4, 8 and 16 h of incubation the signal was observed in more central
parts of the microspheroid.

The ability of PM to passively diffuse into extracellular matrix sur-
rounding tumor cells was studied using Mimetas OrganoPlates®. As
shown in Fig. 7, at 4 h, the highest signal at deeper gel layers (400 and
500 μm) was observed for the smaller PM based on mPEG5k-b-p(HPMA-
Bz)5k. However, at 24 h these differences were not detectable anymore

Fig. 2. Stability of the different PTX-loaded PM (initial drug/polymer ratio of 0.1) regarding size (2A), derived count rate (2B), polydispersity (2C), and morphology
(2D) during storage in HBS at 37 °C. In the figures A, B and C, data are presented as mean ± SD of independent replicates (n = 3). TEM images were taken
immediately after preparation and after 7 days of storage at 37 °C (size bar 100 nm).

Fig. 3. PTX release from PM based on four different mPEG5k-b-p(HPMA-Bz) block copolymers. The release was performed in medium with additionally 0.2% Tween
80® micelles (A) or 4.5% BSA (B) at an initial drug/polymer ratio of 0.1 at 37 °C. Data are presented as mean ± SD of independent replicates (n = 3).
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and all three PM formulations except mPEG5k-b-p(HPMA-Bz)3k showed
approximately the same gel penetration pattern.

4. Discussion

Many PM formulations suffer from physical instability and poor
drug retention in vivo, which leads to premature drug release. To further
improve the entrapment of hydrophobic drugs in PM, PEG block co-
polymers with a hydrophobic block composed of benzoylated mono-
mers have been developed, and promising results have recently been
reported with PM made of mPEG5k-b-p(HPMA-Bz) and PTX as a pro-
totype hydrophobic anticancer drug (Shi et al., 2015; Shi et al., 2013).
In the current study, we optimized this PTX-PM formulation with the
aim to better control two main critical design features, namely particle
size and drug retention. To that end we varied two parameters, namely
the molecular weight of the hydrophobic blocks and drug to polymer
ratio in the feed used to prepare the PTX-loaded PM.

Indeed, it is of primary importance to evaluate what the optimal size
is for a nanomedicine product and to define the boundaries that a
product must remain within to preserve the desired in vivo behavior
(Bae and Park, 2011). While a nanomedicine for intravenous applica-
tion should at least be between 10 and 200 nm, with 10 nm being the
lower limit to avoid renal filtration (Hoshyar et al., 2016) and 200 nm
the upper limit that still theoretically allows for sterile filtration, the
vast majority of PM are within the 10–100 nm range (Jones and Leroux,
1999; Yokoyama, 2011). This size range indeed reportedly shows op-
timal blood residence time and target localization in tumors. However,

previous research revealed that nanoparticles must be below 50 nm in
order to sufficiently penetrate into tumors (Cabral et al., 2011). We
showed here that our PM can be sized down to below 40 nm while
preserving their very low polydispersity index. Here, the largest two
blocks led to a 52 nm particle while the smallest two blocks resulted in
particles of still around 39 nm in diameter.

Although we did not observe any substantial differences in the
cellular uptake of the PM in 2D and 3D microspheroids, an increased
penetration of the smaller PM was seen in human hepatocellular tumors
cultured in extracellular matrix in 4 h. This is in line with previous
studies on the effect of size on tumor penetration (Cabral et al., 2011;
Priwitaningrum et al., 2016). PM with a size of 40 nm based on
mPEG5k-b-p(HPMA-Bz)5k showed the best penetration at each depth
layer in the culture. Interestingly, though similar in size, the PM based
on mPEG5k-b-p(HPMA-Bz)3k lost its penetration capacity, which can
probably be attributed to low stability of these PM in biological media.

Following size, the second key quality attribute is drug release rate,
as this determines the concentration-time profile of free active drug at
the target site. While this is in the first place likely determined by the
PM core size and hydrophobicity, and thus by the hydrophobic polymer
block length, the initial loading (which in turn is determined by the
drug to polymer ratio in the feed solution used for preparation of the
micelles) is an influential composition parameter as well, as shown by
Yu et al. (2013). Literature reveals on the one hand that very slow drug
release leads to suboptimal pharmacologic activity while on the other
hand fast release kinetics prevents the drug from reaching the target
site (Yokoyama, 2014). Slow but sustained drug release is typically

Fig. 4. Release of PTX from PM in PBS with 4.5% BSA at 37 °C (A) polymer mPEG5k-b-p(HPMA-Bz)17k with different PTX loadings and (B), polymer mPEG5k-b-p
(HPMA-Bz)3k with different PTX loadings. Data are presented as mean ± SD of independent replicates (n = 3).

Fig. 5. PM uptake by PC3 and HepG2 cells in monolayer cultures in vitro: (A) Representative confocal microscopy images of Cy3-labeled PM based on mPEG5k-b-p
(HPMA-Bz)17k after 2 h incubation with PC3 and HepG2 cells; Red: PM label, blue: nuclei stained with Hoechst 33342, and green: endosomes labeled with pHrodo™
green; size bar 10 μm. (B) Cell-associated fluorescence intensity after 4 h with different mPEG5k-b-p(HPMA-Bz) PM. Normalized by subtraction of baseline fluor-
escence of non-treated cells; each bar represents an average cell-associated fluorescence intensity. Data are presented as mean ± SD of independent replicates
(n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. PM penetration into HepG2 microspheroids: (A) Representative confocal microscopy images of Cy5-labeled PM after 4 h of incubation with HepG2 mi-
crospheroids at 37 °C; (B) Bar chart depicting Cy5 fluorescence intensity detected in the microspheroids after 4 h of incubation with PM and normalized by
subtraction of baseline fluorescence of non-treated wells; each bar represents fluorescence intensity. Data are presented as mean ± SD of independent replicates
(n = 3); (C) Representative confocal microscopy images of penetration kinetics of mPEG5k-b-p(HPMA-Bz)17k PM; Red: PM label, blue: nuclei stained with Hoechst
33342, size bar 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. PM penetration in gel embedded HepG2 3D cultures: (A) schematic view of PM penetration in HepG2 cells seeded in OrganoPlate® (B) top view; an example of
confocal microscopy image of gel embedded HepG2 in OrganoPlate® after 4 h of incubation with Cy3-labeled PM. It shows channels geometry of the OrganoPlate®
and image fields used for Cy3 intensity analysis. Red: PM label, blue: nuclei stained with Hoechst 33342, size bar 200 μm; (C) and (D) Bar chart depicting Cy3
fluorescence intensity detected in the 300 by 100 μm regions of the gel (same regions in each image) after 4 h (C) and 24 h (D) of continued perfusion of PM through
the medium channel. Normalized by subtraction of baseline fluorescence of non-treated cells; each bar represents an average cell-associated fluorescence intensity.
Data are presented as mean ± SD of independent replicates (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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aimed at and Abouelmagd et al. reviewed several reports on a range of
different PTX nano-formulations that show sustained drug release in-
dependent of formulation type (Abouelmagd et al., 2015). Meanwhile,
in cancer therapy, it can be beneficial if the drug is rapidly released
from PM as soon as it has reached the tumor. Rapid drug release can
result in improved therapeutic efficacy and preventing tumor cells to
acquire resistance to the drug (Deng et al., 2012).

In our study we showed that the presence of longer hydrophobic
blocks in the PM core results in a better retention and a slower release
rate of PTX over time, which are in line with other studies (Hussein and
Youssry, 2018; Lin et al., 2003). Interestingly, we do not observe a
correlation between initial drug loading and drug release rate. To
perform the release tests, Tween 80®/PBS and BSA/PBS were used as
the release media. The addition of excess amounts of Tween 80® and
BSA helped to better represent the in vivo release. However, PTX release
profile showed no substantial differences in these two media. Moreover,
we evaluated the released fraction of the PTX indirectly, through
quantifying the remaining drug in the PM at regular time points. All our
PM formulations showed evident fast release (between 36 and 69% of
the loading) within the first 4 h. Whether this is a desirable release
pattern depends on the time that PM after iv administration sig-
nificantly accumulate in tumors exploiting the EPR effect (Maeda et al.,
2013).

Regarding the PTX loading percentages, it has been previously
shown that lower drug loadings result in a better stability (Lübtow
et al., 2019). Here, we observed that the relatively high initial drug
loading of 15% w/w was clearly the least stable. Although PM with a
lowest initial drug loading of 5% w/w in our study showed better sta-
bility upon storage, no substantial differences in the in vitro drug release
profile were observed between the initial drug loading of 5 and the
intermediate 10% w/w. Taking into account the practical advantages of
higher drug loading, an initial drug loading of 10% w/w will be se-
lected for further development.

5. Conclusion

In this study, we aimed to optimize a novel PTX-PM anticancer drug
product and select a lead candidate formulation of this product for
further clinical development. To this end, we formulated PTX-PM and
performed advanced in vitro tests looking at stability, drug release in the
presence of Tween 80® and BSA as solubilizers and PM tumor pene-
tration in cell cultures, the latter two assays being more predictive of in
vivo behavior. In these assays, we observed that the PM obtained with
the two largest block copolymers mPEG5k-b-p(HPMA-Bz)17k and
mPEG5k-b-p(HPMA-Bz)10k have similar size, stability, PTX retention
and release profile as well as cellular uptake and penetration.
Meanwhile, PM of the two smallest block copolymers mPEG5k-b-p
(HPMA-Bz)5k and mPEG5k-b-p(HPMA-Bz)3k revealed a similar but
smaller size, and also a faster leakage of which the smallest, namely
mPEG5k-b-p(HPMA-Bz)3k polymer showed inferior stability and de-
creased cellular uptake. Since PTX retention and tumor penetration are
both desirable features that are apparently at odds with each other,
utilizing mPEG5k-b-p(HPMA-Bz)17k and mPEG5k-b-p(HPMA-Bz)5k poly-
mers would provide the better stability of the PM based on the former
and smaller size and better penetration property of the PM based on the
latter polymer and consequently, we can efficiently choose the one
optimum polymer with help of further in vivo studies. In light of future
studies, the results obtained in the current project can pave the way
towards developing more efficient systems for drug delivery.
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