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The preparation of core-shell polymeric nanoparticles simultaneously loaded with docetaxel (DTXL) and
doxorubicin (DOX) is reported herein. The self-assembly of the aliphatic biodegradable copolyester PBS/PBDL
(poly(butylene succinate-co-butylene dilinoleate)) and HPMA-based copolymers (N-(2-hydroxypropyl)
methacrylamide-based copolymers) hydrophobically modified by the incorporation of cholesterol led to the
formation of narrow-size-distributed (PDIb0.10) sub-200-nm polymeric nanoparticles suitable for passive
tumor-targeting drug delivery based on the size-dependent EPR (enhanced permeability and retention) effect.
The PHPMA provided to the self-assembled nanoparticle stability against aggregation as evaluated in vitro. The
highly hydrophobic drug docetaxel (DTXL) was physically entrapped within the PBS/PBDL copolyester core
and the hydrophilic drug doxorubicin hydrochloride (DOX·HCl) was chemically conjugated to the reactive
PHPMA copolymer shell via hydrazone bonding that allowed its pH-sensitive release. This strategy enabled
the combination chemotherapy by the simultaneous DOX and DTXL drug delivery. The structure of the
nanoparticles was characterized in detail using static (SLS), dynamic (DLS) and electrophoretic (ELS) light
scattering besides transmission electron microscopy (TEM). The use of nanoparticles simultaneously loaded
with DTXL and DOX provided a more efficient suppression of tumor-cell growth in mice bearing EL-4 T cell
lymphomawhen compared to the effect of nanoparticles loadedwith eitherDTXL or DOX separately. Additionally,
the obtained self-assembled nanoparticles enable further development of targeting strategies based on the use of
multiple ligands attached to an HPMA copolymer on the particle surface for simultaneous passive and active
targeting and different combination therapies.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Combined therapy could provide a promising strategy to suppress
cancer-drug resistance because different drugs may damage or kill
cancer cells at different stages of their growth cycles through distinct
mechanisms of action. Clinically, it has been reported that a variety of
drug combinations can induce synergisms in their activities and prevent
disease recurrence [1]. Nevertheless, one major challenge of combina-
tion therapy is to unify the pharmacokinetics and cellular uptake of
various drug molecules to precisely control the dosage and scheduling
of multiple drugs, thereby maximizing their combined effects [2].
Load multiple therapeutic agents into a single drug-delivery vehicle
for concurrent delivery to the desired sites of action provide a straight-
forward solution to this problem [3,4]. The systems based on reactive
N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers are success-
ful examples. The polymer is highly hydrophilic, non-immunogenic and
rights reserved.
non-toxic and remains in the circulation for an extended period of
time to enable drug combination therapy [5,6]. The HPMA copolymers
(PHPMA) have recently been used as drug carriers for the combination
of doxorubicin and aminoglutethimide [7], gemcitabine and doxoru-
bicin with radiolabeled iodine-131-bound tyrosinamide [3] in addition
to doxorubicin and dexamethasone [8]. Remarkable improvements
have been confirmed in the therapeutic effects.

Promising advances in cancer treatment via combination therapy
have also been achieved with polymeric nanoparticles (NPs). Several
NP drug-delivery systems have demonstrated the ability to co-deliver
multiple drugs [9–11]. The delivery of multiple drugs through a
single nanoparticle has several advantages over delivery using co-
administered NPs including the delivery of the drugs in the correct
drug ratio, possible synergistic therapeutic effects, suppressed drug
resistance and the ability to control drug exposure [12–14]. These
two active research fields have recently converged to further improve
the efficacy of cancer therapeutics.

This work details an alternative protocol for preparing sub-200-nm
core-shell polymeric nanoparticles through the self-assembly of a

http://dx.doi.org/10.1016/j.jconrel.2012.11.009
mailto:jager@imc.cas.cz
http://dx.doi.org/10.1016/j.jconrel.2012.11.009
http://www.sciencedirect.com/science/journal/01683659
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biodegradable copolyester (PBS/PBDL) and hydrophobically modified
HPMA-based copolymers. The anticancer drug doxorubicin (DOX) has
been chemically conjugated to HPMA copolymer. The NPs are based
on the following: (i) a biodegradable hydrophobic copolyester core
(PBS/PBDL) that is able to carry the poorly water-soluble bioactive
drug docetaxel (DTXL) with high loading and efficiency and (ii) a
doxorubicin-conjugated HPMA copolymer hydrophilic shell that allows
the NPs to escape recognition by the immune system components due
to its protein-repellent properties. The use of hydrazone bonds permits
the DOX, which is chemically attached to the HPMA copolymer, to be
released via a pH-triggered pathway, thereby yielding nanoparticles
potentially suitable for use in combination chemotherapy in vivo.

The nanoparticles were designed to enhance the accumulation and
uptake of the therapeutics in solid tumors through the combination of
their generally leaky microvasculature and missing or tight lymphatic
capillary systems. This effect is known as the enhanced permeability
and retention (EPR) effect. Such mechanisms generally guide the prin-
ciples of passive tumor targeting. The EPR effect can be observed in
almost all human solid tumors except in hypovascular sites (prostate
or pancreatic cancer) [15]. The use of HPMA-based copolymers was
encouraged by their known capability to decrease liver accumulation
and prolong the circulation time of nanoparticles, as previously
reported for PHPMA-modified liposomes [16] and PHPMA-modified
nanospheres [17]. In polyelectrolyte complexes, extended plasma circu-
lation, protein repellence and resistance to opsonization were success-
fully achieved [18].

As proof-of-principle, the current study demonstrates that the
simultaneous delivery of DOX and DTXL to solid tumors is feasible in
vivo through core-shell NPs using the HPMA-based copolymers and
the PBS/PBDL degradable copolyester. The core-shell NPs were charac-
terized in detail using static, dynamic and electrophoretic light-
scattering techniques in addition to transmission electron microscopy,
and their effectiveness was demonstrated in vivo in mice bearing EL-4
T cell lymphoma.

2. Experimental section

2.1. Materials

Dimerized fatty acid (DFA)—hydrogenated dilinoleic acid (DLA), trade
name Pripol 1009,molecularweight ~570 g·mol−1, (C36) (Uniqema BV,
The Netherlands); 1,4-butanediol (BD, Aldrich Chemie, CZ); succinic acid
(SA, Aldrich Chemie, CZ); acetone (Merck, CZ) and THF (Merck, CZ) were
used as received.Methacryloyl chloride, and 2,2′-azobis(isobutyronitrile)
(AIBN) were purchased from Sigma-Aldrich. All other chemicals and
solvents were of analytical grade. The solvents were dried and purified
using conventional procedures and distilled prior to use. Human plasma
was purchased from Sigma-Aldrich. All water was pretreated with
the Milli-Q® Plus System (Millipore Corporation). Doxorubicin hydro-
chloride (DOX·HCl)was purchased fromMeiji Seiko, Japan anddocetaxel
(DTXL) was purchased from Aurisco, China.

2.2. Synthesis and characterization of the copolyester

The synthesis of the aliphatic copolyesterwas performed following a
previously described two-step melt polycondensation (esterification
and polycondensation) protocol [19,20]. SA, DLA and BD were loaded
into a glass reactor in a 1/2.2 molar ratio with the catalyst TBT
(4×10−4 mol/mol diacids). The vessel was further evacuated and filled
with argon. The reaction mixture was heated at 200 °C and stirred at
constant speed (400 rpm). This first step (esterification) was consid-
ered complete when the theoretical H2O yield (approximately 4 h)
was removed from the reaction mixture by distillation and collected
in a graduate cylinder. The polycondensation reaction was carried out
at 250 °C, ~0.03 atm, under stirred at a constant speed (700 rpm) and
it has been considered complete after 8 h.
The copolyester was purified via dissolution in chloroform and
precipitation with methanol. The number average molecular weight
(Mn) and molecular weight distribution (polydispersity, Mw/Mn) of
the synthesized copolymer were determined using SEC [20]. Tetrahy-
drofuran (THF) was used as the mobile phase at a flow rate of
0.5 mL·min−1. The injection-loop volume was 0.1 mL. Measurements
were performed using triple viscosity/concentration/light scattering
detection. The apparatus was connected to a DAWN DSP-F light-
scattering photometer (Wyatt Technology Corp.), a Viscotek model
TDA 301 modified differential viscometer (without internal light scat-
tering and concentration detectors) and a Shodex RI 71 differential
refractometer. The data were accumulated and processed using the
Astra and triSEC software packages. The 1H NMR and 13C NMR spectra
were collected on a Bruker AMX-300 spectrometer at 25 °C operating
at 300.1 MHz (1H NMR) or 75.5 MHz (13C NMR). The PBS/PBDL
copolyester was dissolved in deuterated chloroform (CDCl3) and the
spectra were internally referenced to tetramethylsilane (TMS).
Sixty-four scans were acquired for the 1H NMR and 1000–10,000
scans for the 13C NMR with 32 K and 62 K data points and delay times
of 1 and 2 s, respectively. The quantitative 1H NMR spectra were
recorded with pulse widths of 6 ms (π/3) and a delay time of 20 s. For
the 13C NMR, the pulse and spectral widths were 4.3 ms (π/2) and
18 kHz, respectively.

2.3. Synthesis of both the PHPMA-chol (amphiphilic copolymer based on
HPMA bearing a covalently bound cholesterol anchor) and the PHPMA-
chol-DOX conjugate

2.3.1. Synthesis of the monomers
N-(2-hydroxypropyl)methacrylamide (HPMA) [21]: m.p. 69–70 °C,

(C7H13NO2)n (143.19)n: calcd. C 58.72, H 9.15, N 9.78; found C 58.98,
H 9.18, N 9.82; 6-methacrylamidohexanohydrazide (MA-ɛAhx-NHNH2)
[22]: m.p. 79–81 °C, (C10H17N3O2)n (213.28)n: calcd. C 56.32, H 8.98, N
19.70; found C 56.49, H 8.63, N 19.83; and cholest-5en-3β-yl 6-
methacrylamido hexanoate (MA-ɛAhx-chol) [23]: m.p. 98–100 °C,
(C37H61NO3)n (567.90)n: calcd. C 78.25, H 10.83, N 2.47; found C
78.73, H 10.85, N 2.34, were prepared as previously described. The
structure and purity of the monomers were examined using 1H-NMR
(Bruker spectrometer, 300 MHz) and HPLC (Shimadzu 10VP) with a
C18 reverse-phase Chromolith Performance RP-18e (4.6×100 mm)
column with diode array detection. The eluent was water–acetonitrile
with gradient of 5–95 vol.% acetonitrile, 0.1 vol.% TFA and a flow-rate
of 1 mL·min−1.

2.3.2. Synthesis of PHPMA-chol
The polymer precursor PHPMA-chol was prepared in solution via

the free-radical polymerization of HPMA, MA-ɛAhx-NHNH2 and MA-
εAhx-chol inmethanol using AIBN as an initiator: AIBN (1 wt.%),mono-
mers (14 wt.%), molar ratio HPMA/MA-ɛAhx-NHNH2/MA-εAhx-chol
(89.6:8:2.4). The polymerization conditions and method of polymer
isolation are described in the literature [22].

2.3.3. Synthesis of PHPMA-chol-DOX conjugate
The synthesis of the PHPMA-chol-DOX conjugate was performed

through a reaction of the corresponding polymer precursor (PHPMA-
chol) containing hydrazide groups with DOX in methanol in darkness.
The polymer drug conjugate (PHPMA-chol-DOX)was purified to remove
low-molecular-weight impurities (DOX or its degradation products) by
gel filtration using a Sephadex LH-20 column with methanol as the
eluent [23].

2.4. Characterization of HPMA-based polymers

The molecular weights of the polymers were determined with
a Shimadzu HPLC system equipped with a GPC column (TSKgel
G3000SWxl (300×7.8 mm; 5 μm)), an Optilab®-rEX UV/Vis refractive
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index (RI) and DAWN EOS multiangle light scattering (MALS) (Wyatt
Technology Co., USA) detectors using amethanol–sodiumacetate buffer
(0.3 M; pH 6.5) mixture (80:20 vol.%; flow rate=0.5 mL·min−1).

The cholesterol content in the PHPMA-cholwas determined using 1H
NMR (Bruker spectrometer, 300 MHz) in (CD3)2SO, and the integral
intensities of the 1H NMR spectra were compared: δ 5.32 t, 1H (C=CH
of cholesterol); δ 8.05 d; δ 3.68 Br, 1H (CH\OH of HPMA). The content
of the hydrazide groups in the PHPMA-chol was determined using a
modified TNBSA assay as described in the literature [22]. The total DOX
content in the PHPMA-chol-DOX was measured using UV/Vis spectro-
photometry in methanol [23]. The quantity of unbound DOX was deter-
mined by HPLC using a TSKgel G3000SWxl column (300×7.8 mm;
5 μm)equippedwith a Shimadzu SPD-M10Aphoto-diode array detector
(488 nm) and a methanol–sodium acetate buffer (0.3 M; pH 6.5; 80:20
vol.% mixture; flow-rate=0.5 mL·min−1).

2.5. Preparation of the nanoparticles

The core-shell NPs were prepared using a combination of the
nanoprecipitation protocol and self-assembly. The following five NPs
were prepared using the PBS/PBDL copolyester and HPMA-based poly-
mers (Fig. 1): NP0 (PBS/PBDL uncovered and drug-free NPs), NP1
(drug-free NPs consisting of a PBS/PBDL core coated with PHPMA-
chol), NPDTXL (DTXL-loaded NPs with DTXL loaded into the PBS/PBDL
core coated with PHPMA-chol), NPDOX (NPs consisting of a PBS/PBDL
core coated with PHPMA-chol-DOX) and NPDTXL-DOX (NPs prepared
as a DTXL-loaded PBS/PBDL core coated with PHPMA-chol-DOX; DTXL/
DOX in an ~2/1 mol/mol ratio).

To prepare the NPDTXL-DOX, a preheated (40 °C) acetone solution
(5 mL) containing the PBS/PBDL copolyester (60 mg) and DTXL
(4.25 mg) was added drop-wise (EW-74900-00, Cole-Parmer®) into a
pre-heated (40 °C) 5% v/v ethanol Milli-Q® water solution (10 mL,
pH=7.4) containing the HPMA-chol-DOX copolymer (12.5 mg)
(10.1% wDOX/wPHPMA). The pre-formed NPs were allowed to self-
assemble over 2 h. The remaining acetone was then evaporated under
reduced pressure. Possible free molecules were removed by washing
the NP solution using an Amicon Ultra-4 centrifugal filter with a
molecular-weight cut-off of 30 kDa (Millipore, Prague, CZ). The NPs
were resuspended to yield the final desired volume (10 mL) and used
immediately. TheNPs, namedNP0, NP1, NPDTXL andNPDOX,were pre-
pared using essentially the same procedure.

2.6. Scattering characterization of the nanoparticles

2.6.1. Dynamic light scattering (DLS)
The DLS measurements were performed using an ALV CGE laser

goniometer consisting of a 22-mWHeNe linear polarized laser operating
Fig. 1.Molecular structure of the PBS/PBDL copolyester — left, PHPMA-chol — middle and
PHPMA-chol-DOX — right (top) and schematic representation of the prepared NPs
(bottom) (PBS/PBDL — black, PHPMA — blue, cholesterol anchor — yellow, DTXL —

green, and DOX — red).
at a wavelength (λ) of 632.8 nm, an ALV 6010 correlator, and a pair of
avalanche photodiodes operating in the pseudo cross-correlation mode.
The samples were loaded into 10-mm diameter glass cells and
maintained at 25±1 °C. The datawere collected using the ALV correlator
control software with a counting time of 90 s. The measured intensity
correlation functions g2(t)were analyzed using the REPES algorithm [24]
resulting in distributions of the relaxation times shown with equal area
representation as τA(τ). The mean relaxation time, or relaxation
frequency (Γ=τ−1), is related to the diffusion coefficient (D) of the

nanoparticles as follows: D ¼ Γ
q2

in which q ¼ 4 π n sin θ=2ð Þ
λ

is the scat-

tering vector with n being the refractive index of the solvent and θ the
scattering angle. The hydrodynamic radius (RH), or the distributions of
RH, were calculated using thewell-known Stokes–Einstein relationship:

RH ¼ kBT
6πηD

ð1Þ

in which kB is the Boltzmann constant, T is the absolute temperature
and η is the viscosity of the solvent. At least 5 measurements were
performed for each sample to check their reproducibility. The polydis-
persity of the nanoparticles was assessed using the cumulant analysis
[24] of the correlation functions measured at 90° as follows:

ln g1 tð Þ ¼ ln C−Γt þ μ2

2
t2 ð2Þ

in which C is the amplitude of the correlation function and Γ is the
relaxation frequency (τ−1) . The parameter μ2 is known as the second-
order cumulant and was used to compute the polydispersity index of
the samples (PDI=μ2/Γ2).

2.6.2. Static light scattering (SLS)
In the SLS mode, the samples were loaded into quartz cells

(Hellma, Germany), and the scattering angle was adjusted stepwise
from 30 to 150° with a 10° increase. The absolute light scattering is
related to the weight-average molecular weight (Mw(NP)) and to the
radius of gyration (RG) of the NPs by the Zimm formalism:

Kc
Rθ

¼ 1
Mw NPð Þ

1þ R2
Gq

2

3

 !
ð3Þ

in which K is the optical constant that includes the square of the
refractive index increment (dn/dc), Rθ is the excess normalized
scattered intensity (toluene was applied as the standard solvent)
and c is the polymer concentration given in mg·mL−1. The refractive
index increment (dn/dc) of the PBS/PBDL NPs in pure water
(0.153 mL·g−1) and PHPMA-chol (0.167 mL·g−1) was taken from
our previous literature data [20,25]. The concentrations and refractive
index increments of the core-shell NPs as a function of the molar
mixing ratio were estimated on the basis of the complex formation
model [26].

The average density of the nanoparticles (d) was estimated as:

d ¼ 3Mw NPð Þ
4πNA RHð Þ3 ð4Þ

in which NA is Avogadro's number.

2.6.3. Electrophoretic light scattering (ELS)
The ELS measurements (Zetasizer NanoZS instrument, Malvern

Instruments, UK) were employed to determine the average zeta
potential (ζ) of the nanoparticles. The equipmentmeasures the electro-
phoretic mobility (UE) and converts that value to the ζ-potential (mV)
through Henry's equation. The Henry's function was calculated using
the Smoluchowski approximation. The measurements were performed



Table 1
Macromolecular characteristics of the synthesized polymers.

Entry Mn (103 g·mol−1)a Mw/Mn
a Cholesterol amount

(mol%)b
DOX
(wt.%)c

PBS/PBDL 32.0 1.76 – –

PHPMA-chol 17.2 1.92 2.3 –

PHPMA-chol-DOX 21.1 1.65 2.3 10.1

a Measured by SEC.
b Determined by 1H NMR.
c Measured by UV/Vis spectrophotometry.
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in double distilled water at 25 °C and the reported ζ-potential values
are the average of the 10 measurements.

2.7. Transmission electron microscopy (TEM)

The observations were recorded using a JEM 200CX (Jeol, Japan)
microscope operating at 100 kV and equipped with a digital camera.
The brightness, contrast and gamma corrections were performed
using the standard software. The nanoparticles were diluted 100
times, and 5 μL of the aqueous solutions was dropped onto a copper
TEM grid (300 mesh) coated with a carbon film.

2.8. Drug loading and encapsulation efficiency

After washing steps, the total quantity of DOX and DTXL loaded
into the NPs was determined by the difference between the total
DOX and DTXL feeding. The total DOX content was calculated after
quantitative acid hydrolysis in 1 M HCl. After incubation for 1 h at
50 °C, doxorubicinone (aglycon of DOX) was extracted with chloroform.
The organic phase was evaporated to dryness and the remaining
solid was completely dissolved in acetonitrile and analyzed using a
gradient-based HPLC analyzer (Shimadzu, Japan) with a reverse-phase
Chromolith Performance RP-18e column (100×4.6, a water-acetonitrile
eluent with an acetonitrile gradient of 0–100 vol.%, flow rate=
1.0 mL·min−1) with fluorescence detection for DOX (excitation at
488 nm and emission at 560 nm) [27]. The total DTXL content in the
NPs was determined by dissolving all NP components with ACN, then
using the sameHPLC systemwith UVdetection at 227 nm [20]. Typically,
100 μL NP was used for the HPLC analysis. The drug-loading (LC) and
the drug-loading efficiency (LE) were calculated using the following
equations:

LC %ð Þ ¼ drug amount in nanoparticles
mass of nanoparticles

� 100; ð5Þ

LE %ð Þ ¼ drug amount in nanoparticles
drug feeding

� 100: ð6Þ

2.9. Release experiments

The release experiments were carried out at 37 °C in a pH-
adjusted incubation media (pH 7.4 and 5.0). Aliquots (500 μL) of the
core-shell NPDTXL-DOXwere loaded into 36 Slide-A-LyzerMINI dialysis
microtubes with 10 kDa MWCO (Pierce, Rockford, IL), and the solution
was dialyzed against 4 L of pH-adjusted PBS buffer under gentle stirring.
The release media was changed periodically to reduce possible DTXL
precipitation and/or drug-diffusion equilibrium. The drug release exper-
iments were performed in triplicate. At each sampling time, three
microtubes were removed from the dialysis system, and from each
microtube 0.1 mL was sampled and in the particles remaining drugs
were extracted using the aforementioned method. The reported data
are expressed as the quantity of released DOX and DTXL (calculated
from the decrease of the drug content in the particles) relative to the
total DOX and DTXL content in the NPDTXL-DOX. No degradation prod-
ucts were detected during the analysis.

2.10. Stability of the nanoparticles in simulated physiological media

The stability of the NPDTXL-DOX NPs in diluted human plasma
was examined as previously described [28]. The NPs were incubated
in 10% v/v human plasma (Sigma-Aldrich, Czech Republic) at 37 °C
under gentle stirring in a concentration of 1 mg·mL−1. At each
sampling time, an aliquot of the NPs was collected, and the DLS mea-
surements were performed in triplicate to probe the hydrodynamic
radius and size polydispersity index of the entities.
2.11. In vivo antitumor activity

The antitumor efficacy of the NPs was evaluated in C57BL/6 (B/6)
mice inoculated with syngeneic T cell lymphoma EL-4 (ATCC TIB-39).
The B/6 mice were purchased from the animal facility of the Institute
of Physiology, Academy of Sciences of the Czech Republic, v. v. i. The
mice were housed in accordance to the approved guidelines and food
and water were given ad libitum. The animal room was maintained at
20 °C. The experimental designs were in accordance with the Act on
Experimental Work with Animals (Decrees No. 311/97; 117/87, and
Act No. 246/96) of the Czech Republic, which is fully compatible with
the corresponding European Union directives.

Themicewere randomly assigned to either an experimental or control
group and they were injected subcutaneously into the shaven right ridge
with 1×105 EL-4 cells to produce continuously growing solid tumors.
The tumor sizes were measured using calipers in two perpendicular
diameters every 2 days and expressed as tumor volume V=a×b2/2
(a=longer diameter, b=shorter diameter). The survival time was
regularly scored. The NPswere administered (i.e., the therapeutic regime
of the treatment was employed) when the tumors were well established
(5–8 mm in diameter, 7 or 8 days after transplantation). The core-shell
NPs were intravenously injected as two equal doses (totaling 10 mg
DOX(equivalent)/kg and 20 mg DTXL(equivalent)/kg). The doses were
determined according to the body weights of the mice as estimated at
the time of drug administered. Groups of 8 mice were used for each
treatment.

3. Results and discussion

The molecular structures of poly(butylene succinate-co-butylene
dilinoleate) PBS/PBDL (core-forming) and N-(2-hydroxypropyl)
methacrylamide PHPMA-based polymers (shell-forming) and the
schematic representation of the prepared NPs are depicted in Fig. 1.

The macromolecular characteristics of the polymers are summa-
rized in Table 1.

The number-average molecular weight (Mn) of the PBS/PBDL was
estimated as 32.0 kDa using SEC with a reasonable degree of polydis-
persity (Mw /Mn=1.76). The composition of the copolyester was
previously discussed [19,20] and was determined from the 1H NMR
data using the relative integrals of SA arising fromPBS and thedimerized
fatty acid from PBDL. The monomer composition ratio was calculated
as 3:1 (PBS:PBDL), which leads to a weight segment composition of
~50/50 w/w. The characteristic signals of “couplings” in the 1H-NMR
and 13C-NMR spectra were not found confirming a statistical distribu-
tion of the monomer units. This finding was also supported by the 13C
NMR spectra, which described the division of the carbonyl groups
(C_O) in the copolymer, with an area of ~64 ppm. Both carbonyl
group signals correspond to the 3:1 ratio.

The PHPMA-chol precursor was prepared via the free radical
terpolymerization of HPMA with comonomers bearing hydrazide
groups and hydrophobic cholesterol substituents in a 77% yield. The
obtained amphiphilic copolymer had a molecular weight (Mw) of
17.2 kDa, a Mw /Mn=1.92 with a cholesterol content of ~2.3 mol%
estimated as the optimal content for enabling sufficient coating of
hydrophobic NPs [19]. The DOX·HCl was attached to the polymer
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precursor via a hydrazone bond (10.1%wDOX/wHPMA) resulting in the con-
jugate PHPMA-chol-DOX (Mw=21.1 kDa, Mw/Mn=1.65). The PHPMA-
based polymers were synthesized with Mw values below the renal
threshold (Mw≈50 kDa) allowing the polymer to undergo renal clear-
ance and avoid accumulation after in vivo administration [23].

In comparison with well-known standard polyesters such as
poly(ε-caprolactone) (PCL), poly(L-lactide-co-glycolide) (PLGA) and
poly(L-lactic acid) (PLA), the spherical, surfactant-free PBS/PBDL NPs
have recently been shown to carry a higher paclitaxel quantity (~6–
7% wdrug/wpolymer). The nanoparticles were highly swollen by water
and bulk erodible after approximately two weeks due to their porous
structure [20], which accelerates the hydrolysis process, an attractive
characteristic for drug delivery applications [29–31].

Unlike polymeric micelles, which are in dynamic equilibrium with
free unimers, polymeric nanoparticles made from hydrophobic poly-
ester or copolyesters are frozen-state colloidal particles. Therefore,
no critical aggregation concentration can be observed ensuring their
in vivo stability in the bloodstream [32–34].

The sub-200-nm diameter biodegradable and biocompatible NPs
were prepared through self-assembly of the PBS/PBDL and the PHPMA-
based copolymers (PHPMA-chol and PHPMA-chol-DOX). The concentra-
tions of the PBS/PBDL and of the PHPMA-based polymers were
optimized to obtain sub-200-nm diameter core-shell NPs [19]. The
formation of the polymeric nanoparticles can be explained by the
nucleation–aggregation mechanism [35]. Thus, when the solution is
sufficiently saturated, the critical nuclei of pure solute form and grow
by capturing solute molecules from their surroundings. Nevertheless,
impure nuclei formation is expected in the presence of the PHPMA-
based polymers dissolved in the water phase because the PHPMA-chol
or PHPMA-chol-DOXwill nucleate alongwith the PBS/PBDL. Accordingly,
the PHPMA-based polymers act as system stabilizers and are therefore
responsible for the interface between the hydrophobic PBS/PBDL core
and the external aqueous environment reducing the surface tension
between the water phase and the organic polymer solution leading
consequently to the formation of smaller and narrowly distributed
nanoparticles.

The DLS measurements revealed the assembly of well-defined
low-dispersity core-shell NPs after the elimination of the organic
solvent. Fig. 2 depicts the autocorrelation functions (a) and the respec-
tive distributions of RH (b) for NP0, NP1 and NPDTXL-DOX.

In all cases, reasonably narrowly distributed nanoparticles were
obtained with relaxation modes corresponding to the diffusive motion
of the nanoparticles as characterized by the q2-dependence of the relax-
ation frequency Γ (Fig. 2(c)) [36]. The polydispersity index calculated
using cumulant analysis [24] remained below 0.1 (PDIb0.1). The phys-
icochemical characteristics of the NPs are summarized in Table 2.

The size of the core-shell NPs (RH) was found to remain below the
cut-off size for the leaky pathological vasculature (2RHb200 nm)
making them potential candidates for use in targeted cancer chemo-
therapy via passive solid tumor accumulation due to the EPR effect
[15]. The values of the zeta potential (ζ≈−32 mV) determined for
NP0, NP1 and NPDTXL are negative suggesting good dispersion stabil-
ity in an aqueous environment. The negative ζ-potentials prevent any
aggregation of the particles by their electrostatic repulsion forces. The
negative ζ-potentials are attributed to the delocalization of the nega-
tive charges of the ester bonds [37] and to the negative charges of the
partially ionized carboxylic groups of polyester based in the fatty
acids [20,38].

In contrast, the average ζ-potentials determined for NPDOX and
NPDTXL-DOX were positive and are explained by the presence of DOX
on the outer shell of the NPs, where the amino groups of the DOX neu-
tralize the negative ζ-potential [39].

The formation of spherical core-shell nanoparticleswas confirmed by
transmission electron microscopy (TEM). Fig. 3 indicates that the NPs
consist of an electron-dense compact core and a thicker shell which is
highly diffused [19].
The representative SLS data of the core-shell NP1 and NPDTXL-DOX
are provided in Fig. 4. The combination of SLS and DLS is appropriate for
measuring their hydrodynamic dimensions and provides information
on the shape and inner structure of the scattering objects.

The radius of gyration (RG) of the NPs and their molecular weights
Mw(NP) were estimated from the slope of the curves and from the
inverse of the intercepts. The data are provided in Table 1. A compar-
ison to the naked NP0 confirms that the parameters RH, RG, and
Mw(NP) and the density (d) of the NPs are affected by the drug entrap-
ment (DTXL) and by the presence of the hydrophilic shell. The

image of Fig.�2


Table 2
Physicochemical characteristics of the prepared NPs.

Entry RH
(nm)

Dispersitya ζ
(mV)

Mw(NP)

(107 g·mol−1)
RG
(nm)

d
(g·mol−1)

NP0 46.0 0.10 −32.0 12.9 47.0 0.46
NP1 41.0 0.09 −26.0 4.2 38.0 0.24
NPDTXL-DOX 56.0 0.09 +17.0 23.3 61.0 0.53
NPDOX 54.0 0.08 +15.0 21.7 59.0 0.55
NPDTXL 44.0 0.06 −21.0 6.4 40.0 0.30

a Estimated using the cumulant analysis of the autocorrelation functions monitored
at 90°.
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reduction in the size and density of NP1 compared with NP0 is clear,
and the hydrophobic drug encapsulation is responsible for reducing
the RG of the entities (comparing NP0 to NPDTXL) due to the collaps-
ing (shrinkage of the NPs) promoted by favorable drug-copolyester
hydrophobic interactions [20]. In contrast, the presence of the protonated
drug (DOX) is responsible for the increase in the NP sizes (NPDOX and
NPDTXL-DOX) which is most likely related to the formation of a thicker
hydrophilic shell.

The simultaneous release profile of DTXL and DOXwas investigated
further. The anticancer drugs act mechanistically on cancer cells in
distinct ways. Therefore, it is important to allow the NPs to release the
individual drugs independently, enabling them to attack cancer cells
via their independentmechanisms of action. TheDTXL andDOX loading
capacity and loading efficiency in the NPDTXL-DOX NPs were deter-
mined using Eqs. (5) and (6), respectively. The determined values
were ~5.5%wDTXL/wNPDTXL-DOX (~56 μg of DTXL permg of nanoparticles)
corresponding to a loading efficiency of 95%. The DOX loading capacity
was equal to 1.7% wDOX/wNPDTXL-DOX (~17.0 μg of DOX per mg of
nanoparticles) corresponding to a loading efficiency of 98%. The overall
loading capacity of the NPs was ~7.2% (wDrugs/wNPDTXL-DOX).

The release experiments were conducted at 37 °C and pH 7.4 (to
simulate conditions during transport in blood) and at pH 5.0 (a buffer
modeling the acidic cytosolic or endosome conditions in tumor cells).
The profiles are given in Fig. 5. A sustained release of the DTXL was
observed in which 39% and 31% of the loaded DTXL were released
within the first 12 h of incubation at pH 7.4 and pH 5.0, respectively.
Fig. 3. TEM image of NPDTXL-DOX.
The remaining DTXL was slowly released with only 56% and 49%
released at pH 7.4 and pH 5.0, respectively, within 48 h of incubation.
The slow DTXL pharmacokinetics are attributed to the hydrophobicity
of the manufactured PBS/PBDL core and to the poor water solubility
(~0.025 μg·mL−1) of DTXL. In the present case, the drug release is
also supposed to be controlled by the diffusion of the drug through
the polymer matrix and by the hydrolysis of the biodegradable PBS/
PBDL copolymer [20]. However, a reasonably small quantity of DOX
(10%) was released during the same period at pH 7.4, with more
than 87% being released within the same period at a pH mimicking
the intracellular environment (pH 5.0). The release data demonstrates
that during the systemic circulation only marginal quantities of drugs
are released before reaching the solid tumor environments via the
EPR effect mechanism. Conversely, the DOX is quickly released at
pH 5.0 with ~42% of the loaded DOX released within first 12 h and
nearly total release of the anticancer drug within 48 h fulfilling the
criteria for a pH-triggered drug release mechanism. Therefore, the core-
shell NPDTXL-DOX nanoparticles exhibit the physicochemical properties
required for practical application as nanocarriers in passive tumor-
targeted drug delivery. The fastest DOX release profile at pH 5.0 and
the slow DTXL release kinetics strongly hint that the co-delivery system
can provide a synergistic effect for the treatment of solid tumors.

Furthermore, the efficient NP accumulation in the solid tumor sites
requires extended circulating capabilities to enable a time-dependent
extravasation of the nanoparticles through the leaky tumor
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microvasculature and impaired or missing lymphatic drainage. The
long-term stability of the NPs in serum is therefore a pre-requisite for
the use of polymeric nanoparticles in vivo [19,40]. To confirm the
serum stability of the NPDTXL-DOX NPs, they were incubated in 10%
(v/v) diluted human plasma in PBS. The serum stability of the NPs was
monitored by evaluating any possible changes in their hydrodynamic
size and scattering intensity over time [28]. Fig. 6 shows the temporal
stability of the NPs in blood plasma as a function of the incubation time.

The size and scattering intensity patterns of the nanocarrier system
do not change within the first 24 h suggesting that the NPs are highly
stable against aggregation in the simulated physiological media. The
slight increase in hydrodynamic radius (2RH=122 nm) should be
related to the adsorption of a protein monolayer because the average
size of the dissolved single proteins is ~8 nm [41].

The stability of the NPs is promoted by the presence of the hydro-
philic PHPMA shell once the HPMA copolymers deserve hydrophilicity
rendering the adsorption of plasma proteins energetically unfavorable.
The serum stability demonstrates the efficiency of the PHPMA coating
for protecting the NPs in vitro against aggregation.

The anticancer activity of the NPs was evaluated in the mouse
syngeneic lymphomamodel. Thedeveloped tumors killed theuntreated
mice within 28–32 days (the mean survival time was 30 days, SD=
1.87, median survival=28.5 days, n=8). The NPs were administered
in two doses (2×5 mg DOX(equivalent)/kg) on the 7th and 8th day
after tumor transplantation. The NPDTXL-DOX treatment was substan-
tially more effective in the mice inoculated with EL-4 T cell lymphoma
than treatment with free drugs or with single-loaded NPs (NPDTXL or
NPDOX) as presented in Fig. 7. After 30 days of treatment using
NPDTXL or NPDOX, the tumor growth was reduced by ~50% and
~65%, respectively, compared with the controls (pb0.005). The
NPDTXL-DOX NPs inhibited tumor growth by ~90% compared with
the controls (30 days, pb0.001) or by ~30% compared with NPDTXL
and NPDOX NPs (pb0.005). The co-delivery also suppressed tumor
growth more efficient than the delivery of either free DOX or free
DTXL at the same dose concentrations.

Along with the reduction in tumor growth, the survival time of the
animals was also extended over that of the untreated controls
(Fig. 7(b)). The efficacy of the combination chemotherapy (NPDTXL-
DOX) in comparison with NPDTXL and NPDOX (dose-equivalent) was
evident. Themice treated with core-shell NPDTXL-DOX survived signif-
icantly longer than the untreated control or separately administered
DOX and DTXL. This might indicate a synergistic effect [42] requiring
further investigation.

TheNPDOXnanoparticles appear to have an equal antitumor efficacy
as the free DOX, which contradicts our previous results related to the
0 6 12 18 24
0

25

50

75

100

125

In
te

ns
ity

 (
a.

u)

R
H
 (

nm
)

Time (h)

100

200

300

400

500

600

700

800

Fig. 6. RH and light-scattering intensity as a function of the incubation time for NPDTXL-
DOX incubated in diluted human plasma.
PHPMA-hydrazone-DOX conjugates in which a superior efficacy was
observed [43,44]. This result may be attributed to the higher dose
(e.g., 75 mg, 2×25 mg or 25 mg eq./kg) administered in our previous
work. Because the efficacy of the treatment is significantly dose-
dependent, an increase in the antitumor activity of NPDOX and
NPDTXL-DOX can be expected at doses higher than 2×5 mg eq./kg.

The EL-4 T cell lymphoma model is particularly aggressive and
known for its leaky tumor vasculature. This model is one in which
the enhanced polymer-drug accumulation via EPR mechanism has
been observed [23]. Cancer treatments using free DTXL and NPDTXL
were quite ineffective. The poor efficacy of NPDTXL is supposed to
be related to the aggressiveness of the EL4 T cell lymphoma model,
which is also most likely less sensitive to DTXL treatment. Additionally,
the prolonged degradation time of PBS/PBDL (~2 weeks) and the favor-
able DTXL-PBS/PBDL hydrophobic interactions lead to a slow release of
the hydrophobic drug in the acidic intracellular environment of the
tumor cells as evidenced by the in vitro release data (Fig. 5).

Recently, the potential of combination chemotherapy using doxoru-
bicin and paclitaxel has been evaluated in vitro in A549 (human lung
cancer), B16 (mouse melanoma) and HepG2 (human hepatocellular
carcinoma) [42] cells in which the highest activity was obtained when
the release kinetics were similar and rapid (total release within 48 h).
The same drug combination was loaded onto polymersomes, and its
efficacywas evaluated in vivo in the human breast carcinoma xenograft
model [45,46]. A more pronounced shrinkage of the tumors was
observed when all of the drugs were released within 24 h. Based on
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the literature, the rapid and equal release rate of both drugs is favorable
for combination therapy in cancer cells. Due to the particular character-
istics of the core-shell NPs and different types of drug attachment
(physical and covalent), the rate of drug release from the NPs was
unequal for DOX and DTXL. However, due to many variables affecting
the success of the therapy (e.g., the pharmacokinetics (depending on
the molecular characteristics of the NPs), the type of tumor cells
(rapid or slow growth, resistant or sensitive to drug/drugs used) and
the specific tumor characteristics and tumor leakiness) no simple expla-
nation can be given for the optimal release kinetics suitable for combi-
nation therapy.

In summary, the developed method for preparing polymer-coated
NPs combines the desirable characteristics of polymeric NPs and
HPMA-based polymer drug conjugates: (i) high drug encapsulation,
(ii) DOX pH-triggered drug release and (iii) combinatorial chemother-
apy. A simultaneous controlled release of two chemotherapeutics has
been achieved through the physical entrapment of DTXL into the
degradable PBS/PBDL copolyester core and the covalent attachment of
DOX to the HPMA-based copolymer via pH-sensitive hydrazone bond-
ing. The cargo capacity and relative drug ratios are amenable to fine-
tuning by varying the quantity of bound drug during the HPMA copoly-
mer synthesis and NP formulation.Multivalency of the PHPMA polymer
precursor also allows the potential attachment of targeting moieties to
enable the combination of passive and active NP targeting. This article
aimed to provide an alternative to combination chemotherapy using
NPs formed by degradable polyesters coated with HPMA copolymer-
drug conjugates, rather than bringing conclusive evidence of possible
synergistic effects among the chosen anticancer drugs.

4. Conclusion

Biodegradable polymeric sub-200-nm diameter core-shell nano-
particles consisting of a biodegradable hydrophobic copolyester core
and a non-immunogenic and non-toxic hydrophilic shell have been
prepared for the delivery of multiple anti-cancer drugs to solid tumors.
The nanoparticles were prepared using a combination of a single-step
nanoprecipitation and self-assembly protocols and were characterized,
in detail, using light-scattering and imaging analysis. The payload
capability of the studied core-shell nanoparticles was confirmed since
they can deliver high quantities of docetaxel and doxorubicin releasing
the therapeutics at a sustained rate or via a pH-triggered pathway with
in vivo efficacy in the treatment of mice bearing EL-4 T cell lymphoma.
Moreover, the multivalency of the HPMA copolymer in the NP shell
enables further development of targeting strategies based on the use
of cell membrane receptor-specific ligands attached to the NP surfaces
for in vivo multi-target and combination therapies.
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Novel poly(ethylene oxide monomethyl ether)-b-
poly(3-caprolactone) diblock copolymers
containing a pH-acid labile ketal group as a block
linkage†

S. Petrova,* E. Jäger, R. Konefał, A. Jäger, C. G. Venturini, J. Spěváček, E. Pavlova
and P. Štěpánek

A new biocompatible and biodegradable diblock copolymer that contains a specific acid-labile degradable

linkage (acyclic ketal group) between the hydrophobic poly(3-caprolactone) (PCL) and the hydrophilic

poly(ethylene oxide monomethyl ether) (MPEO) blocks is described herein. A multi-step synthetic

method that combines carbodiimide chemistry, a “click” reaction and ring-opening polymerization (ROP)

was employed to successfully produce a series of MPEO-b-PCL diblock copolymers (herein referred to

as MPEO44-b-PCL17 and MPEO44-b-PCL44). 2-{[2-(2-Azidoethoxy)propan-2-yl]}ethan-1-ol was obtained

as a linker between the two blocks through a three-step synthetic approach. Furthermore, a newly

developed a-methoxy-u-hydroxy-poly(ethylene oxide) that contains an acid-labile ketal linkage was

designed as a macroinitiator via a “click” reaction for the sequential controlled ring-opening

polymerization of 3-CL. The newly obtained compounds (precursors, macromer, macroinitiator and final

diblock copolymers) were assessed by 1H NMR, 13C NMR and FT-IR spectroscopy and SEC analysis,

which are described in this manuscript. Upon dissolution in a mild organic solvent, the MPEO44-b-PCL17
block copolymer self-assembled in water–PBS into regular, spherical, stable nanoparticles (NPs).

Furthermore, the presence of the acid-labile ketal linker enabled the disassembly of these nanoparticles

in a buffer that simulated acidic cytosolic or endosomal conditions in tumour cells as evaluated by

dynamic light scattering (DLS), nanoparticle tracking analysis (NTA) and transmission electron microscopy

(TEM) images. This disassembly led to hydrolysis profiles that resulted in neutral degradation products.
Introduction

Currently, the priorities for the development of polymer thera-
peutics are strictly associated with the production of biocom-
patible, degradable polymeric nanostructures. The properties of
these materials are dened by their structures, compositions,
dimensions and functionalities. Over the past several decades,
amphiphilic block copolymers (hydrophilic and hydrophobic
blocks) have been extensively studied.1–4 These copolymers are
of great interest because of their ability to self-assemble in
aqueous media to generate various structure types, shapes and
sizes, ranging from nano- to micrometres.5–7 It is well known
that amphiphilic block copolymers are able to form nanosized
spherical micelles with a core–shell architecture. The applica-
tions of these systems are associated with their several unique
properties, such as the possibility of controlling the release of
v.i., Academy of Sciences of the Czech

6, Czech Republic. E-mail: petrova@imc.

tion (ESI) available. See DOI:

893
drugs,8–10 matrices for three-dimensional tissue regenera-
tion,11–13 diagnostic agents14,15 and DNA delivery.16,17 In partic-
ular, self-assembled core–shell NPs from amphiphilic block
copolymers have attracted considerable attention in the devel-
opment of drug-delivery systems. Their hydrophobic core is
used as a reservoir for lipophilic agents (drugs), whereas their
hydrophilic corona creates a highly water-bound barrier that
ensures colloidal stability, a reduction in the rate of opsonin
adhesion and clearance of the particles from the body.18

Another relevant consideration for the development of core–
shell NPs for drug-release applications is the carriers' ability to
release their cargo drug in a controlled manner upon arrival at
the target site.19 For these reasons, many researchers are paying
special attention to the design of environmentally triggered
polymeric nanoparticles that are capable of releasing the orig-
inal molecules in their active forms under various chemical and
physical stimuli, such as pH, light, temperature, enzyme
concentration or redox gradients.20–22 pH-sensitive degradable
polymers have played an integral role in the advancement of
drug-delivery technology, such as the delivery of protein-based
vaccines and nucleic acids, in the treatment of acute
This journal is © The Royal Society of Chemistry 2014
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inammatory diseases and especially for tumour targeting.23,24

Considering the tumour-targeting eld of drug delivery, the
hydrophobic guest drug molecules must be retained in the
inner particle core while in the bloodstream and then be rapidly
released at the specic tumour sites.25 A signicant amount of
research has demonstrated the association between acidic pH
conditions and cancer, as the extracellular pH in most solid
tumour sites is more acidic (ranging from pH 5.7 to 7.2)
compared to that of normal tissues (buffered at pH 7.4).26,27

Because of these pH differences, several pH-degradable
polymers that contain different acid-labile linkers suitable for
triggering drug release, such as ester,28 hydrazone,29 carboxy-
dimethylmaleic,30 orthoester,31 imine,32 b-thiopropionate,33

vinylether,34 and phosphoramidate,35 have been widely studied.
In particular, acid-degradable (co)polymers and NPs that
contain multiple reactive functionalities, such as ketal/acetal
labile linkages along the polymer backbone or as pendant
groups, are of considerable interest. Ketals and acetals have
been demonstrated to be more sensitive to the acidic environ-
ment of tumours and phagosomes than esters and hydra-
zones.35 Moreover, these linkers are also more stable under
physiological conditions (at pH � 7.4) than the other afore-
mentioned linkages.36 In addition, pH-responsive systems
containing acid-labile bonds that are degradable under mild
acidic conditions, such as those of tumour sites, lead to tune-
able hydrolysis proles, which ultimately result in neutral
degradation products that can be easily excreted, thereby
avoiding accumulation and inammatory responses.37

Although novel and efficient pH-sensitive carriers that contain
ketal/acetal linkages have great potential for drug delivery,
synthetic challenges have limited the applications of these
systems.

Herein, we report the synthesis of a novel class of well-dened
biocompatible and biodegradable acid-labile poly(ethylene oxide
monomethyl ether) (MPEO)-b-poly(3-caprolactone) (PCL) diblock
copolymers that contain ketal groups as block linkers. The PEO
and PCL polymers were selected as building blocks because of
their special interest for environmental, biomedical and phar-
maceutical applications.38–41 PCL is a aliphatic hydrophobic
polyester with great potential as a biomaterial due to its unique
combination of biodegradability and biocompatibility,42 and PEO
is a hydrophilic and very exible biocompatible polymer that is
non-toxic and easily eliminated from the body.43 For the
synthesis, an efficient multi-step pathway was employed, which
resulted in new block copolymers with reasonable yields.
Different synthetic routes (i.e., carbodiimide chemistry, “click”
reaction and ring-opening polymerization) were applied for the
preparation of low-molecular-weight compounds as precursors
for constructing the acid-labile ketal group of the MPEO-b-PCL
diblock copolymers. In addition, the amphiphilic diblock
copolymers self-assembled into regular spherical NPs in aqueous
solution and under buffer-simulated physiological conditions
(pH � 7.4). These nanoparticles were found to be degraded into
non-toxic compounds under buffer-simulated acidic cytosolic or
endosomal conditions in tumour cells (pH� 5.0), revealing their
potential as systems that could nd applications, e.g., as acid-
labile drug-delivery systems.
This journal is © The Royal Society of Chemistry 2014
Experimental
Materials

Ethylene glycol (99%, Sigma-Aldrich), trimethyl orthoacetate
(99%, Aldrich), p-toluenesulphonic acid monohydrate (98.5%,
Fluka), 2-chloroethanol (99%, Aldrich), sodium azide (99%,
Fluka), tetrabutylammonium bromide (TBABr, 99%, Fluka),
pyridinium p-toluenesulphonate (PPTS, 99%, Fluka), 5-hexynoic
acid (97%, Aldrich), 4-dimethylaminopyridine (DMAP, 99%
Sigma-Aldrich), N,N0-dicyclohexylcarbodiimide (DCC, 99%,
Fluka), CuBr (98%, Fluka), 2-methoxypropene (98%, Aldrich)
and molecular sieves (5 Å, Sigma-Aldrich) were used without
further purication. 3-Caprolactone (3-CL, 99%, Sigma-Aldrich)
was dried over CaH2 with continuous stirring at room temper-
ature for 48 h and distilled under reduced pressure before use.
Tin(II) bis(2-ethylhexanoate) (Sn(Oct)2, 95%, Aldrich, 0.06 M
solution in toluene) and sodium hydroxide (NaOH) were used as
received. MPEO (Mn� 1800 gmol�1) was purchased from Fluka.
Triethylamine (Et3N) ($99.5%, Sigma-Aldrich) was dried over
CaH2 and distilled under reduced pressure. CH2Cl2 (Sigma-
Aldrich) was dried by reuxing over a benzophenone–sodium
complex and distilled under an argon atmosphere. Toluene
(99%, Labscan) and tetrahydrofuran (THF, 99%, Fluka) were
reuxed for 24 h over CaH2 under a dry argon atmosphere and
then distilled. All other chemicals were used as received.
Synthesis of compounds 1–5

Compounds 1,44,45 2,46 3,45 4,45 and 547 were synthesised
according to previous procedures, which are described in detail
in the ESI.†
Synthesis of a-methoxy-u-hydroxy-poly(ethylene oxide)
containing a ketal group (compound 6)

The coupling of 2-{[2-(2-azidoethoxy)propan-2-yl]ethan-1-ol (4)
(0.18 g, 7.78 � 10�4 mol) with a-methoxy-u-alkyne-poly-
(ethylene oxide) (5) (1.4 g, 7.09 � 10�4 mol) bearing the alkyne
was performed in a glass reactor containing dry THF (8 mL). CuI
(0.015 g, 7.87 � 10�5 mol) and triethylamine (0.01 mL, 7.91 �
10�5 mol) were added to the polymer solution and allowed to
react at 35 �C for 4 h. Subsequently, the reaction mixture was
exposed to air, diluted with THF, and passed through a neutral
alumina column to remove the copper catalysts. The macro-
initiator was recovered by two precipitations in cooled diethyl
ether. The product (6) was recovered as a white solid. Yield:
1.30 g, 93%.
Synthesis of the MPEO-b-PCL diblock copolymer containing a
ketal group (compound 7)

In a typical synthesis, 0.127 g (5.7 � 10�5 mol) of a-methoxy-u-
hydroxy-poly(ethylene oxide) (6) containing a ketal group was
introduced into a 50 mL glass reactor equipped with a magnetic
stir bar. The macroinitiator was dissolved in dry toluene and
dried three times by azeotropic distillation. A certain amount of
freshly distilled 3-CL was added, and aer heating, 0.1 mL of
0.06 M Sn(Oct)2 was rapidly injected through a septum. The
Polym. Chem., 2014, 5, 3884–3893 | 3885
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polymerization was carried out for 48 h at 110 �C. The reactor
was cooled to room temperature, and the reaction mixture was
dissolved in toluene. The copolymer (7) was collected by
precipitation in cooled diethyl ether, ltered and dried over-
night under vacuum at 40 �C.
Characterisation techniques
1H NMR and 13C NMR spectra (300 and 75 MHz, respectively)
were recorded using a Bruker Avance DPX 300 NMR spectrom-
eter with CDCl3 as the solvent at 25 �C. The chemical shis are
relative to TMS using hexamethyldisiloxane (HMDSO, d ¼ 0.05
and 2.0 ppm from TMS in 1H NMR and 13C NMR spectra) as the
internal standard. The Mn values of compounds 5–7 were
determined by 1H NMR spectroscopy. For compound 5, the Mn

was calculated according to eqn (1):

Mn(NMR) ¼ [(Ib/4)/(Id/2)] � 44 + 31 + 95 (1)

where Ib and Id represent the integral values of the peaks at d ¼
3.63 ppm (–CH2–CH2–O– of the PEO repeating unit) and at d ¼
4.22 ppm (–CH2–CH2–O–C(O)), respectively. The values 31 and
95 represent the molecular weights of the two functional groups
at the chain ends CH3–O– and –C(O)–C(CH2)3–C^CH, respec-
tively. TheMn of the macroinitiator (6) was calculated according
to eqn (2):
Fig. 1 1H (top) and 13C (bottom) NMR spectra of the a-methoxy-u-
hydroxy-PEO containing a ketal group in CDCl3.

3886 | Polym. Chem., 2014, 5, 3884–3893
Mn(NMR) ¼ [(Ib/4)/(Ig/2)] � 44 + 31 + 284 (2)

where Ib and Ig represent the integral values of the peaks at d ¼
3.63 ppm (–CH2–CH2–O– of the PEO repeating unit) and at d ¼
2.76 ppm (–O–C(O)–CH2–CH2–CH2–), respectively. The values
31 and 284 are the molecular weights of the two functional
groups at the chain ends CH3–O– and –O–C(O)–(CH2)3–triazole
ring–(CH2)2–OC(CH3)2–O–(CH2)2–OH, respectively. The Mn of
the MPEO-b-PCL diblock copolymers (7) was determined by 1H
NMR using eqn (3)

Mn(NMR) (MPEO-b-PCL) ¼ [(Ir/2)/(Ib/4)] � DPMPEO � 114

+ Mn(NMR) (macroinitiator) (3)

where Ir and Ib represent the integral values of the methylene
protons of PCL (r) (Fig. 2, top) and of the methylene protons of
PEO (b). The value 114 is the molecular weight of the 3-CL unit,
DPMPEO is the degree of polymerization of the macroinitiator,
and Mn(NMR) is the number-average molecular weight of the
macroinitiator. Infrared spectra were obtained using a Perki-
nElmer Spectrum 100 equipped with a universal ATR (attenu-
ated total reectance) accessory with a diamond crystal. In all
cases, the resolution was 4 cm�1 and the spectra were averaged
over 16 scans. The samples were prepared in the form of
KBr pellets. The number-average molecular weights (Mn),
Fig. 2 1H (top) and 13C (bottom) NMR spectra of the MPEO-b-PCL
diblock copolymer in CDCl3.

This journal is © The Royal Society of Chemistry 2014
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weight-average molecular weights (Mw), and polydispersity
indices (Mw/Mn) of the prepared macromer, macroinitiator and
block copolymers were determined by size exclusion chroma-
tography (SEC). The analyses were performed using an SDS 150
pump (Watrex, Czech Republic) equipped with refractometric
(Shodex RI-101, Japan) and UV (Watrex UVD 250, Czech
Republic) detectors. The separation system consisted of two
PLgel MIXED-C columns (Polymer Laboratories) and was cali-
brated with polystyrene standards (PSS, Germany). THF was
used as the mobile phase at a ow rate of 1.0 mLmin�1 at 25 �C.
Data collection and processing were performed using the
Clarity soware package.
Nanoparticle preparation

NPs were prepared using the nanoprecipitation protocol. A
preheated (40 �C) acetone solution (5 mL) containing theMPEO-
b-PCL block copolymer (10 mg) was added drop-wise (EW-
74900-00, Cole-Parmer®) into a pre-heated (40 �C) Milli-Q®
water solution (10 mL, pH � 7.4). The pre-formed NPs were
allowed to self-assemble, and then the solution was transferred
to a dialysis tube (MWCO ¼ 3500) and dialysed against 5 L of
water (pH � 7.4) for 24 hours. The nal concentration was
adjusted to 1 mgmL�1 using phosphate-buffered saline (PBS) at
pH � 7.4.
Nanoparticle characterisation

The NPs were characterised by DLS and NTA. The DLS
measurements were performed using an ALV CGE laser goni-
ometer consisting of a 22 mW HeNe linearly polarised laser
operating at a wavelength (l ¼ 632.8 nm), an ALV 6010 corre-
lator, and a pair of avalanche photodiodes operating in the
pseudo cross-correlation mode. The samples were ltered
through 0.45 mm PVDF membranes (Millex-HV, Millipore®)
loaded into 10 mm diameter glass cells and maintained at 25 or
37 � 1 �C. The data were collected using the ALV Correlator
Control soware, and the counting time was 30 s. To avoid
multiple light scattering, the samples were diluted 100-fold
before the measurements.48 The measured intensity correlation
functions g2(t) were analysed using the algorithm REPES
(incorporated in the GENDIST program),49 resulting in the
distributions of relaxation times shown in an equal area
representation as sA(s). The mean relaxation time or relaxation
frequency (G ¼ s�1) is related to the diffusion coefficient (D) of

the nanoparticles as D ¼ G

q2
, where q ¼ 4pn sinðq=2Þ

l
is the

scattering vector with n representing the refractive index of the
solvent and q representing the scattering angle. The hydrody-
namic radius (RH) or the distribution of RH was calculated using
the well-known Stokes–Einstein relation:

RH ¼ kBT

6phD
(4)

where kB is the Boltzmann constant, T is the absolute temper-
ature, and h is the viscosity of the solvent. The NTA analyses
were performed using the NanoSight LM10 & NTA 2.0 Analytical
Soware (NanoSight, Amesbury, England). The samples were
This journal is © The Royal Society of Chemistry 2014
diluted (4000�, Milli-Q® water or PBS, pH � 7.4 and 5.0) and
injected into the sample chamber with a syringe (25 �C). The
NTA apparatus combines a light scattering microscope with a
laser diode (635 nm) camera charge-coupled device, which
allows viewing and recording of the NPs in solution. Each video
clip was captured over 60 s. The NTA soware is able to identify
and track individual NPs (10–1000 nm), which are in Brownian
motion, and relate their particle movement to a sphere with an
equivalent RH, as calculated using the Stokes–Einstein relation
(eqn (4)). The size distribution was expressed by the span value,
which was calculated using eqn (5).

Span ¼ dð0:9Þ � dð0:1Þ
dð0:5Þ

(5)

where d(0.9), d(0.1) and d(0.5) are the diameters at 90%, 10% and
50% cumulative volumes, respectively.

Transmission electron microscopy (TEM)

TEM observations were performed on a Tecnai G2 Spirit Twin at
120 kV (FEI, Czech Republic). The NPs were diluted 100-fold,
and 2 mL of the aqueous solution was dropped onto a copper
TEM grid (300 mesh) coated with a thin, electron-transparent
carbon lm. The solution was removed by touching the bottom
of the grid with lter paper. This rapid removal of the solution
was performed aer 1 min to minimise oversaturation during
the drying process; this step was found to be necessary to
preserve the structure of the NPs. The NPs were negatively
stained with uranyl acetate (2 mL of a 1 wt% solution was
dropped onto the dried NPs and removed aer 15 s in the same
manner described above). The sample was le to completely dry
at ambient temperature and then observed via a TEM using
bright-eld imaging. Under these conditions, the micrographs
displayed a negatively stained background with bright spots,
which correspond to the investigated NPs.

Results and discussion

A new synthetic pathway was developed to obtain well-dened
amphiphilic copolymers that contain acid-labile, degradable ketal
linkages as block linkers that are highly sensitive to pH under
physiological conditions. The synthesis of the biocompatible,
biodegradable, acid-labile MPEO-b-PCL was designed using, for
the rst time, the combination of a “click” reaction with DCC
chemistry and ROP (Scheme 1). This strategy provides new
insights into the combination of new “click” chemistry reactions
with the classic synthetic pathways in polymer chemistry.

Synthesis of compounds 1 to 5

The compounds ethylene glycol monoacetate (1)44,45 (Fig. S1†),
2-azidoethanol (2)46 (Fig. S2†), 2-{[2-(2-azidoethoxy)propan-2-yl]
oxy}ethyl acetate (3)45 (Fig. S3†), 2-{[2-(2-azidoethoxy)propan-2-
yl]ethan-1-ol (4)45 (Fig. S4†) and a-methoxy-u-alkyne-poly-
(ethylene oxide) (5)47 (Fig. S5†) were synthesised according to
previous reports and were characterised by 1H and 13C NMR,
FT-IR spectroscopy and SEC analysis (5), which are described in
detail in the ESI.†
Polym. Chem., 2014, 5, 3884–3893 | 3887
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Scheme 1 Synthetic route for the preparation of MPEO-b-PCL diblock copolymers.
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Synthesis of a-methoxy-u-hydroxy-poly(ethylene oxide)
containing a ketal group (compound 6)

The a-methoxy-u-hydroxy-poly(ethylene oxide) containing a
ketal group (6) was prepared as a macroinitiator through a
“click” reaction between a-methoxy-u-alkyne-PEO (5) and 2-{[2-
(2-azidoethoxy)propan-2-yl]ethan-1-ol (4) (see Scheme 1). The
azide–alkyne Huisgen cycloaddition was performed in the
3888 | Polym. Chem., 2014, 5, 3884–3893
presence of CuI and Et3N. Aer purication, the obtained
macroinitiator was characterised by 1H and 13C NMR, FT-IR
spectroscopy and SEC analysis. The 1H NMR spectrum (Fig. 1,
top) conrms that the “click” reaction was complete due to the
disappearance of the characteristic signal for the alkyne end-
group at d¼ 1.96 ppm (h) (Fig. S5†) and the appearance of a new
proton signal from the triazole ring at d ¼ 7.40 ppm (h) in Fig. 1
(top). The signal observed at d ¼ 1.28 ppm (j + j0) is assigned to
This journal is © The Royal Society of Chemistry 2014
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Table 1 Macromolecular characteristics of functional MPEO

MPEO
samples

Conversiona

(%)
Mn

b

(NMR)
Mn

c

(SEC)
Mw/Mn

d

(SEC)

MPEO — 1800 1464 1.23
Macromer 87 2200 1710 1.24
Macroinitiator 82 2320 1760 1.31

a Conversion was calculated by 1H NMR spectroscopy (Fig. S5† and 1,
top). b Mn was calculated by 1H NMR spectroscopy according to eqn
(1) and (2). c Mn was determined by SEC calibrated with PS standards.
d Mw/Mn was determined by SEC calibrated with PS standards.

Table 2 Macromolecular characteristics of MPEO-b-PCL diblock
copolymers

Sample Mn
a (NMR) Mn

b (NMR) Mn
c (SEC) Mw/Mn

d (SEC)

MPEO44-b-PCL17 4000 5400 3130 1.45
MPEO44-b-PCL44 7000 6830 7570 1.43

a Mn was calculated by the monomer conversion;Mn ¼ [M]o/[I]o � 114 +
Mn a-methoxy-u-hydroxy-MPEO containing a ketal group (6). b Mn was
calculated by 1H NMR spectroscopy according to eqn (2). c Mn is
relative to PS standards. d Mw/Mn is relative to PS standards.
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the six protons of the dimethyl ketal group –OC(CH3)2–O– and
demonstrates that the ketal group remains unaffected during
the azide–alkyne Huisgen cycloaddition. Furthermore, a singlet
signal attributed to CH3–O– was observed at d ¼ 3.39 ppm (a),
and other signals were observed at d¼ 2.76 (g), d¼ 2.39 (e) and d

¼ 1.96 ppm (f). Additional signals located in the vicinity of the
EO (d ¼ 3.63 ppm) were also identied: d ¼ 2.85 ppm (c) is a
typical signal of –CH2–CH2–O–C(O), d ¼ 4.21 ppm (i + i0) is
attributed to –N–CH2–CH2–O–, and d ¼ 4.47 ppm (d) is char-
acteristic of –CH2–CH2–O–C(O). The conversion of the “click”
reaction was calculated from the relative intensities of the
signals characteristic of both –O–C(CH3)2–O– (j + j0, d ¼ 1.28
ppm) and –CH2–O–C(O) (d, d¼ 4.47 ppm) groups in the 1H NMR
spectrum, which gives a quantitative value of �82% (Table 1).

The 13C NMR spectrum (Fig. 1, bottom) of the a-methoxy-u-
hydroxy-PEO containing a ketal group is further evidence for the
successful achievement of the “click” cycloaddition. Signals cor-
responding to the dimethyl ketal group at d¼ 24.32 ppm (13) and
from the fully substituted carbon –OC(CH3)2–O– at 100.33 ppm
(12) were clearly observed. Other signicant signals were observed
at high chemical shis at d ¼ 122.22 (9) and d ¼ 146.97 ppm (8),
which correspond to the carbons from the triazole ring –CH2–

CH]CH–N–, and at d¼ 173.29 ppm (4), which is attributed to the
carbonyl carbon from the –CH2–O–C(O)–(CH2)3– group.

Moreover, the effectiveness of the “click” cycloaddition
reaction to afford 1,2,3-triazole as a product was conrmed by
FT-IR spectroscopy (Fig. S7b†). Complete disappearance of the
peak corresponding to the azide group at 2102 cm�1 was
observed, which indicates the completion of the reaction. The
identication of C–N stretching frequencies is generally a very
difficult task because the mixing of bands is possible in this
region.50 The absorption bands observed at 1553, 1469 and 1455
cm�1 are due to stretching vibrations between carbon and
nitrogen atoms. The characteristic absorption band of C–N
observed at 1361 cm�1 conrms the formation of the triazole
ring. Absorption bands for the carbon–hydrogen groups were
also observed, thus resulting in C–H stretching absorption in
the 2992 to 2700 cm�1 region of the IR spectrum. Moreover, in
the spectrum of compound 6, a weak –C]O stretching band at
1735 cm�1 was observed, indicating the presence of a carbonyl
ester group. Furthermore, distinctive bands from the ether
groups of the EO repeating units at 1107 cm�1 were also
observed (Fig. S7b†). The SEC chromatogram from the corre-
sponding macroinitiator obtained aer the cycloaddition
This journal is © The Royal Society of Chemistry 2014
reaction shows a monomodal distribution, as indicated by the
overlap of the SEC traces (dotted line in Fig. S8†). The molecular
weight of the resulting product remains unchanged, except for a
slight increase in polydispersity. Nevertheless, aer the reac-
tion, the SEC chromatogram from a-methoxy-u-hydroxy-MPEO
containing a ketal group (6) clearly demonstrates the absence of
side products with higher Mn values that could be formed as a
result of alkyne homocoupling.

Synthesis of the MPEO-b-PCL diblock copolymer containing a
ketal group (compound 7)

The MPEO-b-PCL diblock copolymers (7) were successfully
synthesised by ROP from the 3-CL monomer. The previously
synthesised a-methoxy-u-hydroxy-poly(ethylene oxide) contain-
ing a ketal group (6) was used as a macroinitiator in the pres-
ence of Sn(Oct)2 as a catalyst. The lengths of the PCL blocks
were controlled by regulating the 3-CL/macroinitiator molar
ratio. Aer purication, the MPEO-b-PCL diblock copolymers
were characterised by 1H and 13C NMR, FT-IR spectroscopy and
SEC analysis. The structure and composition of the obtained
diblock copolymers were also conrmed by FT-IR spectroscopy.
The 1H NMR spectrum of the diblock copolymer (Fig. 2, top)
shows characteristic signals for protons belonging to 3-CL and
EO repeating units. The signals for themethylene protons of the
3-CL units were detected at d ¼ 4.06 ppm (r) –CH2–OC(O)–, d ¼
2.29 ppm (m) –C(O)CH2–, d¼ 1.58 ppm (n + p) –C(O)–CH2–CH2–

CH2–CH2– and d ¼ 1.34 ppm (o) –C(O)–CH2–CH2–CH2–. The
methylene protons of the EO repeating units were observed at
d ¼ 3.63 ppm (b), whereas the singlet signal is attributed to the
CH3–O– appeared at d ¼ 3.39 ppm (a). The signal observed at
d¼ 1.31 ppm (j + j0) attributed to the six protons of the dimethyl
ketal group –OC(CH3)2–O– and the resonance signal at d ¼ 7.37
ppm (h) assigned to the triazole ring demonstrate that the ketal
group and the triazole ring remain unaffected following the
ROP. Furthermore, there were signals in the spectrum at d ¼
4.57 ppm (l), attributed to methylene protons from the –CH2–O–
C(O)– fragment; at d ¼ 4.45 ppm (d), assigned to the last
monomer unit of PEO; and at d ¼ 4.21 ppm (i + i0), attributed to
the methylene protons from the fragment between the triazole
ring and the ketal group –N–CH2–CH2–O–C(CH3)2–O–. Low
intensity signals at d ¼ 2.76 (g), 2.50 (e) and 2.00 ppm (f) for the
protons from the –OC(O)–CH2–CH2–CH2– triazole ring were
also present. The experimental degree of 3-CL polymerization
agrees well with the theoretical values (Table 2). The 13C NMR
spectrum (Fig. 2, bottom) of the diblock copolymers shows
Polym. Chem., 2014, 5, 3884–3893 | 3889
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Fig. 3 Distributions of RH for ( ) MPEO44-b-PCL17 and ( ) MPEO44-b-
PCL44 NPs prepared by the nanoprecipitation protocol and diluted in
PBS (pH � 7.4), both at a concentration of 1 mg mL�1.
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carbon signals that are consistent with the desired structure. The
most important carbon signals are highlighted, i.e., the signals
that correspond to carbons from the dimethyl ketal group at d ¼
24.39 ppm (13) and the quaternary carbon from the same group
–OC(CH3)2–O– at d ¼ 121.50 ppm (12). Other signicant signals
were observed at higher frequencies and slightly shied in
comparison with the 13C NMR spectrum from a-methoxy-u-
hydroxy-PEO containing a ketal (6) (Fig. 1, bottom). These signals
appear at d¼ 147.44 (9) and d¼ 161.1 ppm (8) for the triazole ring
–CH2–CH]CH–N– and at d¼ 173.58 ppm (4 + 16) for the carbon
from the carbonyl group –CH2–O–C(O)–(CH2)3– next to PEO and
for the carbon from carbonyl group in PCL. All of the other
remaining signals are attributed to the carbon atoms from the
diblock copolymer structure.

Similar bands for the characteristic peaks were found for all
samples in the FT-IR spectra (Fig. S7c†).

The molecular weights and polydispersity indices of the
synthesised MPEO-b-PCL diblock copolymers were determined
by SEC. The analysis clearly shows that the obtained curves are
monomodal, conrming that the ketal group was not degraded
during the ROP of 3-CL. A slight asymmetry is observed at longer
elution times in the SEC curve (regular line in Fig. S9†), which
strongly suggests that some unreacted MPEO is present. The
molecular characteristics of the diblock copolymers are listed in
Table 2.
Polymer nanoparticles (NPs)

As a proof-of-concept, polymer NPs were prepared from the block
copolymers, and their behaviours under different simulated
physiological conditions were evaluated in detail by DLS and
NTA. The visual appearance of the colloidal particles immediately
aer the injection of the MPEO-b-PCL block copolymer solutions
into water was size-dependent and did not change aer the
dilution with PBS (pH � 7.4) (data not shown). For MPEO44-b-
PCL17, the resulting colloidal solution was fully transparent,
whereas the solution was slightly opalescent for the MPEO44-b-
PCL44 block copolymer. This result is a visual indication that the
particles produced by the nanoprecipitation protocol using the
MPEO44-b-PCL44 block copolymer are larger than the particles
produced using the MPEO44-b-PCL17 block copolymer.51 Fig. 3
shows the distribution of RH for MPEO44-b-PCL17 and MPEO44-b-
PCL44 block copolymer micelles aer the dialysis process and
dilution with PBS, asmeasured by DLS. The distribution of RH for
MPEO44-b-PCL17 appears as only one single distribution of RH
relative to the presence of the polymer micelles in PBS solution
with an average of RH ¼ 32.1 nm (Fig. 3, blue circles). Further-
more, the polydispersity of the MPEO44-b-PCL17 micelles is very
low as estimated through the cumulant analysis (m/G2 ¼ 0.08 �
0.007). However, for the MPEO44-b-PCL44 block copolymer, a
bimodal distribution of RH was observed with average sizes of
RH ¼ 18.5 nm and 99.5 nm, respectively (Fig. 3, red circles).
Because the ketal linkage does not affect the physico-chemical
properties of the MPEO-b-PCL diblock copolymers, the main
factors that control the particle size and morphology in crystal-
line amphiphilic block copolymers that self-assemble in water
are the preparation methodology and the polymer properties,
3890 | Polym. Chem., 2014, 5, 3884–3893
such as the molecular weight and the relative block length.52

Although the study of the particles' morphology is far beyond the
scope of the current investigation, some comparisons with the
literature data could be performed. Similar particle sizes were
found in a previous study for micelles of the PEO-b-PCL diblock
copolymer with the same block length prepared through the
dialysis method.53,54 For the PEO44-b-PCL44 diblock copolymer,
mixtures between spherical and cylindrical micelles were found
to coexist aer dialysis when observed by TEM.53 Spherical
micelles with diameters in the range of 35 � 5 nm were observed
concomitantly with cylinders with a broad size range (greater
than 100 nm) and polydispersity. Similar results were obtained by
others authors55 by using the same block and block lengths. The
observed bimodal size distribution of RH for the PEO44-b-PCL44
block copolymer is related to a morphological mixture of at
least two types of particles. According to the aforementioned
literature, the most probable morphological structures are
the mixture between spherical micelles with an average size of
DH ¼ 37.0 nm and cylindrical and/or worm-like micelles with
DH ¼ 199 nm. On the other hand, for PEO44-b-PCL17 block
copolymer assemblies, single monodisperse spherical micelles
are obtained in most cases.

Note that thermodynamically stable polymeric NPs with
hydrodynamic diameters (2RH ¼ DH) within the range of 20 to 60
nm have been shown to be ideal for tumour drug-delivery
applications.56 They are within the size range that enables renal
clearance to be avoided (DH > 10 nm), thereby providing the NPs a
potentially prolonged blood circulation time and, considering
that their size is below the cut-off size of the leaky pathological
vasculature (DH < 200 nm), specic accumulation in solid tumour
tissue due to the enhanced permeation and retention (EPR)
effect.57Moreover, in addition to the role of the particle size in the
EPR effect, another important aforementioned target in cancer
therapy is the acidic cytosolic or endosomal conditions in tumour
cells. Therefore, the sensibility of the polymer NPs containing the
acid-labile ketal group was tested by DLS in acidicmedia (pH� 5)
under physiological conditions (37 �C) using theMPEO44-b-PCL17
block copolymer. MPEO44-b-PCL17 block copolymer NPs were
chosen for evaluating the ketal linkage sensibility in vitro because
they presented a monodisperse single distribution of RH with a
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Temporal dependence on the RH distribution of MPEO44-b-
PCL17 NPs at pH � 5.0 and 37 �C. The inset illustrates the RH distri-
bution as a function of time for ( ) aggregate NPs, ( ) free PEO chains
and ( ) loose aggregates.

Fig. 5 Size distribution from NTA for the MPEO44-b-PCL17 NPs under
pH � 7.4 (upper) and pH � 5.0 (bottom) after 24 h.
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DH ¼ 64.2 nm, which is within the optimal size for drug-delivery
applications. As shown in Fig. 3, the absence of a mixture
between distinct morphological structures facilitates the experi-
mental procedures and data analysis. Fig. 4 shows the distribu-
tion of RH for the MPEO44-b-PCL17 block copolymer NPs at pH �
5.0 and 37 �C as a function of time.

The results clearly show an increase in the average size of the
micellar NPs from RH ¼ 32.1 nm to RH 52.6 nm in 24 hours,
which corresponds to an increase in DH of approximately
41 nm. To obtain a thorough size distribution and to gain more
information to accurately analyse the distribution of mono-
disperse and polydisperse samples than can be obtained
through DLS,58,59 the MPEO44-b-PCL17 NPs were analysed using
NTA at 25 �C. This technique is a powerful tool that comple-
ments DLS, and it is particularly valuable for the detection and
accurate sizing of a broad range of population ratios. Aer 24
hours, the MPEO44-b-PCL17 block copolymer NPs showed mean
particle sizes of 96 nm and 118 nm under pH � 7.4 and pH �
5.0, respectively. Fig. 5 depicts the size distributions for the NPs,
in which the value of d(0.1) was 64 nm, d(0.5) was 92 nm and
d(0.9) was 128 nm (pH� 7.4) and d(0.1) was 61 nm, d(0.5) was 92
nm and d(0.9) was 209 nm (pH � 5.0). According to eqn (2),
these cumulative volumes give span values of 0.69 and 1.57 for
pH � 7.4 and pH � 5.0, respectively.

In addition, it is possible to verify for the MPEO44-b-PCL17
block copolymer NPs the presence of only one sharp peak at pH
� 7.4 (Fig. 5, upper) and three peaks at pH� 5.0 (Fig. 5 bottom).
Similarly, the TEM images (Fig. 6) showed a comparable
increase in the size of the MPEO44-b-PCL17 block copolymer NPs
at pH � 5.0 (Fig. 6b) when compared to the NPs at pH � 7.4
(Fig. 6a) aer 24 hours. The particle sizes determined from the
TEM images are clearly smaller than those determined by
scattering techniques. This discrepancy can be explained by a
combination of two effects: (i) during sample preparation, the
particles undergo dehydration and may shrink, and (ii) scat-
tering techniques report an intensity-average dimension,
whereas TEM reports a number-average dimension. Therefore,
TEM images generally yield smaller sizes relative to DLS data.60

The increases in particle size and size distribution, as shown
by both scattering techniques and TEM, are strong evidence for
This journal is © The Royal Society of Chemistry 2014
micellar aggregation over time. The aggregation mechanism
could be explained through the hydrolysis of the acid-labile
ketal linkage in the MPEO44-b-PCL17 block copolymer micelles
at pH 5.0. While the hydrolysis of the ketal group occurs at the
interface between the PCL core and the PEO shell inside the
micelles, the free hydrolysed PEO chains begin to be released
into the media (inset of Fig. 4). The decrease in the density of
surface PEO chains leads to a decrease in the steric hindrance of
the particles and to an increase in the hydrophobicity of the
particles, and consequently, particle aggregation.23 The linear
relationship observed between the relaxation rates (G) and the
square of the wave vector (q2) for the particles before (37 �C and
pH� 7.4) and aer 24 hours (37 �C and pH� 5.0) demonstrates
that both NPs and their aggregates are spherical (Fig. S10† and
6), and no distinct micellar structures were observed by DLS,
NTA and TEM. Furthermore, no changes in the particle size
distributions were observed for the MPEO44-b-PCL17 block
copolymer micelle by DLS at pH � 7.4 for 24 hours, conrming
that the particles are selective to environments with mild acidic
conditions (from pH � 5 to � 6.5) such as tumour tissues
(Fig. S11†). Moreover, the degradation of the MPEO44-b-PCL17
diblock copolymer was conrmed by 13C NMR spectroscopy. For
the NMR study, 40–50 mg of the MPEO44-b-PCL17 diblock
copolymer was dissolved in 0.6 mL of deuterated chloroform
followed by the addition of 25 ml of hydrochloric acid-d (DCl).
Polym. Chem., 2014, 5, 3884–3893 | 3891
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Fig. 6 TEM images of MPEO44-b-PCL17 NPs at pH � 7.4 (a) and at pH
� 5.0 (b) after 24 h.
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The degradation was determined based on the disappearance of
the signal from the ketal linkage between the PEO and PCL
blocks. Fig. S12† shows the 13C NMR spectra of the MPEO44-b-
PCL17 copolymer (a) before and (b) aer the addition of DCl.
The 13C NMR spectra reveal the complete disappearance of the
carbon signal from the ketal group linker –OC(CH3)2–O– at d ¼
121.50 ppm (12, Fig. S12†) aer the addition of DCl (12,
Fig. S12b†). This observation is strong evidence that hydrolytic
degradation occurs in the ketal linkage of the MPEO44-b-PCL17
diblock. Unfortunately, the usual degradation products result-
ing from the acid hydrolysis of a ketal group, such as acetone,22

could not be detected in the 13C NMR spectrum. Their signal is
hidden under that of the 3-CL repeating units in the 13C NMR.
According to the 13C NMR spectra, no changes were observed in
the signal from 3-CL repeating units aer the addition of DCl.
The signals from the methylene carbons –CO–(CH2)5–O– (17 to
21 from d ¼ 20 to d ¼ 65 ppm, Fig. S12†) and from the carbonyl
group (16 at d¼ 173 ppm, Fig. S12†) related to the PCL segments
remain unchanged. Moreover, no new signal from side products
that could derive from the hydrolysis of ester bonds related to
the PCL segments was detected aer the acid addition.
However, a visible decrease in the methylene signal –O–(CH2)2–
O– (2 at d ¼ 70 ppm, Fig. S12b†) related to MPEO units was
observed in the 13C NMR spectra. The decrease in the signal of
the MPEO units is related to the experimental procedures. Aer
the addition of DCl to the MPEO44-b-PCL17 block copolymer
solution in CDCl3, the NMR tube was vigorously shaken. The
formation of an emulsion composed of droplets of D2O con-
taining theMPEO blocks dissolved in the internal phase and the
PCL blocks dissolved in the outer phase (CDCl3, organic phase)
spontaneously occurs. While hydrolysis of the ketal group
occurs, the released PCL segments are dissolved in the outer
organic phase (CDCl3), whereas the MPEO blocks remain dis-
solved in the emulsion droplets (D2O) with restricted mobility.
The restriction in the mobility of the MPEO chains dissolved in
the D2O droplets decreases the signal intensity in the 13C NMR
spectra.61

Conclusions

Through the combination of carbodiimide chemistry and ROP
mechanisms with a “click” reaction, novel pH-sensitive
3892 | Polym. Chem., 2014, 5, 3884–3893
amphiphilic block copolymers containing acid-labile ketal
groups as block linkers were successfully synthesised using a
multi-step stage-by-stage synthetic strategy. The acid-cleavable
linkage in the block copolymer backbone was used as a junction
point for the design of hydrophilic PEO and hydrophobic PCL
segments. For this purpose, a 2-{[2-(2-azidoethoxy)propan-2-yl]}
ethan-1-ol compound, with a specic degradable linkage
(acyclic ketal group), was synthesised for the rst time. Subse-
quently, a-methoxy-u-hydroxy-PEO containing a ketal group
was prepared as a macroinitiator through a “click” reaction
between previously synthesised a-methoxy-u-alkyne-PEO and
2-{[2-(2-azidoethoxy)propan-2-yl]}ethan-1-ol. The obtained
macroinitiator was applied for the sequential controlled ROP of
3-CL in the presence of Sn(Oct)2. Different ratios of 3-capro-
lactone/hydroxyl were used to obtain copolymers with different
PCL block lengths. Good control, purity and conversion over
each obtained product were achieved without degradation of
the acid-labile ketal group. Upon dissolution in a mild organic
solvent, the MPEO44-b-PCL17 block copolymer self-assembled in
water–PBS into regular spherical NPs, and the presence of the
acid-labile ketal group linker allowed the NPs to disassemble
and aggregate in buffer that simulated acidic cytosolic or
endosomal conditions in tumour cells (pH � 5.0), as evaluated
by DLS and NTA analyses and TEM images. The synthesised
block copolymers could be used in a variety of applications, e.g.,
as pH-triggered release and drug-delivery systems.
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pH-triggered release of paclitaxel from nanoparticles made from 
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polymer blocks 
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The potential of biodegradable self-assembled MPEO-b-PCL nanoparticles (NPs) containing hydrolytically labile linkage 

(acyclic ketal group) between the hydrophobic PCL and the hydrophilic MPEO blocks for paclitaxel delivery and their in 

vitro cytostatic activity has been explored on model cancer cells. The amphiphilic diblock copolymer poly(ethylene oxide 

monomethyl ether) (MPEO)-b-poly(ε-caprolactone) (PCL) block copolymers containing a ketal group as block linker 

dissolved in organic solvent (acetone) undergoes nanoprecipitation in phosphate buffer saline (PBS, pH  7.4) and self-

assemble into regular spherical NPs after solvent elimination. The NPs structure was characterized in detail by dynamic 

(DLS), static (SLS), nanoparticle tracking analysis (NTA) and transmission electron microscopy (TEM). The acid-labile ketal 

linker enabled the disassembly of the nanoparticles in a buffer simulating acidic environment in endosomal (pH  5.0 to  

6.0) and lysosomal (pH  4.0 to  5.0) cell compartments resulting in the release of paclitaxel (PTX) and formation of 

neutral degradation products. The in vitro cytotoxicity studies showed an important increase in activity of the paclitaxel-

loaded particles compared to the free paclitaxel. The particle’s size below the cut-off of the leaky pathological vasculature 

(particle diameter below 100 nm) and the ability to release a drug at the endosomal pH with concomitant high cytotoxicity 

makes them suitable candidates for cancer therapy, namely for the treatment of solid tumours where the NPs can 

selectively accumulate due to Enhanced Permeability and Retention (EPR) effect. 

Introduction 

The design of amphiphilic block copolymers (composed of 

hydrophilic and hydrophobic blocks) has been extensively 

studied.
1-4

 These copolymers are of great interest because of 

their ability to self-assemble in aqueous media generating 

particles of various structure types, shapes and sizes, ranging 

from nano- to micrometres.
5-6

 By careful tuning of the 

amphiphilic block copolymers’ properties (such as the 

molecular weight and the relative block length),
7
 self-

assembled nano-sized spherical micellar nanoparticles (NPs) 

with a core-shell architecture
8
 can be generated. 

 One key feature of these materials is associated with their 

capability to bear the lipophilic drug and release it in a 

controlled manner
9,10

 as their hydrophobic core works as 

reservoir for lipophilic agents (drugs). Equally important is 

their hydrophilic corona which provides a highly water-bound 

barrier to ensure colloidal stability, reduction in the rate of 

opsonin adhesion and uptake by cells of RES, which prolongs 

the blood circulation life time.
11

 In addition, self-assembled 

NPs gain much more relevance in biomedical applications 

especially if they are tailored to be degradable as a response to 

external stimuli. Such stimulus may be the enzymatic removal 

of protecting groups,
12

 light,
13

 temperature,
14

 redox gradient
15

 

or change of pH.
16

 Especially delivery platforms that enable a 

targeted release of chemotherapeutics at sites of pH 

imbalance have the potential for high therapeutic impact.
17

 

The ability to generate a triggered nanoparticle response (e.g. 

release of cargo) at selective pH is of particular interest, e.g., in 

the targeted delivery to tumors, as the extracellular pH at solid 

tumor sites is generally more acidic (ranging from pH 5.7 to 

7.2) than in normal tissue (buffered at pH 7.4).
18,19

 Variations 

in pH are also encountered when nanoparticles are 

internalized by cells via endocytosis where the pH usually 

drops to as low as 5.0 - 6.0 in endosomes and 4.0 - 5.0 in 

lysosomes.
20

 

 Several polymers responsive to pH-sensitive hydrolysis that 

contain different acid-labile linkers suitable for triggering drug 

release, such as ester,
21

 hydrazone,
22

 orthoester,
23

 imine,
24

 

ketal and acetal,
25

 have been widely studied. In particular, 

acid-degradable (co)polymers and NPs that contain 

ketal/acetal labile linkers, situated along the polymer 

backbone or as pendant groups enabling drug attachment, are 
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of considerable interest. In many cases they showed to be 

more sensitive to the acidic environment of tumors and 

phagosomes than esters and hydrazones.
26

 Furthermore, these 

linkers can also be more stable under physiological conditions 

(pH  7.4) than the other aforementioned linkers.
27

  

 Although novel and efficient pH-sensitive carriers with 

ketal/acetal linkers have great potential for drug delivery, 

synthetic challenges have often limited their applications. In 

this way, we recently reported the synthesis of a novel class of 

well-defined biocompatible and biodegradable poly(ethylene 

oxide monomethyl ether) (MPEO)-b-poly(ε-caprolactone) (PCL) 

block copolymers containing an acid-labile ketal group as block 

linker.
28

 The PEO and PCL polymers were selected as building 

blocks because of their special suitability for environmental, 

biomedical and pharmaceutical applications.
29-31

 PCL is an 

aliphatic hydrophobic polyester with great potential as a 

biomaterial due to its unique combination of biodegradability 

and biocompatibility,
32

 and PEO is a hydrophilic and very 

flexible biocompatible polymer that is non-toxic and easily 

eliminated from the body.
33

  

 Herein, we report the potential of NPs as a tumor-specific 

drug delivery carrier. The NPs were prepared from a new 

biocompatible and biodegradable diblock copolymer 

containing an acid-labile linkage (acyclic ketal group) between 

the hydrophobic PCL and the hydrophilic MPEO blocks and 

they contained the cytotoxic drug paclitaxel loaded in 

hydrophobic core by hydrophobic interactions. Drug release 

and cytotoxic activity of the NPs were evaluated on human 

HeLa carcinoma cells. Due to the specific chemical structure, 

the block copolymer NPs disassemble and release the drug 

cargo under mildly acidic conditions (which simulate the acidic 

environment in endosomal and lysosomal compartments), 

exerting in vitro cytostatic efficacy on HeLa human cervical 

carcinoma cell line. The ketal linkage hydrolysis results in 

neutral degradation products that can be easily excreted, 

thereby avoiding accumulation and likely inflammatory 

responses. These important features of the presented novel 

MPEO-b-PCL block copolymer are discussed in the paper. 

Results and discussion  

In the first step the low-molecular-weight compounds as 

precursors for constructing the acid-labile ketal group as a 

biodegradable linkage between blocks for further 

polymerization of the MPEO-b-PCL block copolymers through 

an efficient multi-step pathway containing different synthetic 

routes (e.g., carbodiimide chemistry, “click” reaction and ring-

opening polymerization) were prepared.
28

 The block 

copolymers were synthesized using a newly developed α-

methoxy-ω-hydroxy-poly(ethylene oxide) that contains the 

acid-labile ketal linkage (incorporated via a “click” reaction) as 

a macroinitiator for the sequential controlled ring-opening 

polymerization of ε-CL (Fig. S1, ESI and Mat. and Methods). 

These new synthetic pathways were developed to obtain well-

defined acid-labile block copolymer NPs which release 

hydrophobic drug with increased rate at relevant mild acidic 

conditions. This should raise potential PTX toxicity to cancer 

cells, while after releasing the cargo, the nanocarriers are 

further disassembled into environmentally neutral degradation 

products.  

We chose the MPEO44-b-PCL17 (the subscripts refer to the 

degree of polymerization of each block) as a well-defined and 

characterized copolymer forming the delivery system. Due to 

carefully calibrated block copolymer properties, such as the 

molecular weight and the relative block length, the MPEO44-b-

PCL17 block copolymer self-assembles in PBS (pH  7.4) forming 

single spherical nanoparticles (discussed hereafter). The 

structure of the block copolymer is depicted in Fig.1. 

 

 

Fig. 1. Molecular structure of the pH-triggered acid-labile block copolymer 
MPEO44-b-PCL17 (top) and the schematic nanoparticles 

assembly/disassembly mechanism at pH  5.0 (bottom). 

  

The composition of the MPEO44-b-PCL17 block copolymer was 

characterized using 
1
H and 

13
C NMR and is shown in Table 1 

and Fig. S1 and S2 (ESI). The SEC analysis (Fig. S3) shows that 

the obtained distribution curve for the copolymer is 

monomodal, confirming that the ketal group was not degraded 

during the ring-opening polymerisation (ROP) of ε-CL as it was 

also confirmed by the 
1
H and 

13
C NMR (Fig. S2 top and bottom, 

ESI). The macromolecular characteristics of the block 

copolymer are listed in Table 1. 

Table 1. Macromolecular characteristics of the MPEO44-b-PCL17 block 
copolymer. 

Sample Mn,a (NMR) Mn,b (NMR) Mn,c (SEC) Mw/Mn,d (SEC) 

MPEO44-b-PCL17 4000 5400 3130 1.45 

a Mn was calculated by the monomer conversion; Mn =[M]o/[I]o x 114 + Mn -
methoxy-ω-hydroxy-MPEO containing a ketal group (Fig. S1 and S2, ESI). 
b Mn was calculated by 1H NMR spectroscopy according to Eq. 2 (ESI). 
c Mn and dMw/Mn values are relative to PS standards (Fig. S3, ESI). 
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After the dissolution upon organic solvent the MPEO44-b-PCL17 
diblock copolymer undergoes nanoprecipitation and self-
assembles into regular spherical NPs in PBS containing the PTX 
chemotherapeutic drug (see Mat. and Methods). The SLS and 
DLS measurements revealed the assembly of well-defined low-
dispersity NPs after solvent evaporation (Fig. 2). A plot of the 

relaxation frequency () versus the square of the scattering 
vector (q

2
) gives a linear relationship, indicative of the 

Brownian diffusion of spherical particles (Fig. 2a). The slope 
through the origin yields the diffusion coefficient and by using 
the Stokes-Einstein equation (eq. 5, Mat. and Methods), an 
apparent RH of 32.1 nm was determined, which is in good 
agreement with the data from fixed angle measurements (Fig. 
2b). From the Zimm analysis of the SLS data (see Mat. and 
Methods) the values of the radius of gyration (RG) were 
determined from the slope of the curve as being equal to 28.3 
nm. It is well established that the RG/RH ratio is related to the 
shape of NPs in solution. The obtained RG/RH ratio was equal 
to 0.88, thus being compatible with the formation of spherical 
block copolymer NPs.

16,34
 ELS measurements at pH 7.4 (PBS 

buffer) showed an average -potential for the studied block 

copolymer NPs close to neutrality ( - 0.5 mV). 

 

 

 

 

 

 

 

 

Fig. 2. Measurement of angular dependence by DLS () and SLS (○) of the 

MPEO44-b-PCL17 NPs prepared using the nanoprecipitation protocol (a) and 
normalized intensity size distribution of the MPEO44-b-PCL17 NPs measured 

at angle 90° at a concentration of 1 mgmL-1 in PBS (pH  7.4) and at 37 °C 
(b). 

Thermodynamically stable polymeric NPs with a hydrodynamic 

diameter (2RH = DH) of  64 nm were obtained. These NPs are 

perfectly suited for drug-delivery by specific accumulation in 

solid tumor tissue by the EPR effect, because the optimal 

particle size for EPR effect is usually stated to be  20 to 70 

nm.
34

 Another important aforementioned target in cancer 

therapy is the acidic environment in endosomal (pH  5.0 to  

6.0) and lysosomal (pH  4.0 to  5.0) compartments. 

Therefore, the sensibility of the polymer NPs containing the 

acid-labile ketal group was tested by NTA in acidic media (pH  

5.0; 37 °C) (Fig. 3).  

 

Fig. 3. Size distribution as obtained from NTA for the MPEO44-b-PCL17 

NPs after 72 h at pH  7.4 (left) and pH  5.0 (right).   

 

NTA is a powerful tool and it is particularly valuable for the 

detection and accurate sizing of a broad range of population 

ratios because it simultaneously depicts the particles’ size, 

concentration (number) and intensity distribution on the same 

measurement.
36,37

 After 72 h of incubation, the results show 

the presence of only one peak at pH  7.4 (Fig. 3, left) and the 

presence of several peaks at pH  5.0 (Fig. 3, right) mostly 

located at lower and larger sizes. The broadening in particle 

size and size distribution as shown by NTA is an evidence of 

NPs disassembly and aggregation
16

 over time, which is a result 

of the hydrolysis of the acid-labile ketal linkage.
28

 The 

hydrolysis of the MPEO44-b-PCL17 block copolymer was also 

characterized by SEC analysis (Fig. S3 red lines, ESI) and 
13

C 

NMR spectroscopy (Fig. S4, ESI). Firstly the SEC chromatograms 

confirmed the hydrolysis due the appearance of peaks from 

the macromers around the region of the PEO macromer (Fig. 

S3 blue line, ESI). Secondly, the degradation was confirmed by 
13

C NMR spectroscopy based on the disappearance of the 

carbon signal from the ketal group linker between the PEO and 

PCL blocks (Fig. S4, ESI). The hydrolysis of the ketal linker 

occurs at the interface between the PCL core and the PEO shell 

inside the NPs. The free hydrolyzed PEO chains are gradually 

released into the medium (smaller size peaks; Fig. 3, right). The 

particle aggregation (bigger size peaks; Fig. 3, right) is the 

result of the increased hydrophobicity of the particles due to 

the hydrolysis of the hydrophilic PEO macromer (see SEC and 
13

C NMR Fig. S3 resp. Fig. S4).
28

 It is important to note that no 

changes in the particle size distributions were observed for the 

MPEO44-b-PCL17 block copolymer NPs, as observed by NTA and 

at pH  7.4 during 72 hours, confirming that the particles are 

responsive to mild acidic conditions (pH  5.0). 
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Fig. 4. TEM images of MPEO44-b-PCL17 at pH  7.4 (a) and pH  5.0 (b) 

after 24 h incubation. 

 

 

Similarly, the TEM images (Fig. 4) showed a comparable 

increase in the size of the MPEO44-b-PCL17 block copolymer 

NPs at pH  5.0 (Fig. 4b) when compared to the NPs at pH  

7.4 (Fig. 4a) after 24 hours. Subsequently, the release profile of 

the chemotherapeutic PTX was investigated under the same 

aforementioned conditions (pH  5.0; 37 °C), which mimic the 

target acidic environment in endosomal and lysosomal 

compartments. The release experiments at 37 °C were 

conducted also at pH 7.4 to simulate conditions during 

transport in blood and in normal healthy tissues (Fig. 5). The 

drug release profile is clearly pH-sensitive. The results suggest 

that at pH  5.0 the block copolymer NPs are activated and 

consequently destabilized physically (pH-triggered 

disassembly-aggregation, Fig. 3), thus accelerating the release 

of the drug. The drug cargo is released almost twice as 

efficiently ( 70 % released) within 72 h at pH  5.0 (mimicking 

intracellular environment) than at physiological conditions of 

pH  7.4. On the other hand, at pH  7.4,  36 % of the drug 

loaded into the NPs cores is released.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Paclitaxel release profiles from MPEO44-b-PCL17-PTX NPs at pH 

5.0 () and 7.4 (▪). 

The drug-release profile is considered not optimal; however, a 
yet faster release is expected in contact with more complex 
media such as the serum-supplied cell culture medium.                                         
To investigate the inhibitory effect on tumor cells, the MPEO44-
b-PCL17 NPs were loaded with the antitumor drug PTX with an 
overall cargo rate around 2.0 wt% (loading efficiency of 92 %, 
see Mat. and Methods). The cell viability assay was used to 
document in vitro cytotoxicity as a classical approach to 
evaluate the direct effect of the drug carrier NPs on target 
cancer cells. HeLa cell line was selected as a widely used and 
well-studied cancer cell model system. The drug-loaded NPs 
were incubated with the HeLa cells and the in vitro cytotoxicity 
after 24 h and 48 h of incubation was assessed by alamarBlue® 
assay. After 48 h incubation with the cells, the PTX-loaded 
MPEO44-b-PCL17 NPs exhibited significantly stronger toxicity 
than the free drug (Fig. 6b). In contrast, the drug-free NPs 
showed only negligible cytotoxicity to the cancer cells (Fig. S5). 

This increased cytotoxicity of the drug-carrying NPs compared 
to the free drug is supposedly owed to endocytotic uptake;

38
 

at low drug concentrations (below 1 µgml
-1

, see Fig. 6b) the 
endocytotic uptake of the drug-loaded nanocarriers would be 
more efficient than the uptake of free drug into the cells. With 
increasing drug concentration this effect becomes less 
prominent (see Fig. 6b). Once internalized via endocytosis the 
PTX-loaded nanocarriers swiftly and efficiently release their 
cargo, when the enzymes and acidic conditions in endosomes 
trigger the cleavage of the pH-sensitive acyclic ketal bond.

39,40
 

Drug-free MPEO44-b-PCL17 NPs were also tested up to the 
applied maximal concentration (0.67 mg·mL

-1
) with no 

significant cytotoxic activity (Fig. S5). Last but not least, the 
negligible toxicity of the unloaded-MPEO44-b-PCL17 NPs 
emphasized that the presented nanocarrier system produces 
no toxic degradation products; and at any rate the products 
(PCL and PEO) are well known (FDA-approved) as 
environmentally friendly blocks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Viability of HeLa cells after 24 h (a) and 48 h (b) of incubation 

with different concentrations of free PTX (blue circles) and PTX-loaded 

MPEO44-b-PCL17 NPs (black squares). 

Conclusions 

In summary, well-defined nanoparticles prepared by the self-

assembly of the new amphiphilic MPEO44-b-PCL17 block 

copolymer in aqueous solution were presented. The NPs 

structure was characterized in detail by DLS, SLS, NTA and 

TEM. On decreasing pH the acid-labile ketal linker enabled the 

disassembly of the nanoparticles in a buffer that simulated the 

acidic environment in endosomal and lysosomal 
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compartments. As a result the chemotherapeutic paclitaxel 

was released and the polymer particles disintegrated into 

neutral degradation products as confirmed by SEC and 
13

C 

NMR and by in vitro cell viability tests. In addition, the in vitro 

cell viability experiments demonstrated the great potential of 

the pH-triggered NPs as drug-delivery system in cancer 

therapy; the in vitro cytotoxicity studies showed an important 

increase in activity of the NP-loaded with drug and the free-

drug NPs are degraded into well-known and FDA-approved by-

products and itself introduces no toxicity to cells. The particle’s 

hydrophilic surface coat and size below the cut-off size of the 

leaky pathological vasculature (NPs sizes  than 100 nm) 

predetermined the NPs for long circulation and efficient 

accumulation in solid tumours due to EPR effect and together 

with the ability to release a drug at the endosomal pH with 

concomitant high cytotoxicity makes them suitable candidates 

for cancer therapy. 

 

 

Experimental section 

Materials 

Chemicals were purchased from Sigma-Aldrich at the highest purity 

and if not stated otherwise, were used as received. 

 

Synthesis of α-methoxy-ω-hydroxy-poly(ethylene oxide) 

macromer containing a ketal group 

The α-methoxy-ω-hydroxy-poly(ethylene oxide) macromere 

containing a ketal group was prepared as a macroinitiator through a 

“click” reaction between α-methoxy-ω-alkyne-PEO and 2-{[2-(2-

azidoethoxy)propan-2-yl]ethan-1-ol. The azide-alkyne Huisgen 

cycloaddition was performed in the presence of CuI and Et3N. The 

conversion of the “click” reaction was calculated from the relative 

intensities of the signals characteristic of both -O-C(CH3)2-O- (j + j’, δ 

= 1.28 ppm) and –CH2-O-C(O) (d, δ = 4.47 ppm) groups in the 
1
H 

NMR spectrum, which gives a quantitative value of  82 %.
28 

 

Synthesis of MPEO44-b-PCL17 diblock copolymer containing a ketal 

group 

The MPEO44-b-PCL17 diblock copolymers were successfully 

synthesized by ROP from the ε-CL monomer. The previously 

synthesized α-methoxy-ω-hydroxy-poly(ethylene oxide) containing 

a ketal group (above) was used as a macroinitiator in the presence 

of Sn(Oct)2 as catalyst. The PCL block length was controlled by 

regulating the ε-CL/macroinitiator molar ratio. After purification, 

the MPEO44-b-PCL17 diblock copolymer was characterised using 
1
H 

and 
13

C NMR, and SEC analysis.
28 

 

Characterisation Techniques 

1
H NMR and 

13
C NMR spectra (300 and 75 MHz, respectively) were 

recorded using a Bruker Avance DPX 300 NMR spectrometer with 

CDCl3 as the solvent at 25 °C. The chemical shifts are relative to TMS 

using hexamethyldisiloxane (HMDSO, δ = 0.05 and 2.0 ppm from 

TMS in 
1
H NMR and 

13
C NMR spectra) as the internal standard. The 

Mn of the synthesized macromers and final block copolymers were 

determined by 
1
H NMR spectroscopy accordingly previously 

published.
28 

The Mn values of the macromer and of the block copolymer were 

determined by 
1
H NMR spectroscopy. For the macromer, the Mn 

was calculated according to eqn (1):  

                   Mn(NMR) = [(Ib/4)/(Ig/2)] x 44 + 31 + 284              (1) 

where Ib and Ig represent the integral values of the peaks at δ =  

3.63 ppm (–CH2–CH2–O– of the PEO repeating unit) and at δ = 2.76 

ppm (–O–C(O)–CH2–CH2–CH2–), respectively. The values 31 and 284 

are the molecular weights of the two functional groups at the chain 

ends CH3–O– and –O–C(O)–(CH2)3–triazole ring–(CH2)2–OC(CH3)2–

O–(CH2)2–OH, respectively. 

The Mn of the MPEO-b-PCL diblock copolymer was determined by 
1
H NMR using eqn (2): 

                    Mn(NMR) (MPEO-b-PCL) = [(Ir/2)/(Ib/4)] x DPMPEO x 114 + 

Mn(NMR) (macroinitiator) (2) 

where Ir and Ib represent the integral values of the methylene 

protons of PCL (r) (Fig. S2, top) and of the methylene protons of 

PEO (b). The value 114 is the molecular weight of the ε-CL unit, 

DPMPEO is the degree of polymerization of the macroinitiator, and 

Mn(NMR) is the number-average molecular weight of the 

macroinitiator. 

 

Nanoparticle preparation 

A preheated (40 °C) acetone solution (2.0 mL) containing the 

MPEO44-b-PCL17 block copolymer (5.0 mg) and the chemoterapeutic 

PTX (0.1 mg) was added drop-wise (EW-74900-00, Cole-Parmer®) 

into a pre-heated (40 °C) PBS solution (4 mL, pH  7.4). The pre-

formed NPs were allowed to self-assemble, and then the solvent 

was evaporated under reduced pressure. The final concentration 

was adjusted to 1 mgmL
-1

 (NPs) using PBS at pH  7.4. Given the 

high loading no further purification was carried out.
16,42 

 

Size exclusion chromatography (SEC) 

The SEC analyses were performed using an SDS 150 pump (Watrex, 

Czech Republic) equipped with refractometric (Shodex RI-101, 

Japan) and UV (Watrex UVD 250, Czech Republic) detectors. The 

separation system consisted of two PLgel MIXED-C columns 

(Polymer Laboratories) and was calibrated with polystyrene 

standards (PSS, Germany). THF was used as the mobile phase at a 

flow rate of 1.0 mLmin
-1

 at 25 °C. Data collection and processing 

were performed using the Clarity software package. 

 

Drug Loading and drug loading efficiency 

The amount of the chemotherapeutic paclitaxel was determined 

according previously validated method.
16,42

 PTX loaded into the NPs 

was measured by HPLC (Shimadzu, Japan) using a reverse-phase 

column Chromolith Performance RP-18e (100 × 4.6 mm, eluent 

water-acetonitrile with acetonitrile gradient 0 - 100 vol %, flow rate 

= 1.0 mlmin
-1

). Firstly 100 µL of the drug-loaded NPs was collected 

from the bulk sample, filtered (0.45 µm) and diluted to 900 µL with 
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100(%) x
lesnanoparticofmass

lesnanoparticinamountdrug
LC 

100(%) x
feedingdrug

lesnanoparticinamountdrug
LE 

Acetonitrile (Lach-ner, Czech Republic). Such procedure led to NPs 

dissolution. Afterwards, 20 µL of the final sample was injected 

through a sample loop. PTX was detected at 227 nm using 

ultraviolet (UV) detection. The drug-loading content (LC) and the 

drug-loading efficiency (LE) were calculated by using the following 

equations: 

                                                                                                       

                (3) 

  

                                                                                                                                                  

                                                                                (4)    

 

 

Drug Release Experiments 

The in vitro release of PTX from the block copolymer NPs was 

studied in pH-adjusted release media (pH  7.4 and  5.0) at 37 °C. 

Aliquots (500 µL) of drug loaded block copolymer micelles in PBS 

were loaded into 36 Slide-A-Lyzer MINI dialysis microtubes with 

MWCO 10000 (Pierce, Rockford, IL). These microtubes were 

dialyzed against 4 L of pH-adjusted PBS buffer gently stirred. The 

drug release experiments were done in triplicate. At each sampling 

time, it was removed three microtubes from the dialysis system and 

300 µL from each microtube was sampled and diluted to 1.0 mL by 

using Acetonitrile (Lach-ner, Czech Republic). The PTX content at 

each sampling time was then determined via HPLC by applying the 

same procedure used to determine LC and LE. 

 

Nanoparticle characterisation 

The NPs were characterised using DLS, SLS and NTA. The DLS 

measurements were performed using an ALV CGE laser goniometer 

consisting of a 22 mW HeNe linear polarized laser operating at a 

wavelength ( = 632.8 nm), an ALV 6010 correlator, and a pair of 

avalanche photodiodes operating in the pseudo cross-correlation 

mode. The samples were loaded into 10 mm diameter glass cells 

and maintained at 37  1 °C. The data were collected using the ALV 

Correlator Control software and the counting time was 45 s. The 

measured intensity correlation functions g2(t) were analysed using 

the algorithm REPES (incorporated in the GENDIST program)
43

 

resulting in the distributions of relaxation times shown in equal area 

representation as A(). The mean relaxation time or relaxation 

frequency ( = 
-1

) is related to the diffusion coefficient (D) of the 

nanoparticles as 𝐷 =


𝑞2
 where 𝑞 =

4𝜋𝑛 sin
𝜃

2

𝜆
 is the scattering vector 

being 𝑛 the refractive index of the solvent and  the scattering 

angle. The hydrodynamic radius (RH) or the distributions of RH were 

calculated by using the Stokes-Einstein relation: 

 

𝑅𝐻 =
𝑘𝐵𝑇

6𝜋𝜂𝐷
            (eq. 5) 

 

being 𝑘𝐵  the Boltzmann constant, 𝑇 the absolute temperature and 

𝜂 the viscosity of the solvent. 

In the static light scattering (SLS), the scattering angle was varied 

from 30 to 150° with a 10° stepwise increase. The absolute light 

scattering is related to weight-average molar mass (Mw(NP)) and to 

the radius of gyration (RG) of the nanoparticles by the Zimm 

formalism represented as: 

 
𝐾𝑐

𝑅𝜃
=

1

𝑀𝑤(𝑁𝑃)
(1 + 

𝑅
𝐺𝑞2
2

3
)            (eq. 6) 

 

where 𝐾 is the optical constant which includes the square of the 

refractive index increment (dn/dc), 𝑅𝜃 is the excess normalized 

scattered intensity (toluene was applied as standard solvent) and c  

is the polymer concentration given in mgmL
-1

. The refractive index 

increment (dn/dc) of the MPEO44-b-PCL17 NPs in PBS (0.140 mLg
-1

) 

was determined using a Brice-Phoenix differential refractometer 

operating at  = 632.8 nm.  

The NTA analyses were performed using the NanoSight LM10 & 

NTA 2.0 Analytical Software (NanoSight, Amesbury, England). The 

samples were diluted (4000 x - Milli Q® water or PBS  7.4 and  

5.0) and injected into the sample chamber with a syringe (25 °C). 

The NTA apparatus combines light scattering microscopy with a 

laser diode (635 nm) camera charge-coupled device, which allows 

viewing and recording of the NPs in solution. Each video clip was 

captured over 60 s. The NTA software is able to identify and track 

individual NPs (10 - 1000 nm), which are in Brownian motion, and 

relate this particle movement to a sphere with an equivalent RH, as 

calculated using the Stokes-Einstein relation (eq. 5). 

 

Cell Culture and in vitro experiments 

The HeLa cells were cultivated in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% fetal calf serum, 100 

units of penicillin and 100 µgmL
-1

 of streptomycin (Life Technology, 

CZ). The cells were grown in a humidified incubator at 37 °C with 5 

% CO2. For the cytotoxicity assay, 5000 cells per well were seeded in 

duplicates in 96 flat bottom well plates in 100 µL of media 24 h 

before adding the NPs. For adding of the particles the volume was 

calibrated to 80 µL, and 20 µL of the 5-times concentrated dilution 

of PTX or particle dispersion were added per well to a final PTX 

concentration ranging from 10
-5

 to 5 μgmL
-1

. All dilutions were 

made in full incubation medium under thorough mixing of each 

dilution step. The sample concentrations of the PTX-loaded 

particles were adjusted to contain the same total amount of PTX as 

the samples with free PTX. The cells were incubated with free drug 

or NPs for 24 h or 48 h. Then 10 µL of alamarBlue® cell viability 

reagent (Life Technologies, Czech Republic) were added to each 

well and incubated a minimum for 3 h at 37 °C. The fluorescence of 

the reduced marker dye was read with a Synergy H1 plate reader 

(BioTek Instruments, US) at excitation 570 and emission 600 nm. 

The fluorescence intensity of the control samples (with no drug or 

particles added) was set as a marker of 100 % cell viability. The 

fluorescence signal of “0% viability samples“ (where all cells were 

killed by addition of hydrogen peroxide) was used as background 

and subtracted from all values prior to calculations. The non-toxic 

character of the blank particles without drug was shown by 

incubation of cells up to 0.67 mgL
-1

 of blank particles. This 
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corresponds to the amount of polymer that is contained in the 

samples of drug-loaded particles with 5 µgL
-1

 total PTX content. For 

the cell experiments the PTX-dilutions in incubation medium were 

made from a PTX stock solution of 120 µgmL
-1

 in PBS/DMSO (96.5 : 

3.5 v/v).
41

 Precipitation of the hydrophobic PTX out of the cell 

culture medium can therefore be excluded because the PTX was 

previously fully dissolved in a PBS/DMSO solution (96.5 : 3.5 v/v) 

and subsequently diluted in the serum-supplied medium under 

thorough mixing. Consequently, even at maximal PTX-concentration 

of 5 µgmL
-1

, the final DMSO concentration in the incubation 

medium was below 0.2% and therefore no effect on cell vitality in 

the applied setup.
42,44

 All the cells experiments are average of at 

least 4 measurements (n  4). 
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Nanoparticles of the poly([N-(2-hydroxypropyl)]-
methacrylamide)-b-poly[2-(diisopropylamino)ethyl
methacrylate] diblock copolymer for pH-triggered
release of paclitaxel†

Alessandro Jäger,*a,e Eliézer Jäger,*a,e František Surman,a Anita Höcherl,a

Borislav Angelov,a Karel Ulbrich,a Markus Drechsler,b Vasil M. Garamus,c

Cesar Rodriguez-Emmenegger,*a Frédéric Nalletd and Petr Štěpáneka

The potential of self-assembled nanoparticles (NPs) containing the fine tunable pH-responsive properties

of the hydrophobic poly[2-(diisopropylamino)ethyl methacrylate] (PDPA) core and the protein repellence

of the hydrophilic poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA) shell for in vitro cytostatic activity

has been explored on cancer cells. The amphiphilic diblock copolymer poly[N-(2-hydroxypropyl)metha-

crylamide]-b-poly[2-(diisopropylamino)ethyl methacrylate] (PHPMA-b-PDPA) synthesized by a reversible

addition–fragmentation chain transfer (RAFT) technique allows for excellent control of the polymer chain

length for methacrylamides. The PHPMA-b-PDPA block copolymer dissolved in an organic solvent

(ethanol/dimethylformamide) undergoes nanoprecipitation in phosphate buffer saline (PBS, pH ∼ 7.4) and

self-assembles into regular spherical NPs after solvent elimination. The NPs’ structure was characterized

in detail by dynamic (DLS), static (SLS) and electrophoretic (ELS) light scattering, small angle X-ray scatter-

ing (SAXS), and cryo-transmission electron microscopy (cryo-TEM). The PHPMA chains prevented the

fouling of proteins resulting in a remarkable stability of the NPs in serum. On decreasing pH the hydro-

phobic PDPA block becomes protonated (hydrophilised) in a narrow range of pH (6.51 < pH < 6.85; ΔpH
∼ 0.34) resulting in the fast disassembly of the NPs and chemotherapeutic drug release in a simulated

acidic environment in endosomal and lysosomal compartments. A minimal amount of drug was released

above the threshold pH of 6.85. The in vitro cytotoxicity studies showed an important increase in the

activity of the NPs loaded with drug compared to the free drug. The particle’s size below the cut-off size

of the leaky pathological vasculature (less than 100 nm), the excellent stability in serum and the ability to

release a drug at the endosomal pH with concomitant high cytotoxicity make them suitable candidates

for cancer therapy, namely for treatment of solid tumours exhibiting high tumor accumulation of NPs due

to the Enhanced Permeability and Retention (EPR) effect.

Introduction

A great deal of attention has been paid to block copolymers
that when exposed to an aqueous environment self-assemble
into highly organised nanoscale structures.1,2 By changing the
solvent selectivity or the insoluble-to-soluble block length
ratio, one obtains thermodynamically favoured structures of
various morphologies in solution.3 Typical morphologies such
as spheres, rods, lamellae and vesicles (polymersomes) can be
easily prepared in a controlled manner in aqueous solutions
through the self-assembly of asymmetric amphiphilic diblock
copolymers.4 Characterised by a bulky core and a relatively
thin corona, the particles made by the self-assembly of highly
asymmetric diblocks are frozen structures and do not dis-
sociate under dilution.5 Some of these structures such as

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c5py00567a
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spheres and vesicles have attracted attention as versatile car-
riers for drug delivery.6,7 They present improved colloidal stabi-
lity under physiological conditions when compared to water
soluble amphiphilic micelles and possess the ability to encap-
sulate or integrate a broad range of drugs. However, several
problems arise related to the slow drug release if the drug is
encapsulated in frozen colloidal particles, especially for appli-
cations such as drug release in cancer therapy. For an optimal
therapy the hydrophobic guest drug molecules have to be
seized into the inner particle core during circulation in the
bloodstream and be quickly released at the specific tumour
sites.8 Recently, several types of pH-sensitive polymeric NPs
have been investigated for such purposes9,10 because the extra-
cellular pH in most solid tumour tissues is more acidic
(ranging from pH 6.7 to 7.1),11,12 compared to the normal
tissues (buffered at pH 7.4). Furthermore, variations in pH are
also encountered when nanoparticles are internalized by cells
via endocytosis, where the pH usually drops to as low as
5.0–6.0 in endosomes and 4.0–5.0 in lysosomes.13

For such a challenging task, taking into account the small
pH window (ΔpH ∼ 0.4) in which the drug must be released,
the 2-(diisopropylamino)ethyl methacrylate (DPA) based co-
polymers have recently proven to be valuable tools capable of
fine tuning the release in the desired pH region, both in vitro14

and in vivo15 and quickly release the drug independently of its
hydrophobicity16 or hydrophilicity.17 Nevertheless, regardless
of the efficiency of the trigger mechanism involved in the drug
release towards a successful cancer therapy, the nanocarrier
must reach the tumor tissue first. However, nanoparticles in
contact with the blood stream are rapidly coated with a corona
of proteins which can impair the colloidal stability or can
cause the particles to be eliminated via phagocytosis. This can
only be circumvented by engineering the nanocarrier system to
be “stealth” with a low particle size (between 10 and 100 nm)
and having a sufficiently long circulation time to undergo
passive specific accumulation in the tumor tissue through the
EPR effect.18 Recently published results from our group have
demonstrated that unlike poly(ethylene glycol) PEG,19 brushes
of poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA) with-
stand the fouling from blood plasma20 and full blood.21 The
unmatched performance of PHPMA was also utilized to
improve the circulation of hydrophobic nanoparticles with
PHPMA-modified surfaces in vitro22 and in vivo.23

Herein, for the first time, the potential of self-assembled
NPs containing the fine tunable pH-responsive properties of
the hydrophobic poly[2-(diisopropylamino)ethyl methacrylate]
(PDPA) core and protein repellence of the hydrophilic PHPMA
shell on in vitro cytostatic activity tested on cancer cells are
reported. A diblock copolymer composed of hydrophobic
PDPA and hydrophilic PHPMA was prepared by RAFT poly-
merisation. Poly[N-(2-hydroxypropyl)methacrylamide]-b-poly-
[2-(diisopropylamino)ethyl methacrylate] (PHPMA25-b-PDPA106)
assembled forming nanoparticles. The novel NPs’ self-assem-
bly and structure were characterized in detail by cryo-TEM,
SAXS, DLS, SLS and ELS light scattering techniques. Acidic
physiological conditions trigger the disassembly of the novel

NPs prepared from the block copolymer PHPMA25-b-PDPA106,
thus controlling the release of their cargo, the chemotherapeu-
tic paclitaxel (PTX), which results in a high cytostatic effect on
HeLa cancer cells in in vitro studies.

Results and discussion

The block copolymer was prepared using RAFT polymerisation.
A first block of PHPMA, (Mn = 3600 g mol−1, Mw/Mn = 1.07;
Scheme 1, Fig. S1 and S2†) was synthesised and used as a
macro chain transfer agent. Subsequently a long second block
of PDPA (Mn = 26 200 g mol−1, Mw/Mn = 1.29) was grown from
the macroCTA also by RAFT. RAFT polymerisation accounts for
excellent living characteristics in the polymerization of metha-
crylamides. The block copolymer comprising a hydrophobic
block (PDPA) and a hydrophilic block (PHPMA) favours the for-
mation of stable NPs with a bulky core capable of encapsulat-
ing and controlling the release of the hydrophobic
chemotherapeutic PTX.

The hydrophilic corona of PHPMA was utilized to protect
the hydrophobic core from adsorption of proteins from blood
(vide infra). An abrupt change in the light scattering intensity
was observed during the titration experiments of the
PHPMA25-b-PDPA106 diblock copolymer in aqueous solution
simulating physiological conditions. The hydrophobic DPA
block is protonated (hydrophilised) in a narrow range of
pH (6.51 < pH < 6.85; ΔpH ∼ 0.34, Fig. 1a).

The markedly narrow window of pH at which the diblock
copolymer (namely DPA block) can be protonated and the large
change in scattering intensity and hydrodynamic diameter
suggest that pH is a remarkably effective and precise trigger for
assembly and disassembly of the system. The NPs were pre-
pared by the solvent-shifting method, whereby the PHPMA25-b-
PDPA106 block copolymer was dissolved in ethanol or dimethyl-
formamide (concentration ∼ 1 mg mL−1) and phosphate buffer
saline (PBS, pH ∼ 7.4) was added dropwise to the organic solu-
tion under stirring until the aqueous weight fraction reached
twice the weight of the organic phase. The organic solvent was
removed by dialysis or evaporated under reduced pressure. DLS
measurement of the diblock copolymer (before NP formation)

Scheme 1 Synthetic route and molecular structure of the PHPMA25-b-
PDPA106 block copolymer with pH-triggered assembly/disassembly.
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at pH 5.0 shows that most chains were fully dissolved with an
average hydrodynamic diameter of 2RH = 9.0 nm (Fig. 1b).

After PBS addition and solvent evaporation, the DLS shows
a monomodal average size distribution referred to as the NPs’
population (2RH = 52 nm, Fig. 1b, black circles) with low dis-
persity as was estimated by using the cumulant analysis (µ2/Γ2

= 0.120 ± 0.009), and as observed by Cryo-TEM (Fig. 2a). At pH
7.4 (PBS buffer) the average ζ-potential for the studied block
copolymer nanoparticles is close to neutrality (∼−2.5 mV)
(Fig. 1a). Decreasing the pH below the pKa (DPA) (6.51 < pH <
6.85), the system is rapidly protonated as evidenced by the
positive ζ-potential, and mainly composed of molecularly dis-
solved block copolymer chains, besides a very small number of
large aggregates (RH ∼ 125 nm). These aggregates represent
about 25% of the intensity-weighted distribution, thus follow-
ing the relationship Isc ∼ cR3 the number of large particles can
be calculated to be 0.0025% of the total number of objects
scattering light in the system16 (Fig. 1b). This negligible
number of aggregates can be clearly visualized in the volume-
weighted distribution of RH shown in Fig. S5.†

Cryo-TEM images obtained at pH 7.4 reveal well-defined
spherical NPs (Fig. 2a). The SAXS profile of the PHPMA25-b-
PDPA106 block copolymer NPs (Fig. 2b) indicates the presence
of flexible polymer chains described by Gaussian statistics at
the outermost layer of the particles as evidenced in the high-q
range profile corresponding to the PHPMA chains. These
chains are, however, not visible in the Cryo-TEM image
(Fig. 2a) due to poor contrast. To model the SAXS profile we
utilized a superposition of Gaussian chains as the background
and spherical nanoparticles:

IðqÞ � K 2ðq;R;ΔηÞ þ background; ð1Þ
where

Kðq;R;ΔηÞ ¼ 4
3
πR3Δη3

sinðqRÞ � qR cosðqRÞ
ðqRÞ3 ð2Þ

is the scattering from spherical NPs of radius R, Δη is the
difference between the scattering length density of the
polymer and the solvent. A similar model was used previously
to describe diverse systems.23–25 The obtained nanoparticle
radius R ∼ 23 nm (diameter = 2RH = 46 nm) is in good agree-
ment with the DLS and Cryo-TEM data. Similarly, SLS
measurements of NPs at pH = 7.4 (Fig. S3†) show RG = 24 nm
and Mw ∼ 1.2 × 106 g mol−1.

Fig. 1 (a) Zeta potential values (black circles) and overall scattering
intensity (red squares) as a function of pH for the PHPMA25-b-PDPA106

block copolymer and (b) intensity-weighted size distribution for the
PHPMA25-b-PDPA106 NPs at pH 7.4 (black circles), for the nanoparticles
at pH 5.0 (red squares) and the single block copolymer at pH 5.0 (blue
dashed lines) and 173° angle at a concentration of 1 mg mL−1 diluted in
PBS at 37 °C.

Fig. 2 Cryo-TEM image of the block copolymer NPs (a) and (b) small
angle X-ray scattering profile in PBS, pH 7.4.
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The RG/RH ratio obtained by SLS and DLS data, gave access
to the structural characteristics of the particles. It is well estab-
lished that the NPs’ RG/RH ratio values of 0.775, 1.78, and
≥2 have been reported for hard spheres, random coils and rod-
like structures, respectively.16,22,23,26 Furthermore, the RG/RH

ratio of spherical objects depends on their inner structure and
compactness, being close to 0.775 for compact spheres,
0.8–0.9 for block copolymer micelles due to solvation pheno-
mena and 1.0 for hollow spheres and vesicles.16,23,26 The RG/RH
ratio found for the PHPMA25-b-PDPA106 NPs (RG/RH ∼ 0.92)
indicates that the particles had a core–shell-like structure.16,27

Therefore, the most probable structural arrangement of the
PHPMA25-b-PDPA106 NPs is a particle composed of a PDPA
core surrounded by a PHPMA shell. These findings are in
agreement with the SAXS measurements, which identify
polymer chains with the Gaussian configuration at the outer
region of the NPs. Furthermore, aggregation numbers with the
same order of magnitude (∼46 chains per particle) were also
found for particles with such a structural composition.16,24,27

The efficient NP accumulation in the solid tumor tissue
requires an extended circulating capability to enable a time-
dependent extravasation of the NPs through the leaky tumor
microvasculature (EPR effect). Therefore, long-term stability of
the NPs in serum is a pre-requisite for the use of polymer NPs
in vivo.23,28,29 As a model of the possible detrimental inter-
action of the nanoparticles with proteins from blood, we incu-
bated them in human plasma (10% in PBS). The stability of the
NPs was monitored by evaluating any possible changes in their
hydrodynamic size and scattering intensity over time.23,26,29

Fig. 3a shows the temporal stability of the NPs in diluted
human blood plasma as a function of the incubation time.

The size and scattering intensity patterns of the NPs do not
change within the studied 36 h suggesting that the NPs are
stable in the simulated but highly challenging media. The
high stability of the NPs is based on their hydrophilic shell
nature, improved colloidal stability and their unmatched
resistance to protein adsorption.16,20,29 By preventing any
adsorption of proteins the NPs are virtually “invisible” in the
blood milieux, which makes them a promising system for
in vivo applications.23,29–31

Subsequently, the release profile of the chemotherapeutic
PTX was investigated under conditions mimicking the acidic
environment in endosomal and lysosomal compartments,
pH ∼ 5.0 and 37 °C. The release experiments at 37 °C were
also conducted at pH 7.4 to simulate conditions during trans-
port in blood and in normal healthy tissues (Fig. 3b). The drug
release profile is clearly pH-sensitive in accordance with the
physico-chemical studies presented above.

The results suggest that at pH ∼ 5.0 (acidic environment in
endosomal and lysosomal compartments) the block copolymer
becomes protonated to form a polycation. The Coulombic
repulsion among the chains disrupts the NPs which physically
disassemble (pH-triggered disassembly, Fig. 1 and 3b), thus
resulting in a 3.5 fold acceleration of the rate of release of the
chemotherapeutic (∼70%) within 24 h, (pH ∼ 5.0) compared
to physiological conditions (PBS). Moreover, ∼21% of the drug

was released from the intact NP cores when kept in PBS at pH
7.4. The release data demonstrate that during the systemic
circulation minimal quantity of the drug would be released
before reaching the solid tumor environment via the EPR
effect. Conversely, the chemotherapeutic is readily released at
pH 5.0 with ∼70% of the loaded anticancer drug released
within the first 24 h fulfilling the criteria32 for a pH-triggered
drug release mechanism exhibiting practical application as
nanocarriers in passive tumor-targeted drug delivery.

To investigate the inhibitory effect on tumor cells, the pH-
triggered PHPMA25-b-PDPA106 NPs were loaded with the anti-
tumor drug PTX with an overall cargo rate around 2.5 wt% and
a loading efficiency of 96% (see the Materials section and
Methods section). Given the high loading (negligible free PTX)
no further purification was carried out. The cell viability assay
using alamarBlue® was used to examine the in vitro cytotoxi-
city as a classical approach to evaluate the direct effect of the
drug-loaded NPs on target cancer cells. The HeLa cell line was
selected as a widely used and well-studied cancer cell model
system. The drug-loaded NPs were incubated with the HeLa

Fig. 3 (a) Size distribution in dissolved human plasma (10% v/v in PBS)
for the PHPMA25-b-PDPA106 block copolymer NPs as a function of the
incubation time and (b) drug release profiles from paclitaxel-loaded
PHPMA25-b-PDPA106 block copolymer NPs at pH 7.4 (PBS, closed black
squares) simulating transport in blood and at pH 5.3 (PBS, closed red
circles) simulating the acidic environment in endosomal and lysosomal
compartments at 37 °C.
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cells for 24 and 48 h. The in vitro cell viability experiments
demonstrated that the PTX-loaded-PHPMA25-b-PDPA106 NPs
exhibited a similar if not slightly stronger cytotoxic effect com-
pared to the free drug after 24 h of incubation (Fig. 4a). After
incubation over 48 h the superior toxicity of the PTX-loaded-
PHPMA25-b-PDPA106 NPs compared to free PTX is clearly
visible (Fig. 4b). The NPs (IC50 0.1 ng mL−1) exhibited signifi-
cantly higher cytotoxicity than the free PTX (IC50 1.7 ng mL−1),
which corresponds to the values stated in the literature for
HeLa cells.33,34 This increased cytotoxicity of the drug-carrying
NPs compared to the free drug has been previously reported
for analogous systems35–39 and is supposedly the result of
enhanced endocytotic uptake of NPs. In particular at low drug
concentrations and higher incubation times (below 0.005 µg
mL−1, Fig. 4b), the endocytotic uptake of the PTX-loaded NPs
is more efficient than the uptake of free drug into the cells.36

A strong toxicity of the drug-loaded NPs after 48 h incubation
correlates with the hypothesis that a significant amount of par-
ticles is already internalized in endosomal compartments
within the first 24 h and that this is closely followed by a fast
release of the drug (within 24 h approx. 70% of the drug was
released under acidic conditions mimicking the conditions in
endosomal and lysosomal compartments, see Fig. 3b). Drug-

free PHPMA25-b-PDPA106 NPs were also tested up to the
applied maximal concentration (0.4 mg mL−1) with no signifi-
cant cytotoxic activity (Fig. 4a and b, Fig. S4A and S4B†). After
disassembly of the nanoparticles (pH < pKa), the freely disso-
ciated PHPMA25-b-PDPA106 chains present protonated amine
groups to the cell. The toxicity of protonated amine groups has
been described previously.40 This may contribute to the high
toxicity of the presented system. However, the data clearly
showed evidence that the drug-free PHPMA25-b-PDPA106
particles have no relevant observable toxic effect on the cells
(Fig. 4a and b, Fig. S4A and S4B†). Therefore the high
efficiency of the drug delivery system is purely attributed to the
efficient transport and release of the drug, and side effects of
material toxicity can be excluded. It is important to highlight
that the extracellular pH differences between the tumoral
tissues and the healthy tissues are not just a characteristic of
tumors but also ischemia, inflammation, renal failure or
chronic obstructive pulmonary diseases that also share similar
pH differences to their healthy counterparts. Therefore the
HPMA-b-PDPA copolymer NPs may also find applications as
drug carriers for their treatment.

Conclusions

In summary a diblock copolymer of PHPMA and PDPA was pre-
pared by RAFT polymerisation. The diblock copolymer was
assembled into spherical NPs consisting of a core of PDPA and
a corona of PHPMA as evidenced by SLS, cryo-TEM and SAXS.
Presumably, the PHPMA chains prevented the fouling of pro-
teins resulting in a remarkable stability in serum. The
reduction of the pH below 6.85 resulted in a rapid increase in
the zeta-potential and the fast disassembly of the particles
(size decrease in DLS). This was exploited as a trigger for the
delivery of hydrophobic drugs into cancer cells. A minimal
amount of drug was released above the threshold pH. The
in vitro cytotoxicity studies showed an important increase in
the activity of the NPs loaded with drug compared to the free
drug.

The particle’s size below the cut-off size of the leaky patho-
logical vasculature (2RH < 100 nm), their excellent stability in
serum and the ability to release a drug at the endosomal pH
with concomitant high cytotoxicity make them suitable candi-
dates for cancer therapy, namely for treatment of solid
tumours exhibiting high tumor accumulation of NPs due to an
effective EPR effect.

Experimental section
Materials

Monomer 2-(diisopropylamino)ethyl methacrylate (DPA, 97%)
was purified by vacuum distillation prior to use. Monomer
N-(2-hydroxypropyl)methacrylamide (HPMA) was synthesized
according to the reference.41 Initiator 4,4-azobis(4-cyanopenta-
noic acid) (V-501, Aldrich) was recrystallized from methanol

Fig. 4 Cell viability of HeLa cell line after 24 h (a) and 48 h (b) incu-
bation with different concentrations of free PTX (closed blue circles) and
PTX-loaded PHPMA25-b-PDPA106 (closed black squares) NPs. DMSO
0.15% (open blue squares) and blank PHPMA25-b-PDPA106 NPs (open
black squares) were used as controls.
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prior to use. The chain transfer agent, 4-cyano-4-(phenylcarbo-
nothioylthio)pentanoic acid (CTP, Aldrich), was used as
received. Solvents, methanol, dimethylacetamide and 1,4-
dioxane were purchased from Lachner, dried over molecular
sieves (3 Å) and distilled prior to use.

Methods
1H NMR. The 1H NMR spectra were recorded using a Bruker

AMX-300 300 MHz spectrometer. PHPMA was dissolved in D2O
and PHPMA25-b-PDPA106 block copolymer in D2O/DCl (pH 2).

Size exclusion chromatography (SEC). The number-average
molecular weight (Mn) and its distribution (Mw/Mn) were
obtained by SEC. SEC of the isolated copolymers was per-
formed at 25 °C with two PLgel MIXED-C columns (300 ×
7.5 mm, SDV gel with particle size 5 μm; Polymer Laboratories,
USA) and with UV (UVD 305; Watrex, Czech Republic) and RI
(RI-101; Shodex, Japan) detectors. The mixture of tetrahydro-
furan/methanol 80/20 v/v% was used as a mobile phase at a
flow rate of 1 mL min−1. The molecular weight values were cal-
culated using Clarity software (Dataapex, Czech Republic).
Calibration with PMMA standards was used. The absolute
number-average molar mass (Mn) and molar mass distribution
(Mw/Mn) of PHPMA macroCTA were determined on a HPLC
Shimadzu system equipped with a Superose 12™ column, UV,
Optilab rEX differential refractometer and multiangle light scat-
tering DAWN 8 (Wyatt Technology, USA) detectors. For these
experiments, the 0.3 M sodium acetate buffer (pH 6.5) contain-
ing 0.5 g L−1 sodium azide was used as the mobile phase.

Synthesis of PHPMA macroCTA. In a Schlenk flask equipped
with a magnetic stirrer bar, HPMA monomer (3 g, 21 mmol)
and CTP (94 mg, 0.34 mmol) were dissolved in 17 mL of DMAc
and deoxygenated by four freeze–pump–thaw cycles. Sub-
sequently, 300 µL (0.167 mmol) of the initiator V-501 solution
(78 mg, 0.5 mL DMAc) was added and another freeze–pump–
thaw cycle was performed. The flask containing the pink solu-
tion was filled with argon and placed into an oil bath (70 °C)
to start the polymerisation. After 10 h, the polymerisation was
quenched by exposing the reaction mixture to air and liquid
nitrogen. The polymerisation solution was precipitated in
diethyl ether/acetone (3/1) mixture, filtered and vacuum dried
to yield a pink solid (875 mg). The conversion was 36% as
determined by 1H NMR spectroscopy (Fig. S1B†). The obtained
polymer was characterized by SEC Mn = 3600 g mol−1, Đ = 1.07
(Fig. S1A†).

Synthesis of poly(N-(2-hydroxypropyl)methacrylamide)-b-(2-
(diisopropylamino)ethyl methacrylate) (PHPMA25-b-
PDPA106). In a Schlenk flask equipped with a magnetic stirrer
bar, PHPMA macroCTA (432 mg, Mn 3600, Đ 1.07) was dis-
solved in MeOH (3 mL). The monomer DPA (2.56 g, 12 mmol)
and 1,4-dioxane (4 mL) were added and the mixture was deoxy-
genated by four freeze–pump–thaw cycles. Subsequently, 100
µL (0.039 mmol) of the initiator V-501 solution (33 mg, 0.3 mL
DMAc) was added and another freeze–pump–thaw cycle was
performed. The flask containing the pink solution was filled
with argon and placed into an oil bath (70 °C) to start the poly-
merisation. After 15 h, the polymerisation was quenched by

exposing the reaction mixture to air rapidly cooling in liquid
nitrogen. The polymer was isolated by dialysis using a Spectra-
Por dialysis membrane MWCO 3500 against water (pH 2–3) for
five days. The solution of polymer was lyophilized to yield a
light pink solid. The conversion was 94% as determined by
1H NMR spectroscopy. The dithiobenzoic ω-end group was
removed by the method introduced by Perrier42 using V-501
and the polymer isolated by dialysis and lyophilization to
obtain a white solid. The obtained polymer was characterised
by SEC Mn = 26 200 g mol−1, Đ = 1.29. The synthetic para-
meters and molecular weight data of polymers prepared via
RAFT polymerization are described in Table TS1 (ESI†).

Scattering techniques

The dynamic light scattering (DLS) measurements were per-
formed using an ALV CGE laser goniometer consisting of a
22 mW He–Ne linear polarized laser operating at a wavelength
(λ = 632.8 nm), an ALV 6010 correlator, and a pair of avalanche
photodiodes operating in the pseudo cross-correlation mode.
The samples were loaded into 10 mm diameter glass cells and
maintained at 25 ± 1 °C. The data were collected using the ALV
Correlator Control software and the counting time was
30 s. The measured intensity correlation functions g2(t ) were
analysed using the algorithm REPES (incorporated in the
GENDIST program)43 resulting in the distributions of relax-
ation times shown in equal area representation as τA(τ). The
mean relaxation time or relaxation frequency (Γ = τ−1) is
related to the diffusion coefficient (D) of the nanoparticles

as: D ¼ Γ

q2
where q ¼

4πn sin
θ
2

λ
is the scattering vector, n is the

refractive index of the solvent and θ is the scattering angle.
The hydrodynamic radius (RH) or the distributions of RH were
calculated by using the well-known Stokes–Einstein relation:

RH ¼ kBT
6πηD

ð3Þ

where kB is the Boltzmann constant, T is the absolute tempera-
ture and n is the viscosity of the solvent.

In the static light scattering (SLS), the scattering angle was
varied from 30 to 150° with a 10° stepwise increase. The absol-
ute light scattering is related to the weighted-average molar
mass (Mw(NP)) and to the radius of gyration (RG) of the nano-
particles by the Zimm formalism represented as:

Kc

Rθ
¼ 1

MwðNPÞ
1þ R 2

Gq2

3

 !
ð4Þ

where K is the optical constant which includes the square of
the refractive index increment (dn/dc), Rθ is the excess normal-
ized scattered intensity (toluene was applied as the standard
solvent) and c is the polymer concentration given in mg mL−1.
The refractive index increment (dn/dc) of the PHPMA25-b-
PDPA106 NPs in PBS (0.143 mL g−1) was determined using a
Brice–Phoenix differential refractometer operating at λ =
632.8 nm.
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The small angle X-ray scattering (SAXS) experiments were
performed on the P12 BioSAXS beamline at the PETRA III
storage ring of the Deutsche Elektronen Synchrotron (DESY,
Hamburg, Germany) at 20 °C using a Pilatus 2M detector and
synchrotron radiation with a wavelength of λ = 0.1 nm. The
sample-detector distance was 3 m, allowing for measurements
in the q-range interval from 0.11 to 4.4 nm−1. The q range was
calibrated using the diffraction patterns of silver behenate.
The experimental data were normalized to the incident beam
intensity and corrected for the non-homogeneous detector
response, and the background scattering of the solvent was
subtracted. The solvent scattering was measured before and
after the sample scattering to control for possible sample
holder contamination. Eight consecutive frames comprising
the measurement of the solvent, sample, and solvent were per-
formed. No measurable radiation damage was detected by the
comparison of eight successive time frames with 15 s
exposures. The final scattering curve was obtained using the
PRIMUS program by averaging the scattering data collected
from the different frames. The automatic sample changer for
sample volume 15 µL and filling cycle of 20 s was used.

pH titration

The pH titration was employed in order to determine the exact
pKa of the DPA block in the PHPMA25-b-PDPA106 block copoly-
mer under simulated physiological conditions. The block
copolymer sample (c = 0.2 mg mL−1) was previously dissolved
in Milli-Q water. The pH was pre-set to pH = 2.0 by adding
small amounts of 0.1 mol L−1 HCl solution and the ionic
strength was set to 0.15 mol L−1 by adding NaCl to the system.
An MPT2 autotitrator connected to a Nano-ZS, Model ZEN3600
(Malvern, UK) zetasizer was used for automated measurement
of the pH dependencies of the scattering intensity (Is) and zeta
potential (ζ). The Is and ζ-potential were measured at an angle
of 173° using a He–Ne 4.0 mW power laser operating at a wave-
length of 633 nm. The equipment measures the electrophor-
etic mobility (UE) of the solution and converts the value to
ζ-potential (mV) through Henry’s equation. The Henry’s func-
tion was calculated through the Smoluchowski approximation
using the DTS (Nano) program.

Cryogenic transmission electron microscopy (Cryo-TEM)

For cryo-TEM studies, a sample droplet of 2 µL was put on a
lacey carbon film covered copper grid (Science Services,
Munich, Germany), which was hydrophilized by glow dis-
charge for 15 s. Most of the liquid was then removed with blot-
ting paper, leaving a thin film stretched over the lace holes.
The specimens were instantly shock frozen by rapid immer-
sion into liquid ethane and cooled to approximately 90 K by
liquid nitrogen in a temperature-controlled freezing unit (Zeiss
Cryobox, Zeiss NTS GmbH, Oberkochen, Germany). The temp-
erature was monitored and kept constant in the chamber
during all the sample preparation steps. After the specimens
were frozen, the remaining ethane was removed using blotting
paper. The specimen was inserted into a cryo transfer holder
(CT3500, Gatan, Munich, Germany) and transferred to a Zeiss

EM922 Omega energy-filtered TEM (EFTEM) instrument (Zeiss
NTS GmbH, Oberkochen, Germany). Examinations were
carried out at temperatures around 90 K. The TEM instrument
was operated at an acceleration voltage of 200 kV. Zero-loss-
filtered images (ΔE = 0 eV) were taken under reduced dose con-
ditions (100–1000 e nm−2). All images were recorded digitally
by a bottom-mounted charge-coupled device (CCD) camera
system (Ultra Scan 1000, Gatan, Munich, Germany) and com-
bined and processed with a digital imaging processing system
(Digital Micrograph GMS 1.8, Gatan, Munich, Germany).
All images were taken very close to focus or slightly under
the focus (some nanometers) due to the contrast enhancing
capabilities of the in-column filter of the used Zeiss EM922
Omega. In EFTEMs, deep underfocussed images can be totally
avoided.

Preparation of the nanoparticles

To 2.5 mL of a solution of PHPMA25-b-PDPA106 (20 mg mL−1)
and paclitaxel (500 µg mL) in ethanol, 5.0 mL of PBS were
added as a precipitant. The increase in the polarity of the
solvent led to the aggregation of the polymer chains forming
the NPs. The remaining ethanol was removed by evaporation
and the final volume of the NPs was concentrated to 5 mg
mL−1. Drug-free NPs were prepared by the same way without
adding paclitaxel.

Paclitaxel (PTX) drug loading and loading efficiency

The total amount of the chemotherapeutic PTX loaded into
the nanoparticles was measured by HPLC (Shimadzu, Japan)
using a reverse-phase column Chromolith Performance RP-18e
(100–4.6 mm, eluent water-acetonitrile with acetonitrile gradi-
ent 0–100 vol%, flow rate = 1.0 mL min−1). Firstly 200 µL of the
drug loaded NPs were collected from the bulk sample, filtered
(0.45 µm) and diluted to 150 µL with HCl (0.05 mol L−1). Such
a procedure led to a final pH ∼ 3.0 and therefore a pH-induced
NPs disassembly was achieved. Subsequently, the aliquot was
diluted to a final volume of 1.0 mL by using acetonitrile (650
µL).15 Afterwards, 20 µL of the final sample was injected
through a sample loop. PTX was detected at 227 nm using
ultraviolet (UV) detection. The retention time of PTX was
12.20 min under these experimental conditions. An analytical
curve with linear response in the range (0.5–100 µg mL−1) was
obtained and used to determine the PTX content. The drug-
loading content (LC) and the drug-loading efficiency (LE) were
calculated by using the following equations:

LCð%Þ ¼ drug amount inNPs
mass of NPs

� 100 ð5Þ

LEð%Þ ¼ drug amount inNps
drug feeding

� 100 ð6Þ

Release experiments

The release experiments were carried out at 37 °C in pH-
adjusted release media (pH 7.4 and 5.0). Aliquots (500 μL) of
PTX-NPs were loaded into 36 Slide-A-Lyzer MINI dialysis micro-
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tubes with MWCO 10 kDa (Pierce, Rockford, IL). These micro-
tubes were dialyzed against 4 L of PBS (pH 7.4 and 5.0).16,23

The release media was changed periodically to reduce the
possibility of drug-diffusion equilibrium. The drug release
experiments were done in triplicate. At each sampling time,
three microtubes were removed from the dialysis system and
0.1 mL from each microtube was sampled and the remaining
drug was extracted by using the aforementioned method-
ologies. The reported data are expressed as the amount of
released PTX relative to the total PTX content in the PTX-NPs.

Stability of the nanoparticles in blood plasma

The stability of the nanoparticles in blood plasma was moni-
tored in real time while incubating them with diluted human
plasma (10% v/v in PBS). Typically, 1 mg mL−1 of the block
copolymer nanoparticles was added to a 10% v/v of diluted
human plasma in PBS. The dynamic light scattering experi-
ments were performed at intervals for a total incubation time
of 36 h.16,22,23,26

Cytotoxicity assays

The HeLa cells were cultivated in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal calf serum,
100 units of penicillin and 100 µg mL−1 of streptomycin (Life
Technology, CZ). The cells were grown in a humidified incuba-
tor at 37 °C with 5% CO2. For the cytotoxicity assay, 5000 cells
per well were seeded in duplicates in 96 flat bottom well plates
in 100 µL of media 24 h before adding the NPs. For addition of
the particles the volume was calibrated to 80 µL, and 20 µL of
the 5-times concentrated dilution of PTX or particle dispersion
were added per well to obtain a final PTX concentration
ranging from 10−5 to 5 μg mL−1. All dilutions were made in
full incubation medium with thorough mixing in each dilution
step. The sample concentrations of the PTX-loaded particles
were adjusted to contain the same total amount of PTX as the
samples with free PTX. The cells were incubated with free drug
or NPs for 24 h or 48 h. Then 10 µL of alamarBlue® cell viabi-
lity reagent (Life Technologies, Czech Republic) were added to
each well and incubated for a minimum of 3 h at 37 °C. The
fluorescence of the reduced marker dye was read with a
Synergy H1 plate reader (BioTek Instruments, USA) at exci-
tation 570 and emission 600 nm. The fluorescence intensity of
the control samples (with no drug or particles added) was set
as a marker of 100% cell viability. The fluorescence signal of
“0% viability samples” (all cells were killed by addition of
hydrogen peroxide) was used as the background and sub-
tracted from all values prior to calculations. The non-toxic
character of the blank particles without the drug was shown by
incubation of cells with 0.4 mg L−1 of blank particles. This
corresponds to the amount of polymer that is contained in
the samples of drug-loaded particles with a total PTX content
of 5 µg L−1. For the cell experiments the PTX-dilutions in
incubation medium were made from a PTX stock solution of
120 µg mL−1 in PBS/DMSO ((96.5 : 3.5 v/v).44 Precipitation of
the hydrophobic PTX out of the cell culture medium can there-
fore be excluded because the PTX was previously fully

dissolved in a PBS/DMSO solution (96.5 : 3.5 v/v) and sub-
sequently diluted in the serum-supplied medium under
thorough mixing. Consequently, even at a maximal PTX-
concentration of 5 µg mL−1, the final DMSO concentration in
the incubation medium was below 0.2% and therefore had no
effect on cell vitality in the applied setup.45 All the results of
the cell experiments are the average of at least 4 measurements
(n ≥ 4).
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Fluorescent boronate-based polymer nanoparticles with reactive 
oxygen species (ROS)-triggered cargo release for drug-delivery 
applications 
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A new drug-delivery system of polymer nanoparticles (NPs) 

bearing pinacol-type boronic ester and alkyne moieties displaying 

triggered self-immolative polymer degradation in the presence of 

reactive oxygen species (ROS) with the capability of cellular 

imaging is presented. The NPs specifically release their drug cargo 

under concentrations of ROS that are commonly found in the 

intracellular environment of certain tumors and of inflamed 

tissues and exhibit significant cytotoxicity to cancer cells 

compared to their non-ROS-responsive counterparts. 

Incorporation of selectively chemically degradable linkages 

into polymer-based nano (NPs)- and microparticulate drug-

delivery systems allows to achieve external stimulus-triggered 

polymer degradation and triggered release.
1-3

 This is a very 

useful feature both to release the therapeutic cargo and to 

eliminate the biomaterial from the body after the cargo is 

released and the carrier is no longer needed. Such stimulus 

may be an enzymatic removal of protecting groups, a pH 

change, light or more recently, the presence of reactive oxygen 

species (ROS) in the surrounding environment.
4-6

 The ROS play 

a crucial role in human physiological and pathophysiological 

processes. An increasing amount of data indicates that ROS 

such as, e.g., H2O2, is a component of cell signaling pathways 

that are necessary for the growth, development, and fitness of 

living organisms.
7
 On the other hand, imbalances in H2O2 

production lead to oxidative stress and inflammation events, 

which damage tissue and organ systems and are correlated 

with the onset and advancement of various diseases, including 

cancer, diabetes, cardiovascular and neurodegenerative 

diseases.
8-11

 Several works suggest that many human cancer 

cells show higher H2O2 levels compared to their normal 

counterparts.
12-16

 Specifically, H2O2 has become a common 

marker for oxidative stress playing important roles in 

carcinogenesis and is also linked to e.g., apoptosis, cell 

proliferation and DNA mutations.
17-19

 Thus the involvement of 

ROS in cellular signaling and disease states has motivated the 

construction of clever chemical tools as ROS-responsive micro- 

and NPs as drug carriers.
20-22 

The ability to generate a triggered NP carrier response (e.g., 

release of cargo or polymer degradation) in ROS rich 

microenvironments is of particular interest, e.g., for the 

targeted drug delivery to tumors and sites of 

inflammation.
4,5,21-24

  

Herein, a biocompatible and biodegradable ROS-sensitive 

polymer backbone with the capability of cellular imaging to 

ROS-rich environment was synthesized by step-growth 

polymerization from monomers bearing a ROS-degradable 

pinacol-type boronic ester and alkyne moiety suitable for click 

chemistry-based attachment of active cargo (see Scheme 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Synthetic route of the ROS-responsive polymer 1 (P-1) 

bearing the alkyne group-containing monomeric unit 2 suitable for 

click reaction. 
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Initially, monomer 1 was synthesized according to the 

previously reported procedure
21

 (see ESI for synthetic route). 

Monomer 2 (Scheme 1) was synthesized by the protection of 

2,6-bis-(hydroxymethyl)-p-cresol with tert-butyldimethylsilyl 

chloride generating the compound 2 that was then reacted 

with propargyl bromide to provide the protected alkyne 

compound 3 (Fig. S1, see ESI for synthetic route).  

The monomer 2 (Scheme 1) was obtained in high yield (94 %) 

after the removal of the protecting groups from compound 3 

(ESI, Fig. S2). The synthesized monomers 1 and 2 were further 

successfully copolymerized with pimeloyl chloride generating 

the ROS-responsive polymer 1 (P-1) (Scheme 1 and ESI). 

Successful polymer synthesis was confirmed by the 
1
H NMR 

(Fig. 1) and by size exclusion chromatography (SEC) analysis 

(Fig. 2a). Weight-average molecular weight (Mw) of polymer P-

1 was 21.5 kDa with reasonable polydispersity index PDI = 

Mw/Mn = 1.49 (where Mn is the number-average molecular 

weight) as determined by SEC (Fig. 2a – black lines). The 
1
H 

NMR spectrum of P-1 shows characteristic signals for protons 

belonging to the repeating units of monomers. The signals 

from protons in monomer 1 and monomer 2 aromatic rings 

were detected at δ = 7.68 ppm (1 - see Fig. 1 for signal-

structure assignment), δ = 7.41 ppm (2), and δ = 7.16 ppm (3). 

The methylene protons (4) of monomers 1 and 2 from the 

main chain of P-1 where observed in the same position at δ = 

5.08 ppm, whereas the signals attributed to the methylene 

groups of side chains of monomers 1 (5) and 2 (6) appear at δ 

= 4.88 and 4.57 ppm, respectively (Fig. 1). The signal of the 

proton of the terminal alkyne group (7) is at δ = 2.51 ppm 

(spectrum of P-1 in d6-DMSO is given also, see ESI, Fig. S3). 

Furthermore, the spectrum displayed signals of methylene 

groups (10) from pimeloyl chloride monomeric repeating unit 

at δ = 1.48 ppm, and peaks of the methyl with methylene 

groups (8 + 9, 12 + 11) with chemical shift at δ = 2.25 and 1.26 

ppm, respectively. A ROS-insensitive counterpart to the P-1 

polymer (polymer 2; P-2) was also synthesized to investigate 

the ROS response to the intracellular drug release efficiency. 

Spectra of the ROS-insensitive counterpart polymer 2 in CDCl3 

showed the characteristic peaks (Fig. S4, ESI), which also 

indicated successful polymer synthesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 1H NMR spectra of the synthesized ROS-responsive polymer (P-1) 

containing the monomer 2 units enabling the polymer modification by 

click reaction. 

Fig. 2 SEC chromatograms of P-1 prior to the addition of H2O2 (black 

line) and after degradation in 20% PBS/DMF solutions containing 200 

µM, 500 µM or 5 mM of H2O2, respectively (incubation at 37 °C for 1 

day (a), and (b) distributions of RH for P-1 (○) prior the H2O2 addition 

and (○) after 24h of incubation in 1 mM of H2O2. 

 

The degradation of the P-1 polymer in presence of H2O2 was 

characterized by SEC analysis and 
1
H NMR following the 

modified methodology according to Almutairi et al., 2012.
21

  

In a typical experiment, the P-1 was incubated in a 20% 

PBS/DMF (v/v) solution containing different H2O2 

concentrations and at predetermined time intervals aliquots 

were examined by SEC (see ESI). 

The SEC chromatogram (Fig. 2) shows that P-1 degraded into 

small molecules and oligomers in a time- and H2O2-dependent 

manner. Polymer degradation proceeds more extensively with 

increasing incubation time and H2O2 concentration. P-1 was 

shown to be responsive to physiological levels of H2O2 (  1 

mM)
25

  after 1 day of incubation (Fig. 2a) while the non-ROS-

responsive counterpart polymer (P-2) showed no degradation 

along the same time and conditions (data not shown). When 

degradation of both polymers was compared at higher H2O2 

concentrations and for longer time (5 mM, 4 days), the 

degradation of P-2 polymer was only partial (Fig. S5). The 

degradation of the polymer P-1 evaluated with 
1
H NMR was 

complete after 5 days of incubation (see ESI, Fig. S6) as broad 

peaks in 
1
H NMR related to polymer are replaced by sharp 

peaks of the low-molecular-weight degradation products 

(monomers) confirming the depolymerisation of the P-1 

triggered by the H2O2 (ESI, Fig. S6).  

The NPs from the P-1 and P-2 polymers were prepared by a 

nanoprecipitation protocol (see ESI) and their behavior under 

different ROS concentrations was evaluated in detail by 

dynamic light scattering (DLS), static light scattering (SLS), 

transmission electron microscopy (TEM) and by in vitro drug 

model release experiments. Note that the NPs were prepared 

with hydrodynamic radius (2RH = DH  94 nm), e.g., within a 

range known to be ideal for efficient tumor accumulation due 

to the enhanced permeability and retention (EPR) effect.
26

 The 

ROS-responsiveness capability of the P-1 NPs was tested by 

DLS after 24 h of incubation with 1mM of H2O2. The Fig. 2b 

shows the distribution of RH for P-1 NPs prior and after 24 h of 

incubation as measured by DLS. The distribution of RH for P-1 

NPs appears as only one single distribution of RH relative to the 

presence of the single spherical polymer NPs in PBS solution 

with an average diameter of 2RH  94 nm (Fig. 2b, black 

circles). Furthermore, the polydispersity of the NPs is very low 

as estimated through the Cumulant analysis (µ/
2
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0.007) (ESI). This is important for the homogeneous biological 

behavior of such NPs. However, after 24 h of H2O2 incubation, 

a trimodal distribution of RH was observed. In addition to the 

NPs peak, the presence of molecularly dissolved copolymer 

chains as well as a peak of large aggregates with loose 

structure, could be noticed in the aqueous solution at 1mM of 

H2O2. Three well-defined peaks highlighting the three 

populations of the scattering polymer with average diameters 

of DH  11 nm, 69 nm and 1.9 µm were identified (Fig. 2b, blue 

circles). They can be attributed to free chains and their 

fragments, surface-eroded nanoparticles (decrease in DH of  

25 nm) and polymer aggregates, respectively.
3,27

 Further the 

polymer degradation-triggered cargo release was studied using 

the release of the fluorescent model of a drug, the Nile Red 

(NR). The NR-loaded ROS-responsive (from polymer P-1) and 

non-ROS-responsive (from polymer P-2) NPs were examined 

with fluorescence spectroscopy measurements along 24 h of 

incubation with 1 mM of H2O2 (Fig. S7 - S9). After 24 h the NR 

release from the ROS-responsive NPs was almost 6 times 

faster than the NR release from their non-ROS-responsive 

counterparts, thus confirming the potential of the P-1 polymer 

NPs to release the model drug specifically in simulated ROS-

rich microenvironments (Fig. S9, ESI). 

The NPs degradation was also investigated by TEM microscopy 

(Fig. 3). The TEM microscopy showed particle size qualitatively 

comparable to that determined by DLS (Fig. 2b). Prior to 

incubation with H2O2, compact NPs of spherical morphology 

and narrow size distribution (DH ≤ 85 nm) were observed (Fig. 

3a). After incubation with 1 mM of H2O2, the NPs showed 

diffuse irregular shapes and a very broad size distribution, with 

the smallest NPs well below 10 nm and the largest NPs above 

 100 nm (Fig. 3b). This suggested that H2O2 caused 

decomposition of the NPs, and the decomposed parts were 

probably re-agglomerated due to their hydrophobicity. SLS 

data support the findings that the NPs underwent surface 

degradation as well as core decomposition, as the particles’ DH 

decreased (by 25 nm, see Fig. 2b) as well as the overall 

scattering intensity (Fig. S10a) followed by the increase in 

particles RG (gyration radius), a characteristic of core hydration 

and swelling of the scattering particles in solution (Fig. 

S10b).
28-30

 

 

Fig. 3 TEM micrographs of polymer NPs from polymer P-1 prior to 

incubation with H2O2 (a) and after 2 days of incubation with 1 mM of 

H2O2 (b). 

The decomposition was also in agreement with the observed 

low contrast for the incubated NPs (Fig. 3b). Compact NPs 

exhibited sharp edges and high contrast, whereas decomposed 

NPs, NPs fragments and their agglomerates showed only a 

vague interface. 

The cellular uptake of P-1 and P-2 NPs loaded with NR (dye 

loading  0.2 wt.%, see ESI and Fig. S7 and S8) and the 

intracellular NR release were followed in vitro in human 

prostate cancer (PC-3) cells (see ESI for method). The latter are 

known to produce high ROS levels.
31

 While inside the particles 

the NR fluorescence is strong, upon ROS-triggered NPs 

degradation in cells the dye will be released and get quenched 

outside the NPs (due to polarity changes in the micro-

surrounding). After 4 h both NPs displayed similar fluorescence 

intensity in the cells, however, after 20 h the fluorescence of P-

1 was lower compared to P-2 NPs (see Fig. S11). This indicated 

faster ROS-triggered degradation of P-1 NPs after prolonged 

exposure in ROS-producing cells. 

Based on the similar uptake rate of the NPs (as also confirmed 

by flow cytometry, see Fig. S12), the ROS-mediated 

fluorescence decay and cargo release of P-1 particles was 

further pursued via fluorescence lifetime microscopy (FLIM) 

and flow cytometry (FC). In a quantitative study via FC the NR 

quenching of the NPs was evaluated in PC-3 and human 

fibroblast (HF) cells (see ESI for methods). The latter are known 

for their low levels of ROS production contrary to e.g., PC-3.
31-

34
 The cells were loaded with P-1 NPs, washed and incubated 

for 4 h, thus exposing the internalized NPs to intracellular ROS 

insofar as present in the cells. Data showed that after 

incubation the NR fluorescence was significantly reduced in 

PC-3 cells compared to the HF cells (Fig. 4). By the same 

experimental setup the Nile Red quenching of P-1 and P-2 NPs 

in PC-3 cells was compared. In line with the previous imaging 

data a lowered NR fluorescence of P-1, factor 0.7, compared to 

P-2 was observed. 

In conclusion, the FC data acquired in PC-3 cancer cells and 

non-cancer HF cells indicated a ROS-induced degradation of P-

1, and demonstrated the polymer’s potential to specifically 

trigger the cargo release in ROS-containing intracellular 

environment. As the released NR inside the cells can interact 

with hydrophobic cell structures and partially recover 

fluorescence, released NR is never fully quenched and some 

residual fluorescence can be visualized in microscopy.  

 

 

 

 

 

 

 

 

 

 

Fig. 4 Nile Red fluorescence signals from NR-loaded P-1 NPs in PC3 and 

HF cells after 4 h of incubation. At t0 prior to incubation, the cells had 

been loaded with P-1 NPs by a 2 h pre-incubation step, then the NPs 

were washed off (see ESI for methods). 
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To show the NR release via co-localization in FLIM microscopy, 

a second dye Alexa Fluor® 647 (Alx647) azide was covalently 

bound to the clickable alkyne linker of the P-1 via click reaction 

(see ESI, Fig. S13 and S14). NR was physically entrapped into 

the Alx647-labeled NPs as described previously. With two 

fluorophores the intracellular fate of cargo (NR) and the 

polymer (stained covalently with Alx647) could be tracked 

independently. The two dyes were visualized after separate 

excitation at 485 nm (NR), and 640 nm (Alx647). The co-

localization of P-1 NPs and the NR cargo after 8 h incubation in 

PC-3 (Fig. 5a and 5b) and HF cells (Fig. 5c and 5d) was 

compared.  

Analysis of lifetime τ (see ESI for method) clearly differentiated 

the free Nile Red (τ 4.2 ±0.3 ns, exc. at 485 nm) from the 

particles marked with Alx647 (τ 2.2 ±0.1 ns, exc. at 640 nm). In 

PC-3 cells the cytoplasm was nearly homogeneously colored 

with the released NR (Fig. 5a), while the polymer was clustered 

up in few locations (Fig. 5b). Oppositely in HF cells only little 

homogeneous NR fluorescence was visible outside the NPs 

(Fig. 5c), and the NR co-localized with the polymer to a high 

extent (Fig. 5d). However, after 8 h even in ROS-producing PC3 

cells the NPs likely were not fully degraded and the cells still 

contained some Nile Red as well (see ESI).  

In line with the findings after separate excitation, after 

simultaneous excitation at 485 nm and 640 nm the spread 

fluorescence of released NR was visible in PC-3 but barely in 

HF cells, and the co-localization of not-yet released NR with 

the particles was visible in HF but not in PC-3 cells (Fig. 6a and 

6b). Furthermore, in FLIM analysis of PC-3 cells after only 1 h 

incubation with dual-marked P-1 NPs, NPs and Nile Red were 

highly co-localizing and only little released with freely 

distributed Nile Red was observed (Fig. S15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 FLIM microscopy of dual-marked P-1 NPs in PC-3 (a, b) and HF (c, 

d) cells after 8 h incubation, visualizing (released) Nile Red and 

polymer-bound Alx647. Fluorescence was detected after separate 

excitation at 485 nm (Nile Red, in a, c) and 640 nm (Alx647, in b, d). In 

a, b locations with high polymer content but little co-localizing NR are 

pointed out (circle), and vice-versa (square). In c, d the fluorescence 

patterns predominantly co-localize (squares). 

 

 

 

 

 

 

 

 

 

Fig. 6 FLIM images of PC-3 (a) and HF (b) cells after 8 h incubation with 

dual-marked P-1 NPs, color-coded by the averaged obtained lifetime 

per pixel. The localization of polymer (covalently bound Alx647, tau ca 

2 ns, shown in blue) and of released Nile Red (spread throughout the 

cell, tau ca 4 ns, shown in green), and local overlap of lifetimes 

(turquoise tones) was visualized after simultaneous excitation at 485 

nm and 640 nm. 

 

This evidences that the P-1 polymer NPs can be used for 

selective cargo release to PC-3 cancer cells, with the release 

rate in non-cancer HF cells being lower than in the cancer cells 

with higher ROS levels.  

Finally, to investigate the inhibitory effect on tumor cells, the 

ROS-responsive (P-1) and non-responsive counterpart (P-2) 

NPs were loaded with the antitumor drug paclitaxel (PTX) with 

an overall cargo content  2.2 wt% and a loading efficiency of 

94 % (see ESI). The alamarBlue® viability assay was used to 

evaluate the cytotoxicity of the PTX-loaded P-1 and P-2 NPs in 

cancer cell lines and in HF cells. For this study various cancer 

cell lines, which are known for increased ROS production, such 

as human cervix carcinoma (HeLa),
34

 colorectal 

adenocarcinoma (DLD1)
35

 and prostate cancer (PC-3)
31

 cells 

were used and the NPs cytotoxicity compared with that found 

for the HF fibroblasts cells as low ROS controls (see ESI for 

methods). The drug-loaded NPs were incubated with the ROS-

producing cells and with HF cells for 24 up to 72 h. Both NPs 

were at all times more toxic than the free drug (Fig. S17 and 

S19), which is generally attributed to the fact that the vast 

majority of freely administered drug molecules are binding to 

serum proteins.
36  

Tests after 24 h and 48 h comparing PC-3, HeLa and HF cells 

showed a roughly similar toxicity of P-1 and P-2 based NPs in 

the cancer cells (Fig. S17). In HF cells the ROS-responsive NPs 

caused a similar if not slightly lower toxicity than the P-2 NPs 

(Fig. S17a and S17c). Cytotoxicity of the polymer itself may be 

neglected at the concentrations used (see Fig. S18). As another 

test in HeLa cells had confirmed that NPs toxicity steeply 

increases with incubation time (raised from 12 h to 96 in HeLa 

cells, see Fig. S19), the difference in toxicity of P-1 and P-2 NPs 

could become more significant after longer incubation times 

e.g. under conditions of extensive ROS-triggered NPs 

degradation. Therefore the PC-3, HeLa and DLD1 cancer cells 

were incubated for 72h with P-1 and P-2 NPs, and in addition 

to standard cell culture conditions a second test with NPs 

incubated in a medium with a low serum content of 2% was 

performed (Fig. 7). 
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Fig. 7 Incubation of PTX-loaded ROS-responsive P-1 (filled marker) and 

non-responsive P-2 (hollow marker) particles with PC-3 (square), DLD1 

(circle) and HeLa (triangle) cells for 72h in medium with 10% serum (a). 

Similar testing was done in medium with only 2% of serum, comparing 

again the cell lines PC-3 (b), DLD1 (c) and HeLa (d) cells after 72h 

incubation. 

 

Reducing the serum content in the incubation medium is 

known to increase the overall uptake rate of NPs,
37

 (as also 

observed by the authors, unpublished data), which in return 

might enhance the superior toxicity of P-1 NPs for cancer cells. 

It was found that the lower serum content caused no 

additional damage to the cells in Alamar Blue assay (data not 

shown). In all three cancer cell lines including the experiments 

in medium with 2% and with 10% serum content, the toxicity 

of the responsive P-1 NPs was slightly higher than that of non-

responsive P-2 NPs. The viability testing demonstrated herein 

that under the studied conditions the PTX-loaded ROS-

responsive NPs appear more cytotoxic in tumor cells than their 

non-responsive counterpart NPs (Fig. 7). 

In summary, we have shown evidence that fluorescent 

polymer NPs, bearing pinacol-type boronic ester linkers trigger 

self-immolative polymer degradation and subsequently release 

the cargo drug in the presence of ROS concentrations typically 

present in intracellular environment of certain tumor cells. Co-

localization studies evidenced that the P-1 polymer NPs can be 

used for selective cargo release to PC-3 cancer cells, with the 

release rate in non-cancer HF cells being lower. Finally the 

drug-loaded ROS-responsive NPs were shown to be more 

cytotoxic to tumor cells compared to their non-responsive 

counterparts making the presented polymer a promising 

candidate for applications as delivery system and imaging 

agent (theranostics) aimed at inflamed microenvironments 

and cancer tissue. 
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