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ABSTRACT: The clinical development of the anticancer drug chlorambucil
(CHL) is limited by its low solubility in water, poor bioavailability, and off-
target toxicity. Besides, another constraint for monitoring intracellular drug
delivery is the non-fluorescent nature of CHL. Nanocarriers based on block
copolymers of poly(ethylene glycol)/poly(ethylene oxide) (PEG/PEO) and
poly(ε-caprolactone) (PCL) are an elegant choice for drug delivery
applications due to their high biocompatibility and inherent biodegradability
properties. Here, we have designed and prepared block copolymer micelles
(BCM) containing CHL (BCM-CHL) from a block copolymer having
fluorescent probe rhodamine B (RhB) end-groups to achieve efficient drug
delivery and intracellular imaging. For this purpose, the previously reported
tetraphenylethylene (TPE)-containing poly(ethylene oxide)-b-poly(ε-capro-
lactone) [TPE-(PEO-b-PCL)2] triblock copolymer was conjugated with RhB
by a feasible and effective post-polymerization modification method. In addition, the block copolymer was obtained by a facile and
efficient synthetic strategy of one-pot block copolymerization. The amphiphilicity of the resulting block copolymer TPE-(PEO-b-
PCL-RhB)2 led to the spontaneous formation of micelles (BCM) in aqueous media and successful encapsulation of the hydrophobic
anticancer drug CHL (CHL-BCM). Dynamic light scattering and transmission electron microscopy analyses of BCM and CHL-
BCM revealed a favorable size (10−100 nm) for passive targeting of tumor tissues via the enhanced permeability and retention
effect. The fluorescence emission spectrum (λex 315 nm) of BCM demonstrated Förster resonance energy transfer between TPE
aggregates (donor) and RhB (acceptor). On the other hand, CHL-BCM revealed TPE monomer emission, which may be attributed
to the π−π stacking interaction between TPE and CHL molecules. The in vitro drug release profile showed that CHL-BCM exhibits
drug release in a sustained manner over 48 h. A cytotoxicity study proved the biocompatibility of BCM, while CHL-BCM revealed
significant toxicity to cervical (HeLa) cancer cells. The inherent fluorescence of RhB in the block copolymer offered an opportunity
to directly monitor the cellular uptake of the micelles by confocal laser scanning microscopy imaging. These results demonstrate the
potential of these block copolymers as drug nanocarriers and as bioimaging probes for theranostic applications.

■ INTRODUCTION
Chemotherapy remains a prominent modality among conven-
tional cancer therapies in current clinical practice. Chlor-
ambucil (CHL) is one of the important chemotherapeutic
drugs frequently used for treating many cancers, including
chronic lymphocytic leukemia,1 breast cancer,2 and ovarian
cancer.3 CHL is an aromatic nitrogen mustard DNA alkylating
agent and exerts its toxicity through the reaction of its two
reactive chloroethyl side chains selectively with the N7
position of guanine bases inducing intra- and inter-strand
crosslinking in DNA,4 which interferes in the DNA replication
and ultimately leads to cell apoptosis.5 However, despite its
DNA alkylating potency, poor solubility, short in vivo half-life
due to rapid degradation in plasma,6 and severe off-target
toxicity7,8 limit its clinical progress. In this regard, developing
polymeric nanocarriers is one of the most promising strategies
to improve aqueous solubility and half-life and increase drug
accumulation at the target site, thereby reducing systemic
toxicity for safe and enhanced chemotherapeutic efficacy.9−13

However, the inherent nonfluorescent nature of CHL hampers
the monitoring of cellular uptake and intracellular drug release
by fluorescence microscopy; thus, it is challenging to
understand its dynamic status through in vitro studies. To
this end, significant efforts have been made to introduce
fluorescent molecules, including pyrene,14 coumarin,15,16 1,8-
naphthalamide,17,18 rhodamine B,19,20 and nile red,21 into the
polymeric drug nanocarriers to help monitor the non-
fluorescent CHL drug delivery process. Thus, various
fluorescent drug delivery systems have been developed for
CHL delivery. However, most of these nanocarriers are based
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on non-biodegradable polymeric materials, which could limit
their in vivo studies. Although biodegradability is highly
desirable for drug delivery applications, only a few studies
report the use of a biodegradable polymer segment16,20 into
the fluorescent drug delivery systems for CHL. On the other
hand, fluorescent polymeric drug delivery systems encounter
limitations such as laborious synthetic procedures,14,15,17,18

inefficient drug release,14,17 and notorious aggregation-caused
quenching of fluorophores in the nanoaggregates.14,21 There-
fore, we sought to develop a feasible preparation of fluorescent
block copolymer micelles based on poly(ε-caprolactone)
(PCL) and poly(ethylene oxide) (PEO) for CHL encapsula-
tion along with a rhodamine B (RhB) fluorescent probe, which
assists in monitoring the in vitro CHL delivery. Nanocarriers
based on block copolymers of poly(ethylene glycol)/PEO and
PCL are an elegant choice for drug delivery applications due to
their high biocompatibility and inherent biodegradability
properties. In addition, the block copolymer was obtained by
a facile and efficient synthetic strategy of one-pot block
copolymerization followed by simple post-polymerization
modification. For this purpose, the triblock copolymer TPE-
(PEO-b-PCL)2 was synthesized by a facile one-pot, initiated by
tetraphenylethylene (TPE) fluorophore, block copolymeriza-
tion, which we previously reported.22 The synthesized triblock
copolymer was further end-functionalized with RhB via an easy
post-polymerization modification [TPE-(PEO-b-PCL-RhB)2].
The RhB was anchored at the chain-end of the block
copolymer to take advantage of the Förster resonance energy
transfer (FRET) between TPE (donor) and RhB (acceptor) as
a probe for real-time monitoring of the drug delivery process at
the cellular level.23 However, interestingly, it was found that
the encapsulation of CHL in the block copolymer micelles
(BCM) reduced the energy transfer effect. Even so, RhB was
exploited as a fluorescent probe to promote the cellular
imaging of the CHL-loaded micelles thanks to its excellent
optical properties.24 The present CHL-encapsulated drug
delivery system (schematically depicted in Figure 1) has the
following advantages: (i) the aqueous solubility of the drug is
significantly improved as the drug is accommodated in the
hydrophobic core of the micelles; (ii) the drug-loaded micelles
(CHL-BCM) showed sustained drug release and can achieve

selective tumor targeting due to enhanced permeability and
retention (EPR) effect;25 (iii) the MTT assay confirmed the
biocompatibility of the BCM, while the CHL-loaded micelles
demonstrated a cytotoxic effect in the cervical (HeLa) cancer
cells; (iv) RhB enabled the visualization of cellular uptake of
the micelles by confocal laser scanning microscopy (CLSM)
imaging, revealing effective internalization and accumulation at
the cytoplasm. Thus, the present approach accomplishes
simultaneous intracellular drug delivery and imaging of the
nonfluorescent drug.

■ EXPERIMENTAL SECTION
Materials. CHL, RhB, 4-(dimethylamino) pyridine

(DMAP), and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC·HCL) were purchased
from Sigma-Aldrich. Methanol, tetrahydrofuran (THF),
diethyl ether, acetone, hexane, and ethyl acetate were
purchased from VWR Chemicals. Dichloromethane (anhy-
drous, ≥99%) was purchased from Sigma-Aldrich. All the
chemicals and solvents were used as received without any
further purification�Dulbecco’s modified eagle’s medium
(DMEM), fetal bovine serum (FBS), penicillin−streptomycin,
0.05% trypsin−EDTA, and 1× phosphate-buffered saline
(PBS). Human cervical cancer cell line (HeLa) and human
dermal fibroblast (HDF) were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). T75 cell
culture flasks (Thermo Scientific) and 96-well plates (Corning
Incorporated) were used. The cell cytotoxicity assay kit
(ab112118) was purchased from Abcam.
Measurements. NMR measurements were performed at

room temperature using a Bruker AVANCE III-500 MHz
spectrometer instrument in CDCl3 solvent. Size exclusion
chromatography was performed on an Agilent liquid
chromatography instrument equipped with two similar PL
gel columns connected in series and two detectors, namely, a
refractive index detector and a UV−Vis detector. DMF was
used as a mobile phase (containing 0.005 M LiBr) at a flow
rate of 1 mL min−1 at 45 °C, and the polymer concentration
was 2 mg mL−1. The instrument was calibrated with
polystyrene standards. UV−Vis absorption spectra were
recorded on a Thermo Evolution 600 UV−visible spectropho-

Figure 1. Schematic illustration of the RhB-conjugated BCM for CHL drug delivery and intracellular imaging.
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tometer. Fluorescence emission spectra were recorded using a
Horiba Jobin Yvon Fluoromax-4 spectrofluorometer. Dynamic
light scattering (DLS) measurements were carried out at 25 °C
using a Malvern Zetasizer Nano ZS instrument equipped with
a 30 mW He−Ne laser light source emitting vertically
polarized light of 632.8 nm wavelength (scattering angle
173°). Transmission electron microscopy images were
recorded on an FEI-Technai Twin instrument operated at
120 kV in the bright-field mode. The aqueous solution of the
sample (1 mg mL−1) was drop-cast on a carbon-coated copper
grid followed by staining with uranyl acetate (2%).
Synthesis of TPE-(PEO-b-PCL-RhB)2. In a round-bottom

flask, triblock copolymer TPE-(PEO-b-PCL)2 (Mn,NMR = 11.8
kg mol−1) (0.5 g, 42.3 μmol) was dissolved in dry CH2Cl2 (4.0
mL) under an argon atmosphere. Subsequently, RhB (60.8 mg,
0.12 mmol), EDC·HCl (24.3 mg, 0.12 mmol), and a catalytic
amount of DMAP were added to the flask, and the reaction
mixture was stirred at room temperature for 48 h. The polymer
solution was precipitated (three times) into a 1:1 (v/v)
mixture of diethyl ether and methanol. Further, the polymer
was dialyzed (MWCO = 3500 Da) against water to remove the
unreacted RhB and the product was obtained as a crimson-red
powder after freeze-drying. Yield: 95%. 1H NMR (500 MHz,
CDCl3): δ ppm 7.09−6.63 (m, aromatic proton), 6.89 (m,
4H), 6.63 (m, 4H), 4.06 (t, 2H) 3.64 (m, 4H), 2.31 (t, 2H)
1.65 (t, 4H), 1.38 (t, 2H). (Mn,NMR = 12.1 kg mol−1, ĐSEC =
1.18).
Triblock Copolymer Micelle (BCM) Preparation and

CHL Loading (CHL-BCM). The BCM were prepared by a co-
solvent evaporation method.26 The block copolymer (1.0 mg)
was dissolved in acetone (1.0 mL), and deionized water was
added dropwise (1.0 mL) at room temperature under stirring.
After thoroughly removing the organic solvent by rotary
vacuum evaporation at room temperature, the solution was
filtered through a nylon syringe filter (0.22 μm pore size) to
obtain the BCM. CHL-encapsulated micelles (CHL-BCM)
were prepared following a similar procedure by adding CHL to
the polymer solution. The concentration of CHL was
determined based on the absorbance at 258 nm measured by
a UV−Visible spectrophotometer against a standard calibration
curve. The drug loading content (DLC) and the drug loading
efficiency (DLE) were calculated according to the following
equations27

DLC(%)
weight of drug encapsulated in nanoparticles

weight of drug loaded nanoparticles

100

=

×

DLE(%)
weight of drug encapsulated in nanoparticles

weight of drug in feed

100

=

×
Stability of CHL-BCM. The stability of CHL-BCM was

examined in PBS (pH 7.4) and PBS (pH 7.4) containing 10%
FBS at a concentration of 0.1 mg mL−1 at 37 °C. At various
time points, the particle size of micelle samples was monitored
by DLS over a period of 48 h.
In Vitro Drug Release. The drug release study was

performed at 37 °C in PBS of pH 7.4, 6.8, and 5.5. To improve
the limited water solubility of CHL in PBS, a solution
containing PBS and acetonitrile (95:5 v/v) was used to
determine drug release. As already reported, the solubility of
the released hydrophobic drug in PBS can be improved by the

use of co-solvents such as ethanol, methanol, acetonitrile, and
DMSO.14,28,29 CHL-loaded micelle solution (1.0 mL) was
sealed in a semipermeable membrane (Spectra/Por MWCO
3500) and dialyzed against the buffer solution. Subsequently,
at specific time intervals, 2.0 mL of the release medium was
withdrawn to measure the absorbance at 258 nm by a UV−
Visible spectrophotometer. The concentration of the CHL
released from the micelles was calculated from the calibration
curve (Supporting Information).
Cytotoxicity Studies. HeLa cells and HDF were

maintained in DMEM media supplemented with 10% (v/v)
FBS and 1% (v/v) penicillin−streptomycin. Cells were thawed
at 37 °C for 1−2 min and placed in 75-flask with 12 mL of
fresh media and incubated at 37 °C with 5% CO2 and 95%
humidity for 24−48 h until it reached 80−90% confluence.
Further, confluent cells were washed with 5 mL of PBS and
incubated with 5 mL of trypsin for 5 min at 37 °C. After that,
10 mL of fresh media was added to stop the trypsin function.
Cells were centrifuged at 200×g for 5 min. Then, the
supernatant was discarded, and the cells were suspended in 5
mL of fresh media. For the cytotoxicity assay, 96-well plates
were used, and cells were seeded at 8000 cells/well in 100 μL
of media (3 wells were left blank to be used as background
control) and incubated overnight at 37 °C with 5% CO2 and
95% humidity. Then, the cells were treated with different
concentrations of the BCM, CHL-BCM, and free drug, making
the total volume in each well 200 μL, and incubated for 24 h at
37 °C. Cells without treatment were used as the negative
control. After 24 h, the media was discarded by flipping the
plate on a clean tissue, and following the manufacturer’s
protocol for the cell cytotoxicity kit (CCK) test; 10 μL of the
CCK reagent was added to 100 μL of fresh media in each well.
The cells were incubated for 3−5 h at 37 °C. A microplate
reader, Thermo Scientific Varioskan LUX multimode micro-
plate reader, was used to measure the absorbance ratio at two
wavelengths of 570 and 605 nm. The average absorbance of
blank wells was subtracted from all wells to remove the
background noise. Then, the average absorbance of the control
(cells with no treatment) was calculated and considered 100%
viable, and the viability of other treated cells was calculated
using the following formula: Cell viability % = (corrected
average absorbance of treated cells)/(corrected average
absorbance of control) × 100.
Cellular Uptake and Imaging. Following the previously

published protocol,21 HeLa cells were seeded (6 × 103 cells/
well) into a 4-well chamber cover glass and maintained using
complete DMEM media overnight in a 5% CO2 incubator at
37 °C. 100 μg mL−1 of BCM was incubated with the cells for
live cell imaging from 5 to 60 min. Also, 50 μg mL−1 of the
BCM and CHL-BCM were incubated with the cells for 4 h at
37 °C. After that, the media was discarded, and cells were
washed with PBS three times for 5 min each and fixed by
incubating the cells with 4% paraformaldehyde for 30 min at
room temperature. The treated cells were observed and imaged
using a confocal laser scanning microscope (Leica Stellaris/
SP8) following a standard protocol. The uptakes of the BCM
and CHL-BCM were detected using three laser channels;
excitation/emission (ex/em); [TPE 405/460, RhB 546/590,
and energy transfer channel (ETC) 405/590]. Non-treated
cells were used as a control to set the intensity and gain as no
signal could be detected in the control sample. ImageJ software
was used to calculate the corrected total cell fluorescence
(CTCF) following the reported formula CTCF = integrated
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density − (area of selected cell × mean fluorescence of
background readings).30

Flow Cytometry Measurements. To test the efficiency of
the uptake, flow cytometry analysis was performed following a
previously reported protocol.31 Briefly, cells were seeded into
six-well plates at 4 × 105 cells/well and cultured for 12 h in 2
mL of DMEM containing 10% FBS and 1% penicillin−
streptomycin. After that, 100 μg mL−1 of BCM was incubated
with the cells for 1 h; the cells were washed with PBS, detached
by trypsin, and collected by centrifugation at 1000 rpm for 5

min. The cells were suspended in complete media and tested
by BD LSR Fortessa, and the data were analyzed by Flowjo
software.

■ RESULTS AND DISCUSSION
Post-Polymerization Modification and Self-Assembly.

The synthesis and structural characterization of the TPE-
(PEO-b-PCL)2 block copolymer is described in our previous
work.22 Furthermore, as outlined in Scheme 1, the post-
polymerization modification was achieved by facile one-step

Scheme 1. Conjugation of RhB to the Block Copolymer via Post-Polymerization Modification

Figure 2. (a) 1H NMR spectrum (500 MHz, CDCl3, 25 °C). (b) SEC chromatogram of TPE-(PEO-b-PCL-RhB)2 (DMF, 45 °C, PS standard
calibration).

Figure 3. Schematic illustration of self-assembly of (a) BCM and (b) CHL-BCM. DLS measurements (aqueous medium) and TEM images of (c)
BCM and (d) CHL-BCM.
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esterification under mild reaction conditions with a simple
purification step. The polymer was further subjected to water
dialysis purification to remove unreacted RhB to avoid
interfering in the analysis of the covalently attached RhB at
the chain-end. NMR and SEC analyses proved the successful
synthesis of TPE-(PEO-b-PCL-RhB)2. As shown in the 1H
NMR spectrum in Figure 2a, the aromatic proton signals from
6.90 to 8.30 ppm belong to the characteristic protons of RhB
along with the TPE molecule. The conjugation of RhB with
the polymer was achieved with 25% conversion efficiency,
calculated by comparing the integrals of the proton signal at
6.60 ppm (from TPE) with the proton signal at 8.27 ppm from
RhB. This RhB content is high enough to obtain strong
fluorescence for in vitro cellular imaging and low enough to
avoid cytotoxicity. The SEC chromatogram (Figure 2b)
revealed a monomodal peak with narrow molecular weight
distribution (Đ = 1.18) confirming the well-defined structure
of the polymer.

The inherent amphiphilic framework of the block copolymer
favored self-assembly into micelles in an aqueous solution. The
BCM were prepared by the co-solvent evaporation method.
The critical micelle concentration (CMC) value of TPE-(PEO-
b-PCL)2 before and after RhB conjugation was determined by
fluorescence spectroscopy using pyrene as a hydrophobic
probe32,33 (Figure S3, Supporting Information). The CMC
was measured to be 8.0 and 10.0 μg mL−1 for TPE-(PEO-b-
PCL)2 and TPE-(PEO-b-PCL-RhB)2, respectively. These
results reveal that the CMCs of TPE-(PEO-b-PCL)2 before
and after RhB conjugation were comparable, suggesting that
the self-assembly behavior of TPE-(PEO-b-PCL)2 is not
affected by the RhB conjugation. As schematically shown in
Figure 3, flower-like micelles22 were formed; the hydro-
dynamic size and size distribution of the micelles were
measured by DLS. As shown in Figure 3c, BCM exhibited
an average hydrodynamic diameter of 26.1 ± 0.2 with
unimodal size distributions, and TEM analysis revealed the
formation of homogeneous spherical micelles. Further, CHL-
BCM were prepared following a similar procedure to that for

the BCM. The DLC and DLE investigated by UV−Vis
spectroscopy were determined to be 12.6 ± 1.2% and 50.4 ±
4.8%, respectively. The CHL-BCM showed (Figure 3d) an
average hydrodynamic size of 32.5 ± 3.0 with a narrow size
distribution, and a spherical morphology was confirmed by
TEM analysis. The details of DLS measurements and drug-
loading properties are summarized in Table 1. Thus, the drug-
loaded micelles possess enhanced aqueous solubility and
bioavailability of CHL. Moreover, the diameter of the micelle
is in the desired size range (10−100 nm) to achieve effective
accumulation in solid tumors via the EPR effect.
Photophysical Study. The photophysical properties of the

BCM were investigated as the block copolymer contains two
dyes, TPE and RhB. As shown in Figure S4 (Supporting
Information), the UV−Vis spectrum of the BCM displayed an
absorption peak at 315 nm corresponding to TPE molecules,
and RhB exhibited absorption at 560 nm. Furthermore, the
spectral overlap between the aggregate emission of TPE
(donor) and absorption of RhB (acceptor) satisfies the
requirement of the FRET phenomenon34 (Figure S5,
Supporting Information). As shown in Figure 4a, the emission
spectrum of BCM, excited at 315 nm (maximum absorbance of
TPE), revealed a reduced emission intensity at 475 nm
(aggregate emission peak of TPE), whereas RhB exhibited
significant emission at 580 nm. Meanwhile, RhB (free dye)
molecules showed negligible emission at 580 nm when excited
at 315 nm35 (corresponding to maximum absorbance of TPE).
These results suggest that FRET occurred between TPE
(donor) and RhB (acceptor). Surprisingly, CHL-BCM
revealed a different fluorescence behavior as seen in Figure
4b. The TPE monomer emission peak is observed at 365 nm
(λex 315 nm), which prevented the fluorescence energy transfer
between TPE and RhB. Since there is no significant overlap
between the monomeric emission of TPE, and the absorption
of the acceptor (RhB) for the energy transfer process to take
place. The monomeric emission of TPE could be attributed to
the confinement of the CHL molecule between two TPE
molecules, preventing aggregate formation, and the rotation of

Table 1. Hydrodynamic Size and Size Distribution, Drug-Loading Content, and Efficiency of the TPE-(PEO-b-PCL-RhB)2
BCMa

triblock copolymer sizeb (nm) PDIb DLCc (%) DLE (%)

BCM 26.1 ± 0.2 0.066 ± 0.009
CHL-BCM 32.5 ± 3.0 0.111 ± 0.025 12.6 ± 1.2 50.4 ± 4.8

aThe results are expressed as mean ± standard deviation (n = 3). bParticle size and PDI determined by DLS. cMeasured by UV−visible
spectroscopy.

Figure 4. Fluorescence emission spectra (λex 315 nm) of (a) BCM [along with TPE-(PEO-b-PCL)2 micelles and free RhB] and (b) CHL-BCM in
aqueous medium at a concentration of 0.1 mg mL−1.
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phenyl rings is restricted as TPE is present at the hydrophobic
core of the micelles. In order to prove this, fluorescence spectra
were determined (λex 315 nm) at different loading amounts of
CHL into the micelles, as shown in Figure S6 (Supporting
Information). With the increasing amount of CHL, the
monomeric emission of TPE increases along with the decrease
of RhB emission. The enhancement of monomeric emission in
the case of the increasing amount of CHL clearly indicates that
it resulted from the confinement of CHL between TPE
molecules, which eventually reduced the FRET effect between
TPE and RhB. The block copolymer in the present study was
designed to develop a FRET probe to study the real-time
monitoring of CHL delivery at the cellular level. However,
based on the above results, eventually, RhB was utilized as a
fluorescent probe for visualizing the in vitro cellular uptake of
CHL-BCM though the loading of CHL diminished the FRET
effect.
Stability and In Vitro Drug Release Study. The stability

of CHL-BCM was investigated by DLS in PBS (pH 7.4) and
10% FBS for 48 h. As shown in Figure 5a, the micelles did not
show any significant change in the hydrodynamic diameter and
PDI. A particle size of 30−34 nm in PBS and 45−50 nm in
10% FBS with low PDI values was constantly maintained over
48 h, suggesting that CHL-BCM possess good stability.
Subsequently, the in vitro drug release from the polymer
micelles was investigated at the physiological pH of 7.4 as well
as at the acidic pH of 6.8 and 5.5 corresponding to the pH of
the tumor microenvironment and intracellular acidic pH by the
dialysis method. The drug release profiles are shown in Figure

5b. Under all conditions, a relatively rapid release of CHL up
to 14 h followed by sustained drug release (from 14 to 48 h)
was observed. The sustained release of CHL could probably be
attributed to the π−π stacking between the CHL and TPE
molecules and provides an opportunity to maintain its effective
concentration in the body and continually inhibit the
proliferation of the cancer cells. Further, in the first 14 h,
60.2, 62.3, and 65.5% of drug was released at pH 7.4, 6.8, and
5.5, respectively. Also, at the end of 48 h, drug releases of 86.3,
88.7, and 92.5% were obtained for pH 7.4, 6.8, and 5.5,
respectively. A relatively faster release of CHL was observed in
acidic conditions (drug release at pH 7.4 < 6.8 < 5.5), which
could be attributed to the higher solubility of CHL in the
acidic condition than that of the neutral condition.36 In order
to investigate the mechanism of CHL release from the
micelles, the release data (up to 60% of the total release)
were fitted with the Korsmeyer−Peppas model as shown in
equation37

M
M

ktt n=

Here, Mt and M∞ are the cumulative drug release at time t and
infinite time, respectively, k is a release rate constant, and n is
the release exponent indicative of the drug release mechanism.
For spherical particles, n = 0.43, indicating Fickian diffusion or
case-I diffusion and n = 0.85, indicating case-II diffusion. For
the case 0.43 < n < 0.85, non-Fickian (anomalous) diffusion is
observed.38 The corresponding graph of the Korsmeyer−
Peppas equation for the drug release data revealed a good

Figure 5. (a) Stability of CHL-BCM in PBS (pH 7.4) and PBS (pH 7.4) containing 10% FBS incubated at 37 °C. (b) In vitro CHL release from
BCM at pH 7.4, 6.8, and 5.5 (37 °C). The results are presented as average ± standard deviation (n = 3).

Figure 6. Viability after 24 h of incubation of (a) HeLa and HDF cells with different concentrations of BCM and (b) HeLa cells with different
concentrations of the free drug (CHL) and CHL-BCM. Error bars are based on SD (n = 3). Statistical significance was calculated by two-way
ANOVA *P < 0.01, **P < 0.001, ***P < 0.0001.
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linear fitting (shown in Figure S7, Supporting Information).
The release kinetics parameters as summarized in Table S1
(Supporting Information) showed release exponent values n =
0.82, 0.68, and 0.51 for pH 7.4, 6.8, and 5.5, respectively.
These results suggest that the release of CHL from the micelles
followed a non-Fickian diffusion or anomalous transport
mechanism. Thus, drug release was controlled by a combined
effect of diffusion and the disaggregation of a fraction of
micelles due to the presence of acetonitrile (5% v/v), which is
used as the co-solvent to improve the solubility of the released
CHL in PBS. Therefore, in the present case, both the factors
micelle disaggregation and drug diffusion are involved in the
drug release mechanism.39

Cytotoxicity Study. After proving the release behavior of
CHL-BCM, it was essential to study its toxicity with different
cell lines to be used for biomedical applications. The BCM was
incubated with cancerous (HeLa) and normal (HDF) cell lines

using different concentrations (200−1600 μg mL−1) for 24 h.
The CCK was used to quantify cells’ growth and inhibition. As
shown in Figure 6a, BCM showed very high biocompati-
bility40,41 toward HeLa and HDF cells up to 1600 μg mL−1 and
promoted their growth as well. These results prove that the
block copolymer is nontoxic and can promote cellular growth,
which makes them suitable for biomedical applications.
Subsequently, the CHL drug was used as a model for
anticancer drug to be loaded into the block copolymer. CHL
is a lipophilic drug that is used against many types of cancers as
it can damage the DNA and inhibit cells’ proliferation.42 It has
low water solubility and low stability in biological medium;
therefore, loading CHL into the block copolymer enhanced its
solubility and protected it from degradation, which would
enhance the efficacy of the drug.43 Different concentrations of
free and loaded CHL (ranging from 20 to 240 μg mL−1) were
incubated with HeLa and HDF cells for 24 h. As presented in

Figure 7. (a) CLSM images of the uptake of 50 μg mL−1 of BCM and CHL-BCM excited at 546 nm and received at 590 ± 10 nm with HeLa cells
after 4 h of incubation. (b) Representative flow cytometry plots of HeLa cells treated with BCM for 1 h in comparison to untreated cells (control)
using the RFP channel (546/590).

Figure 8. (a) CLSM images of the uptake of 50 μg mL−1 of BCM and CHL-BCM with HeLa cells after 4 h of incubation, excited at the TPE
channel (405/460) and ETC (405/590). Comparison of the (b) CTCF intensity of the RhB fluorescence signal using the ETC in HeLa cells when
incubated with BCM and CHL-BCM for 4 h and (c) CTCF intensity of BCM in HeLa cells using ETC (405/590) and the RhB (546/590) laser
channel. Error bars are based on SD (n = 6). Statistical significance was calculated by an unpaired t-test *P < 0.01, **P < 0.001, ***P < 0.0001.
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Figures 6b and S8 (Supporting Information), the loaded CHL
caused a significant inhibition in the proliferation of HeLa and
HDF cells in comparison to free CHL. The loading had
enhanced the potency of the drug by more than three-fold as
the IC50 of the loaded drug was 80 μg mL−1, whereas for the
free CHL, it was more than 240 μg mL−1. This proves the
successful delivery and protection of CHL, which leads to
enhanced efficacy as expected.
Cellular Uptake and Imaging Study. The cellular

internalization is an important criterion for polymer micelles
to realize their anticancer activity. Therefore, we investigated
the cellular uptake of the BCM and CHL-BCM and their
localization inside the cells using CLSM. The presence of RhB
eased the tracking and imaging of the polymer micelles inside
the cells. Live cell images were taken after 5, 30, and 60 min of
incubation of BCM with HeLa cells for up to 60 min. As
shown in Figure S9 (Supporting Information), a bright red
fluorescence can be clearly seen inside the cells after 5 min of
incubation with an increase in intensity over time. These
observations indicate the rapid internalization of BCM, which
is required in anticancer treatment to minimize the side effects
of the used drugs. Moreover, as shown in Figure 7a, the high
red fluorescence signal of RhB can be easily seen in the
cytoplasm and perinuclear area after 4 h of incubating BCM
with HeLa cells when excited at the RhB channel Ex/Em
(546/590 nm). Similar fluorescence and localization patterns
were observed for the drug-loaded micelles CHL-BCM in
comparison to BCM, as shown in Figure 7a. Furthermore, flow
cytometry analysis was performed to quantify the efficiency of
BCM cellular uptake. As shown in Figure 7b, BCM showed
very high efficiency as all treated cells exhibited red
fluorescence when excited at 546 nm using the red fluorescent
protein (RFP) channel.

In line with the fluorescence spectra and energy transfer
theory, using the laser at the ETC (405/590) where the
excitation occurs at the donor channel and emission is
collected at the accepter channel, both BCM and CHL-BCM
gave the red fluorescence signal of RhB as presented in Figure
8a. However, the CTCF of BCM was higher than that of CHL-
BCM as CHL affected the energy transfer, as explained earlier
(Figure 8b). Moreover, the RhB signal was more than three-
fold higher using the RhB channel than the fluorescence
intensity using the ETC (Figure 8c). Therefore, the RhB
channel is a better choice when imaging the internalization of
the polymer due to its excellent fluorescent property. Overall,
TPE-(PEO-b-PCL-RhB)2 is a promising candidate for imaging
and drug delivery as it showed superior biocompatibility, fast
cellular uptake, and excellent fluorescence properties.

■ CONCLUSIONS
In this paper, we present a facile method to fabricate BCM
with RhB fluorescent probe and CHL anticancer drug for
imaging and potential anticancer drug delivery to cancer cells.
The fluorescent probe RhB-conjugated triblock copolymer
TPE-(PEO-b-PCL-RhB)2 was synthesized from the triblock by
a simple post-polymerization modification. The block copoly-
mer is easily self-assembled into micelles in an aqueous
medium thanks to its amphiphilicity. Furthermore, CHL was
successfully loaded (with a loading capacity of 12.6 ± 1.2%)
into the block copolymer micelles to enhance its aqueous
solubility. The BCM and CHL-BCM, characterized by DLS
and TEM, exhibited a favorable size for the passive targeting of
tumor tissues through the EPR effect. The photophysical

properties of the BCM and CHL-BCM were studied. The
emission spectrum (λex 315 nm) of BCM demonstrates energy
transfer from aggregated TPE molecules to RhB. In contrast,
CHL-BCM exhibits monomeric emission of TPE (λex 315 nm)
due to the π−π stacking between TPE and CHL molecules.
The in vitro drug release profile displayed sustained drug
release for 48 h. The biocompatibility of BCM and cytotoxicity
of CHL-BCM toward cancer cells ensured the capability of the
block copolymer as a drug nanocarrier. Furthermore, the
cellular uptake by CLSM studies utilizing RhB fluorescent
probe illustrates that BCM and CHL-BCM effectively
internalize into the cancer cells. Therefore, these results
indicate that the BCM holds great potential for theranostic
applications.
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