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1. Drug delivery systems for tumor treatment.

Cancer is the leading cause of death nowadays. The clinically used treatments for 
cancer can be divided into mainly three modalities, namely surgery, chemotherapy 
and radiotherapy.1 Cancer chemotherapy encounters however serious drawbacks 
such as limited therapeutic efficacy and high adverse effects due to the nonspecific 
disposition of the toxic chemotherapeutic drugs into organs and tissues other than 
tumors. Besides, many chemotherapeutic drugs are hydrophobic and therefore 
difficult to pharmaceutically formulate.

Drug delivery systems have been extensively utilized for chemotherapeutic 
drugs. Generally, drug delivery systems, such as nanoparticles and drug-polymer 
conjugates, increase the water-solubility of hydrophobic drugs by physical 
entrapment into nanoparticles or chemical conjugation to water-soluble polymers.2-4 

Drug delivery systems are developed to target the drug to the aimed site of 
action with the aim to  increase the efficacy of chemotherapy and simultaneously to 
decrease nonspecific disposition of drugs into non-target/healthy organs and as a 
consequence to avoid or minimize toxic/adverse effects. Drug targeting strategies 
can be distinguished into two categories: passive and active targeting. Passive 
targeting is based on the enhanced permeability and retention (EPR) effect that is 
associated with many solid tumors,5 and refers to pathophysiological characteristics 
of tumors, including their extensive angiogenesis and hypervasculature, abnormal 
vascular architecture and impaired lymphatic drainage. These factors contribute to 
an increased tumor accumulation of macromolecules and nanoparticles.5 Actively 
targeted drug delivery nanoparticles are decorated with ligands that specifically 
recognize and bind to receptors overexpressed on tumor cells. These targeting 
moieties can be proteins, peptides and small molecules such as folic acid.6-8     

2. Polymeric micelles as tumor-targeting drug delivery systems.

Among the different nano-sized drug delivery systems, polymeric micelles 
are one of the most successful formulations for tumor treatment, as evidenced 
from the fact that several micellar formulations for chemotherapeutic drugs have 
entered clinical trials (Table 1). 
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Table 1. Polymeric micellar formulations undergoing clinical investigation9-11 
Name Drug Polymer Company Indication Status

NK105 paclitaxel PEG-bpoly(α,β-aspartic 
acid)

Nippon Kayaku, Co. Gastric cancer/Breast cancer Phase III

NK012 SN-38 PEG-b-poly(L-glutamic 
acid)

Nippon Kayaku, Co. Triple negative breast cancer Phase II

NK911 doxorubicin PEG-bpoly(α,β-aspartic 
acid)

Nippon Kayaku, Co. Various solid tumors Phase II

NC-6004 cisplatin PEG-b-poly(L-glutamic 
acid)

Nanocarrier, Co. Pancreatic cancer Phase III

NC-4016 oxaliplatin PEG-b-poly(L-glutamic 
acid)

Nanocarrier, Co. Various solid tumors Phase I

NC-
6300 epirubicin PEG-b-poly(aspartate-
hydrazone)

Nanocarrier, Co. Various solid tumors Phase I

SP1049C doxorubicin Pluronic L61 and Pluronic 
F127

Supratek Pharma Inc. Various cancers Phase II

BIND-014 docetaxel PEG-PLGA BIND Bioscience Various cancers Phase I
Genexol-PM paclitaxel mPEG-PDLLA Samyang Corporation Various cancers Phase III

Polymeric micelles are extensively utilized for cancer treatment for the following 
reasons: 

a. Polymeric micelles possess a hydrophobic core suitable to accommodate 
chemotherapeutic compounds with a (very) low aqueous solubility. It should be 
noticed that many anti-cancer drugs are hydrophobic. 

b. The hydrophilic micellar corona, normally composed of polyethylene glycol 
(PEG), can provide ‘stealth’ properties and reduce absorption of biomolecules (e.g., 
proteins and lipids) onto the surface of micellar particles in the blood circulation, 
and therefore avoid their rapid removal by the reticuloendothelial system (RES).12 

c. Compared to micelles composed of small molecule surfactants, polymeric 
micelles have a substantially lower critical micelle concentration (CMC) and have 
therefore a better stability.13

d. Micelle-forming polymers can be chemically tailored to increase the stability of 
polymeric micelles and by introducing physical/chemical interactions between the 
polymer chains.

e. Stimuli-sensitive micelles can be developed which release their payloads upon 
a certain physical trigger or degradation at their site of action. 

f. Polymeric micelles can be decorated with targeting moieties, which may 
potentially improve the therapeutic response by an increased uptake of drug-
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loaded polymeric micelles by cancer cells.

3. Polymeric micelles for tumor-targeted drug delivery: Polymer chemistry, 
Drug solubilization/drug targeting, Drug loading methods, Stability of 
polymeric micelles, Circulation kinetics, Passive versus active targeting.

Polymer chemistry. Amphiphilic polymers can be synthesized by different 
chemical routes, e.g., radical polymerization, ring opening polymerization or by 
post-polymerization modification. The chemical composition, architecture and 
molecular weight of the polymers can be tailored by the applied method. Among 
the different polymerization methods, controlled/living polymerizations, particularly 
reversible addition-fragmentation chain-transfer polymerization (RAFT) and atom 
transfer radical polymerization (ATRP), are extensively utilized for the synthesis 
of amphiphilic polymers suitable for the preparation of micellar drug carriers. 
However, it is worth pointing out that, although it is commonly desired to use 
polymers with well-defined architecture and molecular weight for the design of 
polymeric micelles, this is not always necessary. An example is that amphiphilic 
polymers synthesized by free radical polymerization via a macroinitiator route can 
form micelles with reasonably small size and relatively low size distribution despite 
their relatively broad molecular weight distribution.14, 15 

Nevertheless, controlled/living polymerizations are preferred for synthesis 
of more complex polymer architectures other than homo polymers and diblock 
copolymers synthesized by conventional free radical polymerization.16-18 
For instance, as described in Chapter 3 of this thesis, an amphiphilic micelle-
forming polymer fully based on p(HPMAm) backbone was synthesized by RAFT 
polymerization.19 Chapter 6 of this thesis describes the RAFT synthesis of an ABC 
triblock copolymer with a crosslinkable B block. The ABC block copolymers were 
used for preparation of interfacially crosslinked polymeric micelles.20-22  

Drug solubilization versus targeted drug delivery. Polymeric micelles are 
in general attractive candidates for encapsulation of hydrophobic drugs in their 
hydrophobic core. Because of the good biocompatibility of many currently used 
amphiphilic polymers such as PEG-PLGA and PEG-b-p(HPMAm-Lacn),

2, 15 
polymeric micelles are safe solubilization agents for hydrophobic drugs. This is in 
contrast to some other types of solubility enhancers, e.g. Cremophor EL for PTX 
which can cause hypersensitivity reactions.23, 24 Importantly, targeted delivery of 
micelle-loaded drugs can only be accomplished by polymeric micelles which have 
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sufficient stability in the circulation and simultaneously show good drug retention. 
Drugs loaded in polymeric micelles with pharmacokinetics profiles similar to those 
of solubilized (or free drugs) do not show improved therapeutic efficiency since high 
concentrations of the drug at their site of action are not reached.25, 26 Therefore, not 
all polymeric micelles can be considered as drug targeting systems, and unstable 
polymeric micelles are rather drug solubilizers. 

Drug loading methods. Hydrophobic drugs can be loaded in polymeric micelles 
by several methods, including dialysis, oil/water emulsion, (co)solvent evaporation 
and freeze-drying.27,28 Apart from the methods mentioned above, stimuli-sensitive 
polymers such as thermosensitive polymers can form micelles by application of 
a certain trigger, e.g., heating for thermosensitive polymers.29 Also, a fast heating 
method has been developed for preparation of drug-loaded thermosensitive 
polymeric micelles, which is performed by addition of a drug dissolved in a 
small volume of a volatile and water miscible organic solvent, e.g., ethanol or 
tetrahydrofuran, to an ice-cold polymer aqueous solution, followed by immediate 
heating the mixture above the lower critical solution temperature (LCST) of the 
polymer.14, 30-35 Apart from the ease of preparation of drug-loaded thermosensitive 
polymeric micelles, the use of large volumes of organic solvents is avoided.

Stability of polymeric micelles. One reason to choose polymeric micelles 
instead of small molecule micelles for drug delivery is that they are more stable 
than the latter ones. However, many studies have shown that polymeric micelles 
are characterized by a poor stability in vivo, as discussed above. While colloidally 
stable polymeric micelles in aqueous solutions can be prepared from many different 
polymers, their stability of polymeric in more complex biological environments is 
limited. The stability of polymeric micelles is often assessed in buffers, without 
addition of e.g. plasma proteins. Stability studies in buffer are important to assess 
the pharmaceutical stability of micellar formulations, but are not always relevant for 
prediction of their in vivo stability. Micelles are colloidally stable in buffer systems 
as long as the chemical integrity of the polymers is preserved and the polymer 
concentration is above the critical micelle concentration (CMC). However, studies 
have shown that even above the CMC, polymeric micelles rapidly disassociate in the 
blood circulation after administration.31, 36 This fast dissociation can be ascribed to 
at least two mechanisms. Firstly, amphiphilic polymers can have strong interaction 
with biomolecules, i.e., proteins or lipids in the blood circulation, which can shift the 
equilibrium from micelles to free polymer chains (unimers). Secondly, the unimers 
are cleared from the blood circulation, e.g., p(HPMAm) with molecular weights 
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below 70 kDa is cleared by kidneys.37 Therefore, evaluations of micellar stability 
in vivo are critical, and recently new assays based on fluorescence correlation 
spectroscopy (FCS)38 and nanosight analysis39 have been proposed for prediction 
of the in vivo stability of nanoparticles. Enhanced stability of polymeric micelles 
in vivo can be achieved by application of different strategies including chemical 
crosslinking40-42, physical interactions such as stereo-complexation,43 aromatic 
π-π stacking14, 44 and ionic interactions45.

Circulation kinetics. A prolonged circulation time of drugs loaded in the micelles 
is an important prerequisite for good therapeutic efficacy.6,7,46 However, many 
studies have only focused on improving the stability of polymeric micelles and 
their blood circulation time, but less attention has been paid to the fate of the 
loaded drugs. A study of Rijcken et al. has shown that by chemical crosslinking of 
thermosensitive polymeric micelles, their circulation time in mice was increased 
substantially. However, paclitaxel that was loaded in these crosslinked micelles 
showed a similar pharmacokinetic profile as that of the drug loaded in non-
crosslinked/unstable micelles.36 Therefore the drug retention in the micelles is of 
equal importance to that of the micelles, which should be taken into account when 
designing polymeric micelles or other drug carrier systems.

Passive versus active targeting. Targeted drug delivery can be divided into 
“passive targeting” and “active targeting”. Passive targeting is based on the 
EPR effect of tumors and is the predominant mechanism for tumor targeted 
drug delivery. On the other hand, active targeting relies on decoration of drug 
carriers with ligands that bind specifically to cells that overexpress certain 
receptors. Active targeting can also be used to direct drug delivery systems to 
metastases.47 However, one should be aware that active targeting normally only 
increases the uptake of nanoparticles by cells overexpressing specific receptors, 
but does not increase the amount of drug molecules/carriers accumulated at 
target sites.7, 48, 49 Furthermore, active targeting is necessary for therapeutics that 
do not spontaneously pass cellular membranes, e.g., nucleic acid based drugs 
and pharmaceutical proteins. However, for therapeutic small molecules that 
can diffuse through the cytomembrane, active targeting is not essential for the 
therapeutic effect. Another benefit of active targeting of polymeric micelles or other 
nanoparticulate drug delivery systems may be that they can penetrate through 
certain biological barriers, as recently reported by Kataoka et al., for poly(ethylene 
glycol)-b-poly(L-glutamic acid) based polymeric micelles modified with cRGD 
peptide. They showed that these micelles penetrated the blood brain barrier 
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(BBB) and achieved higher concentration of (1,2-diaminocyclohexane)platinum(II) 
in a mouse model of glioblastoma as compared to the system lacking the cRGD 
targeting ligand.11, 50

It should be further remarked that surface modification of nanoparticles with 
targeting ligands might have a significant impact on their properties, such as 
zeta potential and size, which may result in a faster elimination of drug carriers 
than the non-targeted formulations, and therefore less tumor accumulation of the 
nanomedicines.51 

4. Imaging-guided micellar drug delivery systems for tumor treatment.

Imaging-guided drug delivery is a hot research topic at present, because the 
combination of imaging and drug delivery technologies can provide information 
about the in vivo fate and localization of drug carriers, which can facilitate 
understanding and/or prediction of the chemotherapeutic efficacy of drug carrier 
systems.52 Polymeric micelles have been utilized as imaging-guided drug delivery 
systems and the flexibility of polymer chemistry allows various labeling methods. 
To mention, polymeric micelles have been chemically labeled/physically loaded 
with near infrared (NIR) dyes53, radioactive elements54-57 and magnetic resonance 
imaging (MRI) contrast agents.58, 59 However, it is important to emphasize that 
labeled polymeric micelles should have sufficient stability, otherwise liberation of 
the labels from the polymeric micelles or dissociation of the polymeric micelles in 
the blood circulation will both lead to misleading results. Another issue is the impact 
of different labels on the properties of polymeric micelles, which might significantly 
affect their in vivo performance and should therefore be taken into account when 
designing labeled polymeric micelles. For example, fluorophores (compounds 
with extended delocalized aromatic π electron systems) are rendered hydrophilic 
by introduction of charged groups. Therefore, labeling polymeric micelles with 
fluorophores, especially on the corona, may adversely affect the stealth properties 
and therefore change their circulation kinetics. 

5. Photodynamic therapy (PDT).

When illuminated with light of a certain wavelength, photosensitizers (PS) 
can convert molecular oxygen into singlet oxygen (1O2), which is highly reactive 
with biomolecules present in the cytoplasma or cell membranes, leading to cell 
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death.60-62 Such process is called photodynamic therapy (PDT), which has been 
increasingly investigated for cancer treatment as it is less invasive compared to 
surgery and PSs are commonly non-toxic without light illumination. Cancer PDT is 
a three-step procedure: 1) administration of PSs, 2) localization of PSs in tumors, 
3) activation of PSs accumulated in tumors by illumination with light of a specific 
wavelength.63 The site of action can be controlled by the illumination, by which 
toxicity and side effects to non-illuminated tissues are minimized.64, 65

However, PSs encounter problems similar to that of many other chemotherapeutic 
drugs. Firstly, many PSs are hydrophobic and difficult to formulate and administer. 
Besides, PSs accumulate in tissues other than tumors, which induces, for example, 
skin toxicity when patients who received PSs are exposed to light sources.60 
Moreover, hydrophobic PSs tend to aggregate in aqueous environment, which 
significantly decreases their efficiency of singlet oxygen generation and therefore  
PDT efficacy.66

As polymeric micelles are good candidates for delivery of hydrophobic 
therapeutic compounds, PSs have also been loaded in polymeric micelles to 
increase their water-solubility and to enable tumor-targeted PSs delivery.67-69 

6. Aims of this thesis.

As stated above, polymeric micelles are attractive systems for tumor-targeted 
drug delivery, although several hurdles hamper their applicability. By tailoring 
the characteristics of the micelle-forming polymers, the properties of polymeric 
micelles can be tuned to improve their behavior, eg., in vivo stability and drug 
retention. The aim of this thesis is to further advance polymeric micelles as tumor-
targeted drug delivery systems regarding the following aspects:

a. enhance the stability of polymeric micelles and drug retention in the blood 
circulation by means of chemical/physical interactions between the micelle forming 
polymer chains

b. investigate the possibilities for the synthesis of better defined amphiphilic 
polymers by controlled/living polymerization

c. validate the concept of image-guided drug delivery based on fluorescently-
labeled polymeric micelles

d. study the pharmacokinetics, biodistribution and therapeutic efficacy of stabilized 
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polymeric micelles in tumor models 

e. investigate the suitability of polymeric micelles for photodynamic therapy.

7. Thesis outline 

Chapter 2 describes the synthesis, characterizations and utilization of dual-
fluorophore labeled core-crosslinked polymeric micelles (CCPM) for in vivo tracking 
and ex vivo tumor localization study of the CCPM assessed by a hybrid CT-FMT 
(=computer tomography-fluorescent molecular tomography) technique. 

Chapter 3 describes the RAFT synthesis of a fully p(HPMAm) backbone based 
amphiphilic polymer (an AB block copolymer of p(HPMAm)-b-p(HPMAm-Lac2), 
which can form micelles above its LCST, but dissociate due to hydrolysis of the 
dilactate side groups of the hydrophobic block. This new polymer for polymeric 
micelles has the potential to replace conventional PEG containing amphiphilic/
micelle-forming block copolymers.

Chapter 4 describes a series of novel thermosensitive polymers, which form 
polymeric micelles with enhanced stability and drug loading capacity for paclitaxel 
(PTX) and docetaxel by exploiting the aromatic π-π stacking interaction. 

Chapter 5 describes the application of the thermosensitive polymeric micelles 
of chapter 4 for solubilization of a hydrophobic photosensitizer, which shows the 
versatility of this technology for other hydrophobic compounds than conventional 
chemotherapeutic drugs.

Chapter 6 describes novel thermosensitive polymeric micelles functionalized 
with anthracene groups, which can easily be crosslinked by UV illumination.

Chapter 7 describes the RAFT synthesis of a thermosensitive triblock copolymer 
composed of three blocks of sequentially polymerized methacrylamide monomers. 
Importantly, the interfacial zone is composed of crosslinkable polymer chains with 
ketone groups. This allows that the micelles are crosslinked at the interface by the 
reaction of ketone groups with adipic dihydrazide to yield pH sensitive hydrazone 
bonds that are de-crosslinked at acidic pHs. PTX was loaded in these crosslinked 
micelles and they showed a faster release of the drug at acidic pH than that at pH 
7.4. 

Chapter 8 describes π-π stacking interactions stabilized polymeric micelles 
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with the hydrophobic block composed of aromatic benzoyl groups. The polymeric 
micelles showed a high stability in the blood circulation as well as excellent 
retention of the loaded anticancer drug PTX. The substantially prolonged circulation 
time of the PTX-loaded polymeric micelles was translated into enhanced tumor 
accumulation of PTX. Moreover, significantly improved therapeutic efficacy of PTX 
loaded in this system was shown.

Finally, Chapter 9 summarizes the results of the aforementioned chapters, 
and future perspectives for the development of “optimized” polymeric micelles are 
proposed.
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Rösch, F. Biomacromolecules 2009, 10, 1697-1703.

55. Pressly, E. D.; Rossin, R.; Hagooly, A.; Fukukawa, K.-i.; Messmore, B. W.; Welch, M. J.; 
Wooley, K. L.; Lamm, M. S.; Hule, R. A.; Pochan, D. J. Biomacromolecules 2007, 8, 3126-
3134.



13

Chapter 1

56. Sun, X.; Rossin, R.; Turner, J. L.; Becker, M. L.; Joralemon, M. J.; Welch, M. J.; Wooley, 
K. L. Biomacromolecules 2005, 6, 2541-2554.

57. Peng, C.-L.; Shih, Y.-H.; Lee, P.-C.; Hsieh, T. M.-H.; Luo, T.-Y.; Shieh, M.-J. ACS Nano 
2011, 5, 5594-5607.

58. Talelli, M.; Rijcken, C. J.; Lammers, T.; Seevinck, P. R.; Storm, G.; van Nostrum, C. F.; 
Hennink, W. E. Langmuir 2009, 25, 2060-2067.

59. Nasongkla, N.; Bey, E.; Ren, J.; Ai, H.; Khemtong, C.; Guthi, J. S.; Chin, S.-F.; Sherry, 
A. D.; Boothman, D. A.; Gao, J. Nano Letters 2006, 6, 2427-2430.

60. Yano, S.; Hirohara, S.; Obata, M.; Hagiya, Y.; Ogura, S.-i.; Ikeda, A.; Kataoka, H.; Tanaka, 
M.; Joh, T. Journal of Photochemistry and Photobiology C: Photochemistry Reviews 2011, 
12, 46-67.

61. Nishiyama, N.; Morimoto, Y.; Jang, W.-D.; Kataoka, K. Advanced Drug Delivery Reviews 
2009, 61, 327-338.

62. Gudgin Dickson, E. F.; Goyan, R. L.; Pottier, R. H. Cellular and molecular biology (Noisy-
le-Grand, France) 2002, 48, 939-54.

63. Mroz, P.; Yaroslavsky, A.; Kharkwal, G. B.; Hamblin, M. R. Cancers 2011, 3, 2516-2539.

64. Dolmans, D. E. J. G. J.; Fukumura, D.; Jain, R. K. Nat Rev Cancer 2003, 3, 380-387.

65. Castano, A. P.; Demidova, T. N.; Hamblin, M. R. Photodiagnosis and Photodynamic 
Therapy 2005, 2, 91-106.

66. Hamblin, M.; Miller, J.; Rizvi, I.; Loew, H.; Hasan, T. British Journal of Cancer 2003, 89, 
937-943.

67. Chatterjee, D. K.; Fong, L. S.; Zhang, Y. Advanced Drug Delivery Reviews 2008, 60, 
1627-1637.

68. Kataoka, K.; Harada, A.; Nagasaki, Y. Advanced Drug Delivery Reviews 2001, 47, 113-
131.

69. van Nostrum, C. F. Advanced Drug Delivery Reviews 2004, 56, 9-16.





CHapter 2

Fluorophore-labeling of Core-crosslinked Polymeric 
Micelles for Multimodal In Vivo and Ex Vivo Optical Imaging

Yang Shi1, Sijumon Kunjachan2, Zhuojun Wu2,3,4, Felix Gremse2, Diana 
Moeckel2, Marc van Zandvoort3,4, Fabian Kiessling2, Gert Storm1,5, Cornelus 
F. van Nostrum1, Wim E. Hennink1, Twan Lammers1,2,5

1Department of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences 
(UIPS), Utrecht University, Utrecht, The Netherlands

2Department of Experimental Molecular Imaging (ExMI), Helmholtz Institute for 
Biomedical Engineering, RWTH, Aachen University Clinic, Aachen, Germany

3Institute for Molecular Cardiovascular Research (IMCAR), RWTH Aachen 
University Clinic, Aachen, Germany

4Department of Genetics and Cell Biology, Cardiovascular Research Institute 
Maastricht (CARIM), Maastricht, University, Maastricht, The Netherlands

5Department of Controlled Drug Delivery, MIRA Institute for Biomedical Technology 
and Technical Medicine, University of Twente, Enschede, The Netherlands

Nanomedicine (Lond), in press



16

Polymeric Micelles for Drug Delivery

ABSTRACT 

Aim: To enable multimodal in vivo and ex vivo optical imaging of the biodistribution 
and tumor accumulation of core-crosslinked polymeric micelles (CCPM). 

Materials & Methods: mPEG-b-p(HPMAm-Lac)-based polymeric micelles, 
core-crosslinked via cystamine and covalently labeled with two fluorophores 
(Dy-676/488) were synthesized. The CCPM were intravenously injected in CT26 
tumor-bearing mice. 

Results: Upon intravenous injection, the CCPM accumulated in CT26 tumors 
reasonably efficiently, with values reaching ∼4 %ID at 24 hours. Ex vivo TPLSM 
confirmed efficient extravasation of the iCCPM out of tumor blood vessels and 
deep penetration into the tumor interstitium. 

Conclusions: CCPM were labeled with multiple fluorophores, and they exemplify 
that combining different in vivo and ex vivo optical imaging techniques is highly 
useful for analyzing the biodistribution and tumor accumulation of nanomedicines. 

KEYWORDS: Nanomedicine, Drug targeting, Optical imaging, Theranostics, 
Micelles, pHPMA, PEG

1. INTRODUCTION 

Nanomedicine, i.e., the application of nanotechnology to healthcare, has received 
considerable attention recent years, in particular for the diagnosis and treatment of 
cancers.1-3 The impact of nanotechnology on medicine ranges from the solubilization 
of hydrophobic compounds and the stabilization of biopharmaceuticals, to the 
targeted delivery of therapeutic payloads to pathological sites. Tumor-targeted 
drug delivery is generally based on the enhanced permeability and retention (EPR) 
effect, which enables the accumulation of ∼1-100 nm-sized long-circulating drug 
carriers in tumors, while preventing their localization in potentially endangered 
healthy tissues.4-7

Among the large number of tumor-targeting nanomedicines designed and 
evaluated to date, polymeric micelles are one of the most prominent and most 
successful systems.8-11 Polymeric micelles consist of a hydrophobic core and a 
hydrophilic stealth corona. This stealth corona is the key for assuring long circulation 
times upon intravenous (i.v.) administration. The size of polymeric micelles is 
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generally below 100 nm, and this small size not only assures prolonged circulation 
times, but also efficient extravasation and penetration at the target site. Because 
of the flexibility of polymer chemistry, micelle-forming polymers can be modified 
with various reactive groups, which can be further functionalized with drugs, drug 
linkers, imaging agents and targeting moieties. Moreover, polymeric micelles can 
be chemically and/or physically crosslinked, to increase their colloidal stability 
and circulation times.12-14 And furthermore, thermosensitive polymeric micelles, a 
special type of micelles formed using temperature-responsive amphiphilic block 
copolymers, are of great interest for targeted drug delivery purposes, because of 
their facile and robust micelle-formation process.15-18 

In recent years, significant efforts have been invested in visualizing and 
quantifying the biodistribution and the target site accumulation of nanomedicines 
using non-invasive imaging techniques.19-23 Several different modalities, including 
positron emission tomography (PET), single photon emission computed tomography 
(SPECT), magnetic resonance imaging (MRI), X-ray computed tomography (CT), 
ultrasound (US) and optical imaging (OI), have been employed for such purposes.24-27 

Compared to other available techniques, OI has recently gained significant attention, 
because of its user-friendliness, its time- and cost-effectiveness, and its ability to 
be used for high-throughput screening. Two-dimensional fluorescence reflectance 
imaging (2D FRI) is the most popular OI technique, but issues related to poor light 
penetration and difficult quantification limit its in vivo application, in particular in 
case of whole body biodistribution imaging, which goes beyond the visualization of 
nanomedicine accumulation in superficial tumors. Three-dimensional fluorescence 
molecular tomography (3D FMT) can partially overcome these issues. However, 
the ability of 3D FMT to accurately assign fluorescence signals to internal organs 
and deeper-seated tissues is limited, because of the lack of anatomical information. 
The latter shortcoming can be resolved by employing micro-computed tomography 
(CT), and by fusing and reconstructing the obtained FMT data sets with the 
information obtained using CT. The resulting technique, i.e. hybrid CT-FMT, has 
recently been shown to be useful for non-invasively visualizing and quantifying 
the biodistribution and the tumor accumulation of fluorophore-labeled polymeric 
nanocarriers.28, 29

We here aimed to synthesize core-crosslinked polymeric micelles (CCPM) 
based on thermosensitive block copolymers, and we labeled them with two different 
fluorophores (Dy-488 and Dy-676), to enable multimodal optical imaging. The near-
infrared fluorophore (NIRF) Dy-676 was used for in vivo FRI and CT-FMT, while 
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the standard fluorophore Dy-488 was employed for ex vivo histological validation 
of tumor accumulation and penetration using 2D fluorescence microscopy (FM) 
and 3D two-photon laser scanning microscopy (TPLSM). If integrated into a single 
experimental setup, the combination of such in vivo and ex vivo optical imaging 
techniques can provide a wealth of information of the biodistribution and the target 
site accumulation of (double-labeled) CCPM, and it is consequently considered to 
be highly useful for translational nanomedicine research.

In the present manuscript, a novel type of image-guided core-crosslinked 
polymeric micelle (iCCPM) formulation was prepared, enabling double-labeling with 
two different fluorophores. The motivation for developing a novel synthetic protocol 
for synthesizing iCCPM is based on the notion that the previously established 
strategy for core-crosslinking mPEG-b-p(HPMAm-Lacn) block copolymers - i.e. the 
radical polymerization of methacrylate-containing side groups in the micellar core 
30-32 - turned out to be incompatible with the two fluorophores used, resulting in a loss 
of their optical properties. Here, we therefore synthesized a mPEG-b-p(HPMAm-
Lac)-based block copolymer with acrylic acid N-hydroxysuccinimide (ANHS) ester 
repeating units in the thermosensitive block. Such reversibly crosslinked polymeric 
micelles responsive to reductive environments have been shown to present with 
good in vivo antitumor efficacy 33-36, but this type of core-crosslinking has not yet 
been used to enable fluorophore labeling and multimodal optical imaging of the 
biodistribution and the tumor accumulation of CCPM. The polymeric micelles were 
based on p(HPMAm), which were shown to be safe and biocompatible.37-41 Dy-
488 and Dy-676 were conjugated to the micellar core, which mimics drug loading 
in micelles. Moreover, the important surface properties of the micelles, e.g., PEG 
chain flexibility, hydrophilicity and charge, are not changed by this strategy. Upon 
i.v. injection, schematically shown in Scheme 1, the double-labeled iCCPM showed 
a reasonable degree of EPR-mediated tumor accumulation (∼4% of the injected 
dose), but also relatively high amounts present in liver and kidney, which can be 
ascribed to MPS-mediated clearance and to the presence of several free polymer 
chains in the final micellar formulation, respectively. Double-labeling of the micelles 
not only enabled assessment of tumor accumulation and off-target localization 
at the whole organism level using 2D FRI and 3D CT-FMT, but also allowed for 
a detailed assessment of their extravasation and penetration at the microscopic 
level. Consequently, our findings demonstrate that the covalent entrapment of 
two different fluorophores within core-crosslinked polymeric micelles is possible, 
and they indicate that such double-labeled nanomedicine formulations are highly 



19

Chapter 2

useful for multimodal in vivo and ex vivo optical imaging of their biodistribution and 
target site accumulation. 

Scheme 1. Core-crosslinked mPEG-b-p(HPMAm-Lac)-based polymeric micelles 
were labeled with two different fluorophores, and their biodistribution and tumor 
accumulation were analyzed using several different optical imaging techniques.

2. MATERIALS AND METHODS 

2.1. Materials. 

The mPEG2-ABCPA macroinitiator (Mn of mPEG = 5000 g·mol-1) and N-(2-
hydroxypropyl) methacrylamide monolactate (HPMAm-Lac) were prepared 
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according to previously published procedures.30 Acrylic acid N-hydroxysuccinimide 
ester (ANHS) and cystamine dihydrochloride were purchased from Sigma-Aldrich. 
Amino-functionalized Dy-488 (absorption and emission maxima: 491 nm and 515 
nm; in PBS 7.4) and Dy-676 (absorption and emission maxima: 674 nm/699 nm; 
in ethanol) were ordered from Dyomics. 

2.2. Synthesis of ω-methoxy poly(ethylene glycol)-b-(N-(2-hydroxyethyl)
methacrylamide)-monolactate)-co-(acrylic acid N-hydroxysuccinimide 
ester). 

The block copolymer mPEG-b-p(HPMAm-Lac-co-ANHS was synthesized by 
free radical polymerization using HPMAm-Lac and ANHS as comonomers, and 
mPEG2-ABCPA as macroinitiator (Scheme 1A).16 The reagents were dissolved in 
DMSO at a monomer concentration of 300 mg/mL. The molar ratio of monomer-to-
macroinitiator was 150/1, and that of HPMAm-Lac and ANHS was 4/1. Reactions 
were conducted at 70 °C for 24 h under a nitrogen atmosphere. The polymer 
was purified by precipitation in diethyl ether, and then dissolved in cold reverse 
osmosis (RO) water and dialyzed against RO water at 4 oC for 24 h. The polymer 
was collected as a fluffy white powder after freeze-drying.

2.3. Characterization of mPEG-b-p(HPMAm-Lac-co-ANHS) by 1H NMR and 
GPC. 

The 1H NMR spectra were recorded using a Gemini 300 MHz spectrometer 
(Varian Associates Inc. NMR Instruments, Palo Alto, CA), using d6-DMSO as the 
solvent; the DMSO peak at 2.5 ppm was used as the reference line. 1H NMR of 
mPEG-b-p(HPMAm-Lac-co-ANHS): 7.3 (b, CO-NH-CH2), 5.2 (b, CH(CH3)-OH), 
4.8 (b, NH-CH2-CH(CH3)-O-(Lac)), 4.1 (b, CH(CH3)-OH), 3.4−3.6 (b, mPEG5000 
methylene protons, O-CH2-CH2), 2.8 (b, CH2-CH2 from the NHS groups), 0.6-
3.2 (b, the rest of the protons are from the methyl and backbone CH2 protons). 
The polymer composition was evaluated by 1H NMR as follow: (I) number of the 
HPMAm-Lac repeating units: in the 1H NMR spectrum of the purified polymer, 
the integral at 3.4-3.6 ppm of methylene protons of mPEG5000 was set as 448 
(the average number of protons per one mPEG chain, Mn=5000), and the integral 
value of the chemical shift at 4.1 ppm is assigned to the HPMAm-Lac repeating 
units.16 (II) number of the ANHS repeating units: The mole fraction of vinyl protons 
of ANHS at 6.3 and 6.6 ppm relative to methylene protons of mPEG5000 at 3.4-3.6 
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ppm in the crude product after polymerization was compared to that before the 
polymerization. GPC was conducted to determine the number average molecular 
weight (Mn), weight average molecular weight (Mw) and polydispersity (PDI, equal 
to Mw/Mn) using two serial Plgel 5 μm MIXED-D columns (Polymer Laboratories) 
and PEGs of narrow molecular weight distribution as calibration standards. The 
eluent was DMF containing 10 mM LiCl, the elution rate was 0.7 mL/min and the 
temperature was 40 °C. 16

2.4. Conjugation of Dy-490 and Dy-676 to mPEG-b-p(HPMAm-Lac-co-ANHS). 

The conjugations were performed following a previously published procedure.42 
Briefly, as exemplified by Scheme 2B-C, 0.15 mL of Dy-676 or Dy-488 stock solution 
(0.67 mg/mL) in DMSO (dried on molecular sieves A4) and 25 mg of the polymer 
were transferred into a dried two-necked flask. One equivalent of TEA to Dy-488 
was added to the reaction mixture. The reaction mixtures were kept at 50 oC with 
stirring. To analyze the coupling efficiency, samples from the reaction mixtures 
were diluted 20 times with DMF (10 mM LiCl) and analyzed by GPC (method 
described in section 2.3) equipped with a UV detector. The detection wavelengths 
for Dy-676 and Dy-488 were 685 and 320 nm (since the 488 nm signal could not 
be clearly delineated in DMF), respectively. Dy-676 and Dy-488 solutions in DMF 
containing 10 mM LiCl ranging from 0.001 to 0.2 mg/mL were injected as calibration 
standards. After reaction for 96 h, the polymers were precipitated in diethyl ether 
for three times and then dried in vacuum at 25 oC.

2.5. Preparation and characterizations of fluorophore-labeled mPEG-b-
p(HPMAm-Lac-co-ANHS) polymeric micelles. 

Polymeric micelles were prepared by the rapid heating protocol.15, 16, 43 In 
short, mPEG-b-p(HPMAm-Lac-co-ANHS) was dissolved at 0 oC in PBS 7.4 at a 
concentration of 10 mg/mL. Next, the polymer solutions were heated to 50 oC in 
a water bath for 1 min under vigorous shaking, to form the micelles. The CCPM 
were prepared by adding cystamine dihydrochloride in PBS 7.4 (96 mg/mL) to 
the micellar suspension (the feed ratio of cystamine dihydrochloride/NHS ester 
groups was 1/2). The mixture was gently vortexed for a 30 s and incubated at 
37 oC for 20 h.44-46 The iCCPM were prepared using a mixture of equal amounts 
of the polymers modified with Dy-488 and Dy-676 (see Section 2.4 and 3.2; on 
average, 3.1 and 3.8% of the polymer chains were labeled with one molecule of 
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Dy-488 or Dy-676) using the same protocol as for the CCPM. The iCCPM were 
purified by Vivaspin centrifugal concentrators (four times; membrane cut-off 10 
kDa), to remove traces of the non-conjugated free fluorophores. The amount of 
free Dy-488 and Dy-676 in the filtrates was detected by HPLC (eluent A: water/
ACN (95/5, v/v) with 0.1% perchlorate acid, eluent B: water/ACN (5/95, v/v) with 
0.1% perchlorate acid; a gradient method with the volume fraction of eluent B 
increasing from 0 to 100% in 15 min; Sunfire C18 column and detection at 488 
nm for Dy-488 and 654 nm for Dy-676). Subsequently, the volume of the micellar 
dispersion was decreased by a factor of four. The iCCPM were stored at -20 oC 
before further analysis and in vivo injection. The size of CCPM was measured 
by dynamic light scattering (DLS), using a Malvern 4700 system (Malvern Ltd., 
Malvern, U.K.) consisting of an Autosizer 4700 spectrometer, a pump/filter unit, 
a model 2013 air-cooler argon ion laser (75 mW, 488 nm, equipped with a model 
2500 remote interface controller, Uniphase), a water bath, and a computer with 
DLS software (PCS, version 3.15, Malvern). Autocorrelation functions were 
analyzed by the cumulants method (fitting a single exponential to the correlation 
function to obtain the mean size and the polydispersity) and the CONtIN routine 
(fitting a multiple exponential to the correlation function to obtain the distribution 
of particle sizes). The measurement angle was 90°. The zeta potential of iCCPM 
was measured using a Malvern Zetasizer Nano-Z(Malvern Instruments, Malvern, 
UK) with universal ZEN 1002 dip cells and DTS (Nano) software (version 4.20) at 
25 °C. Zeta potential measurements were performed in 20 mM HEPES pH 7.4 at 
a polymer concentration of 1 μg/mL. The size and fluorescent emission spectra 
of the iCCPM were characterized by nanoparticle tracking analysis (NTA)30 and a 
Horiba Fluorolog fluorometer at 37 oC.16

2.6. Stability and reduction-sensitive de-crosslinking of the CCPM. 

The thermal stability of CCPM was studied by temperature-dependent DLS 
measurements. The size (Zave) and light scattering intensity (LSI) of the micelles 
were monitored by DLS while cooling a micellar suspension from 25 to 2 oC in 
90 min.15 Hydrolytic stability was analyzed by monitoring the Zave and the LSI of 
the micelles with DLS under accelerated hydrolytic conditions (pH 10.0 and 37 
oC) for 22 h.16, 47, 48 The pH of the micellar dispersion was adjusted to pH 10.0 
by diluting the micellar dispersion 5-fold with 500 mM Na2CO3/NaHCO3 pH 10.0 
buffer. The integrity of the CCPM against the dissolution by DMF was performed 
and also to examine the amount of non-crosslinked free polymer chains in the 
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CCPM dispersion. The CCPM were freeze-dried and DMF (plus 10 mM LiCl) was 
added to the dry powder and the mixture was incubated for 5 h at 37 oC. The non-
crosslinked polymeric micelles (NCPM) were treated similarly and the samples 
were subjected to GPC analysis as described in section 2.3. The de-crosslinking of 
the CCPM under reductive condition was performed as follows. The CCPM were 
incubated at pH 10.0 and 37 oC for 22 hours to hydrolyze the pendent hydrophobic 
groups in the micellar core. DTT, which is a commonly used reducing agent at 
the concentration of 5 mM to cleave disulfide bonds 49, was added in the micellar 
suspension and the mixture was generally vortexed for 1 min, and the Zave and LSI 
of the particles were monitored by DLS at 37 oC.50 The CCPM were incubated with 
5 mM DTT for 24 hours at 37 oC. The resulted dispersion was freeze-dried and 
dissolved in the GPC eluent at a concentration of 5 mg/mL and characterized by 
GPC analysis.

2.7. Animal experiments. 

All animal experiments were approved by local and national regulatory 
authorities and by an animal ethics welfare committee. CD-1 nude mice weighing 
25-30 g were fed chlorophyll-free food and water ad libitum. Animals were hosted in 
ventilated cages under controlled temperature and humidity. CT26 colon carcinoma 
cells (ATCC) were cultured in Dulbecco’s modified eagle’s medium (DMEM; 
Invitrogen, Germany) supplemented with 10% fetal bovine serum (FBS; Invitrogen, 
Germany) and 1% Pen/strep (mixture of 10,000 U/mL penicillin and 10,000 µg/mL 
streptomycin) at 37 °C and 5% CO2. Mice were subcutaneously inoculated with 
1*106 CT26 tumor cells in 100 µl medium in their right flank. Tumor growth was 
monitored three times weekly, and as soon as the average tumor diameter reached 
a size of 6-8 mm, the imaging experiments were initiated.

2.8. In vivo imaging. 

Anesthetized mice bearing 6-8 mm-sized CT26 tumors were placed in a multi-
modal imaging cassette and high-resolution dual-energy micro-CT imaging was 
performed using a Tomoscope DUO (CT-Imaging, Erlangen, Germany). Images 
with an isotropic voxel size of 35 µm were reconstructed using a modified Feldkamp 
algorithm with a smooth kernel. Immediately after the micro-CT scan, the animals 
were transferred to the FMT2500 device (PerkinElmer, Rodgau, Germany) using 
the multimodal mouse cartridge which tightly holds the mice in a fixed position. 
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iCCPM were administered at a dose of 2 nanomoles. Initially, a whole body image 
of the mouse was captured using the FRI functionality of the FMT. Based on this 
image, the region of interest (ROI) was set and a 3D FMT scan was performed. 
The spatial density of scanning mode was set to ‘medium’, i.e. the 3 mm-default 
setting. Animals were pre-scanned to assess the background fluorescence level. 
CT-FMT imaging was carried out at several different time points, i.e. 1, 4, 24 and 
48 h post injection. The FMT and CT data sets were fused by computing a rigid 
transformation using fiducial markers in the mouse cassette. Based on the CT 
data, tumors and several healthy were segmented using the Imalytics Preclinical 
Software (Philips, Aachen, Germany). The FMT signals were overlaid onto the 
respective organ-segmented CT images, and probe accumulation (in picomoles) 
in tumors and healthy organs was quantified. The percentage of the injected dose 
(%ID) was calculated based on quantifications obtained for each segmented 
organ, and they were normalized to average organ volume at the corresponding 
time point.

2.9. Ex vivo imaging. 

Following the last imaging time point at 48 h, rhodamine-lectin was injected 
(to stain tumor blood vessels), and animals were sacrificed 15 min later. Tumor 
and several different healthy organs were excised, weighed and scanned ex vivo 
using FRI. Subsequently, organs were embedded in TissueTec, and cryosections 
were prepared for standard 2D fluorescence microscopy (FM) and 3D two-photon 
laser scanning microscopy (TPLSM). The tumor accumulation of Dy-488- and Dy-
676-labeled CCPM was assessed in 8 µm thick sections, using an Axio Imager 
M2 microscope. FM images were post-processed using the AxioVision Rel 4.8 
software (Carl Zeiss Microimaging GmbH, Gottingen, Germany). For TPLSM, 
cryosections were cut into 200 µm thick slices, and imaged using an Olympus 
FV1000MPE multiphoton microscopy system (Mai Tai DeepSee pulsed Ti:Sapphire 
femtosecond-laser) at an excitation wavelength of 800 nm and a 25x water 
dipping objective (Numeric Aperture = 1.05; Working Distance = 2 mm). Three 
photon multiplier tubes were used to detect the fluorescence signals, and filters 
were adjusted to the corresponding spectra: 390-480 nm for second harmonic 
generation imaging of collagen fibers, 495-540 nm for Dy-488-labeled micelles 
and 595-650 nm for rhodamine-lectin stained blood vessels. TPLSM images were 
analyzed using the Imaris software (Bitplane, Zurich, Switzerland).
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3. RESULTS AND DISCUSSION

3.1. Synthesis of mPEG-b-p(HPMAm-Lac-co-ANHS). 

The block copolymer mPEG-b-p(HPMAm-Lac-co-ANHS) was synthesized by 
free radical polymerization of HPMAm-Lac and ANHS, initiated by a mPEG5000 
macroinitiator (Scheme 2A). The polymer was yielded with high conversion of both 
monomers (91% for HPMAm-Lac and 100% for ANHS). The Mn of the polymer 
(calculated by 1H NMR) was 14 kDa, and correlated well with the value determined 
using GPC (16 kDa). The polydispersity of the block copolymer was 1.7. 
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Scheme 2. Synthesis of mPEG-b-p(HPMAm-Lac-co-ANHS (A)), conjugation of 
Dy-488 and Dy-676 (B and C) and crosslinking of the polymer chains (D). 
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3.2. Conjugation of Dy-488 and Dy-676 to mPEG-b-p(HPMAm-Lac-co-ANHS). 

mPEG-b-p(HPMAm-Lac-co-ANHS) was coupled to either Dy-488 or Dy-676 
(reaction between amine and NHS; Scheme 2 B-C). After a reaction time of 96 h, 
the coupling efficiencies of the Dy-488 and Dy-676 labeling were 51% and 56%, 
respectively. After the coupling reactions, on average, 3.1 and 3.8% of the polymer 
chains in each reaction were labeled with molecule of Dy-488 and Dy-676. The 
conjugation of the fluorophores to the polymer functionalized with NHS ester side 
groups was performed in a chemo-selective manner, in which amidation only occurs 
to NHS-activated ester groups, but in which the lactate ester groups do not react. 

3.3. Preparation and characterizations of CCPM and iCCPM. 

Micelles were prepared using thermosensitive block copolymers via the rapid 
heating protocol.15, 16, 37 The size of the NCPM, as determined using DLS, was 
92 nm, with a low polydispersity index (PDI) of 0.07. mPEG-b-p(HPMAm-Lac-co-
ANHS) was synthesized by free radical polymerization and the obtained polymer 
had a relatively high polydispersity index (Mw/Mn =1.7). However the polymeric 
micelles prepared using this polymer had a reasonable size (92 nm) and a low 
PDI (<0.1), which can be explained by the fact that even copolymers with relatively 
different molecular weights and architectures can self-assemble into micelles 
in a controlled manner. The CCPM were prepared by micelle crosslinking with 
cystamine (Scheme 2D). The size of the CCPM was comparable to that before 
crosslinking (94 nm with a PDI of 0.14). After four cycles of Vivaspin centrifugation, 
there were no HPLC-detectable amounts of free dyes in the filtrate, which means 
the non-conjugated free fluorophores were removed from the iCCPM by Vivaspin 
centrifugation. The emission spectra of the iCCPM excited at 491 nm (for Dy-
488) and 674 nm (for Dy-676) were recorded, and the results confirm that both 
fluorophores were present in the iCCPM and were fluorescently active at 37 oC 
(Figure 1A-B). The size of the iCCPM was measured by nanoparticle tracking 
analysis (NTA), because the iCCPM absorbed the laser light of DLS (wavelength 
488 nm). As shown in Figure 1C, in line with the size of the CCPM determined using 
DLS, the size of the iCCPM was 100 nm, and the SD was 30 nm, which points to a 
relatively narrow size distribution.51 The zeta potential of the iCCPM was -0.6±0.11 
mV, and slightly negative surface charge of the particles favors applications of them 
for intravenous injection. These findings demonstrate that fluorophore-labeled and 
core-crosslinked polymeric micelles can be efficiently prepared using the rapid 
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heating method, without using organic solvents for precipitation and dialysis. As 
opposed to the radical polymerization of methacrylate-containing side groups in 
the micellar core 31, 30, 32, cystamine-based core-crosslinking is thus shown to be 
compatible with Dy-488 and Dy-676.

Figure 1. A and B: Fluorescence emission spectra of iCCPM excited at 491 
(A) and 674 (B) nm at 37 oC. C: Size distribution of the iCCPM as measured by 
nanoparticle tracking analysis (NTA). 

3.4. Stability, integrity and de-crosslinking of CCPM. 

The stability of the CCPM was evaluated using three different approaches. First, 
the thermal stability of the NCPM and CCPM was examined by DLS while cooling the 
micellar dispersion. The light scattering intensity of the polymer dissolved in PBS 7.4 
at low temperature (5 oC) was measured and this value was found to be 21±4. This 
light scattering value was considered as the baseline for other DLS measurements. 
Due to the thermosensitivity of mPEG-b-p(HPMAm-Lac-co-ANHS), the NCPM 
completely dissociated by lowering the temperature to 2 oC, as exemplified by 
the light scattering intensity decreasing to less than 5% of that at observed 25 
oC (Figure 2A). The NCPM showed similar temperature-responsiveness as other 
non-crosslinked polymeric micelles with similar composition.15, 30 The CCPM, on 
the other hand, displayed a relatively stable light scattering intensity upon cooling 
from 25 oC to 2 oC (Figure 2B), confirming the high stability of the CCPM upon 
cystamine-crosslinking. The size of the CCPM was found to be slightly increased 
upon cooling (∼130 nm), which can be ascribed to rehydration and swelling of 
the micellar core at low temperatures. Upon accelerated hydrolysis (i.e. pH 10.0 
and 37 oC), the NCPM showed a fast drop in the intensity of light scattering, to 
values below 5% of the original value within less than 1 h, suggesting a complete 
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dissociation of the NCPM via hydrolysis of the hydrophobic polymer side groups 
(Figure 2C).16, 48 However, the scattering intensity of the CCPM only decreased with 
∼50% in 22 h, showing that the CCPM were stable even after the pendent lactate 
groups of the polymers were hydrolyzed (Figure 2D). It is therefore concluded that 
the integrity of the CCPM after hydrolysis was retained because of crosslinking of 
the micellar core.

 

Figure 2. A and B: Size and light scattering intensity of CCPM and NCPM while 
cooling the temperature-sensitive micelle formulations from 25 oC to 2 oC. The 
steady light scattering intensity of CCPM indicates good stability, while the significant 
drop in scattering intensity observed for NCPM indicates complete dissociation. C 
and D: Size and light scattering intensity of CCPM and NCPM upon accelerated 
hydrolysis (i.e. at pH 10 and 37 oC). The scattering of NCPM completed vanished, 
while that of CCPM was relatively stable. 

Upon 22 h of accelerated hydrolysis, the CCPM were incubated with DTT. Figure 
3 shows that almost instantaneously after addition of DTT the light scattering signals 
dropped to very low values demonstrating that the CCPM are de-crosslinked in a 
reductive environment, as has been described before for other disulfide-crosslinked 
micellar systems. 52, 53 
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Figure 3. Size and light scattering intensity of CCPM after accelerated hydrolysis 
(i.e. pH 10 and 37 oC) and additional DTT addition (to cleave the disulfide bonds). 
The light scattering intensity of the CPMM dramatically decreased upon DTT 
addition, confirming complete dissociation of the micelles.

The NCPM could be completely dissolved in DMF. As demonstrated via gel 
permeation chromatography (GPC) with a refractive index (RI) detector, a high 
RI signal was observed for the NCPM (Figure 4). In contrast, the CCPM were 
not molecularly dissolved in DMF and were filtered out by the pre-column before 
entering the GPC column. However, also the CCPM displayed a certain RI signal 
in GPC at the same polymer concentration (∼20% of that of the NCPM; Figure 4), 
which can be ascribed to a small fraction of free polymer chains present in the 
final micellar dispersion. The GPC chromatogram of the CCPM after incubation 
with DTT (5 mM) for 24 hours at 37 oC was shown in Figure 4 (green line), which 
is identical to that of NCPM, in terms of both retention time and intensity, and 
therefore it suggests that the CCPM can be fully reduced by DTT at biological 
temperature.   
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Figure 4. GPC chromatograms of the NCPM and CCPM. NCPM were completely 
dissolved in DMF. CCPM also showed a certain refractive index (RI) signal, 
suggesting the presence of several free polymer chains within the final micellar 
dispersion.

3.5. In vivo optical imaging of the biodistribution and tumor 
accumulation of iCCPM. 

The fluorophore-labeled iCCPM were intravenously injected into mice 
bearing EPR-prone CT26 tumors, and their biodistribution and tumor 
accumulation were non-invasively monitored using 3D CT-FMT. It has been 
previously reported that NCPM based on mPEG-b-p(HPMAm-Lacn) show 
fast dissociation in vivo after i.v. injection.30 Therefore, in this study, we only 
analyzed CCPM. As exemplified by Figure 5A, by means of anatomical CT 
imaging, tumors and several different healthy organs were manually pre-
segmented, to more accurately allocate the fluorescence signals coming 
from the iCCPM to these tissues.28 The accumulation of the micelles within 
the tumors was quantified, and as expected, an effective accumulation in 
target site was observed, with ~4% of the injected dose (ID) accumulating in 
tumors at 24 h post i.v. injection (Figure 5B-C). This value is in line with other 
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published papers, in which the target site accumulation of micelles (as well 
as other nanocarriers) was evaluated using optical and radionuclide-based 
imaging techniques.28, 43-48

Figure 5. Non-invasive in vivo CT-FMT imaging of the biodistribution and the 
tumor accumulation of iCCPM. The principle of hybrid CT-FMT imaging is shown in 
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panel A, exemplifying that the anatomical information obtained using CT is used to 
assign the fluorescent signals coming from the iCCPM to a specific organ or tissue 
of interest. The images were obtained at 48 h p.i., and show probe localization in 
liver (brown), kidney (yellow) and tumor (green). Panels B and C confirm EPR-
mediated accumulation of the iCCPM in tumors, with values reaching ∼4% of the 
injected dose (%ID) at 24 h post i.v. injection. Panel C also provides details on 
the accumulation of iCCPM in healthy organs. The reported percentages of the 
injected dose are normalized to average tissue volumes. Values represent average 
± standard deviation (n=3).

Figure 5C also provides feedback on the accumulation of the iCCPM in several 
different healthy tissues. The liver uptake of the iCCPM was found to be ∼20% at 
48 h p.i., which corresponds with previous reports, and results from clearance by 
the mononuclear phagocytic system (MPS).54-57 In addition, a relatively prominent 
kidney accumulation was observed (∼20% of the injection dose at 1 h). At early time 
points, also localization in bladder could be detected (∼10% ID at 1 h), indicating 
that part of the labeled polymers were excreted renally. As shown in Figure 4, 
the micellar dispersion contained a certain amount of free polymer chains (i.e., 
non-core-crosslinked; with a molecular weight of 14 kDa), explaining localization 
in kidney and bladder. Retention of the signal in kidney at later time points during 
follow-up is in line with this notion, as drug- and/or targeting ligand-modified 
macromolecular nanocarriers progressively accumulate in the kidney over time.19, 

54-58 This likely results from the initial glomeral filtration of polymeric nanocarrier 
materials with a size below ∼45 kDa, followed by their (unspecific) retention in 
brush border membranes in the kidney. 

In good correspondence with the CT-FMT results, FRI imaging indicated that 
the iCCPM most prominently accumulated in kidney, liver and tumor (Figure 6). In 
line with the kinetics of EPR-mediated drug targeting, the tumor accumulation of 
the micelles appeared to be progressively increasing over time (Figure 6A). At 48 
h post i.v. injection, mice were sacrificed, tumors and several healthy tissues were 
excised, and the amounts of iCCPM deposited in these organs were visualized 
and quantified. As shown in Figures 6B-C, also ex vivo, the iCCPM were found to 
primarily accumulate in kidney and liver, followed by tumor.   
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Figure 6. In vivo (A) and ex vivo (B-C) FRI of iCCPM, exemplifying reasonably 
efficient EPR-mediated tumor targeting. Panel A hints toward accumulation in 
kidney, liver and tumor. This is confirmed via ex vivo imaging of excised organs 
(B-C), depicting the accumulation of the iCCPM in tumors and healthy organs at 
48 hours post i.v. injection. Values represent average ± SD (n=3).

3.6. Ex vivo analysis of tumor accumulation and penetration using 2D FM 
and 3D TPLSM. 

Upon sacrificing the animals and harvesting tissues, tumors were cryosectioned 
for 2D fluorescence microscopy (FM) and 3D two-photon laser scanning microscopy 
(TPLSM). As shown in Figure 7A, using appropriate filter sets, both fluorophores 
could be detected using FM, in general in the vicinity of rhodamine-lectin stained 
blood vessels (in red). In the majority of cases, a good co-localization between the 
Dy-488 (in green) and the Dy-676 (in yellow) fluorophore was observed. On some 
occasions, however, signals were only observed in one of the channels, indicating 
the presence of free block copolymer chains. These could either result from 
polymers which were not efficiently core-crosslinked (see section 3.1 and 3.5), 
or - more likely - from iCCPM which initially accumulated in tumors in the form of 
intact micelles, but were subsequently bio-degraded in situ as tumor present with 
a more reductive environment than healthy organs.33, 59 Panels 7B-C exemplify the 
benefit of integrating TPLSM in drug targeting studies, showing the 3D distribution 
of the iCCPM in a 500 x 500 x 100 µm tumor slice, as well as a 2D z-stack image 
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demonstrating the ability of TPLSM to quantitatively assess their intratumoral 
distribution. Figures 7D-E finally provide a 3D TPLSM image in which second 
harmonic generation (SHG) imaging was employed to visualize collagen fibers, 
indicating that the iCCPM penetrate relatively deeply into the tumor interstitium, 
and are distributed relatively homogenously within tumors. High-resolution 
visualization of double-labeled liposomes in deep tissues was previously performed 
by multispectral optoacoustic tomography (MSOT).60 However, the TPLSM 
enables highly detailed studies on the impact of the extracellular matrix (ECM) on 
the distribution of drugs and drug delivery systems within tumors, and it facilitates 
studies in which therapies modulating the ECM are being evaluated. Importantly, 
for such 3D TPLSM studies, fluorophores with wavelengths below ∼600 nm have to 
be employed (because of the principles of two-photon excitation), underlining the 
importance of labeling nanomedicines with two different fluorophores. 
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Figure 7. Ex vivo analysis of the tumor accumulation of iCCPM using 2D FM and 
3D TPLSM. Panel A shows representative fluorescence microscopy (FM) images 
of tumor sections with blood vessels stained in red (rhodamine-lectin) and with 
both fluorophores present within the iCCPM co-localizing in the majority of cases. 
Panels B-E are obtained using two-photon laser-scanning microscopy (TPLSM), 
and show that the iCCPM (green) efficiently extravasate from rhodamine-lectin-
stained blood vessels (red), penetrate relatively deeply into the tumor interstitium, 
and are distributed relatively homogenously within tumors. The grey and blue 
structures in panels D-E depict collagen fibers, visualized using second-harmonic 
generation (SHG) imaging. 
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4. CONCLUSION 

In summary, we here developed a strategy for labeling core-crosslinked 
polymeric micelles (CCPM) with two different fluorophores (i.e., Dy-488 and Dy-
676). A mild, cystamine-based and reduction-sensitive core-crosslinking strategy 
was employed, and this was shown to be compatible with the covalent entrapment 
of the fluorophores. Upon extensive physicochemical characterization, the resulting 
image-guided CCPM (iCCPM) were i.v. injected into mice bearing CT26 tumors, 
and their biodistribution and tumor accumulation was monitored using several 
different optical imaging techniques. In vivo imaging using 3D CT-FMT and 2D 
FRI showed that the micelles accumulated reasonably efficiently in tumors, with 
∼4% of the injected dose present in tumors at 24 h p.i., and with apart from tumors, 
also prominent accumulation in kidney and liver. Ex vivo imaging using 2D FM 
and 3D TPLSM confirmed the extravasation of the micelles out of tumor blood 
vessels, as well as their penetration relatively deep into the tumor interstitium. 
These findings demonstrate that establishing protocols for labeling nanomedicines 
with two different fluorophores, and employing several different in vivo and ex vivo 
optical imaging techniques within the same experimental setup, might be highly 
useful for facilitating translational nanomedicine research. 
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ABSTRACT

A diblock copolymer composed of N-(2-hydroxy propyl) methacrylamide (HPMAm) 
as hydrophilic block and N-(2-hydroxy propyl) methacrylamide dilactate (HPMAm-
Lac2) as thermosensitive block, was synthesized by RAFT polymerization. To this 
end, HPMAm was first polymerized with 4-cyano-4-[(dodecylsulfanylthiocarbonyl)-
sulfanyl]pentanoic acid as the chain transfer agent and azobisisobutyronitrile (AIBN) 
as the initiator. The polymerization showed a linear increase in Mn as a function 
of monomer conversion. The living p(HPMAm) chain (6 kDa) was subsequently 
extended with HPMAm-Lac2 yielding a diblock copolymer (total Mn of 24 kDa). 
The copolymer showed reversible thermosensitivity in aqueous solution and self-
assembled into micelles with a size of 58 nm (PDI 0.13) above its critical micelle 
temperature (CMT, 2 oC) and concentration (0.044 mg/mL), and was soluble below 
the CMT. Paclitaxel, a hydrophobic chemotherapeutic drug, was encapsulated in 
the micelles with a loading capacity of 16.1±1.2%. Hydrolysis of the dilactate side 
group of the p(HPMAm-Lac2) block converted the copolymer to the fully hydrophilic 
p(HPMAm) homopolymer, resulting in dissociation of the micelles. In conclusion, 
the livingness and versatility of RAFT polymerization provide possibilities to 
synthesize block copolymers with HPMAm and derivatives thereof.

INTRODUCTION

Thermosensitive polymers have drawn great attention for biomedical 
applications such as drug and gene delivery1-5, and tissue engineering.6-8 Much 
work has been done regarding the syntheses and use of thermosensitive block 
copolymers for constructing drug delivery systems.9,10 Block copolymers can turn 
from fully hydrophilic to amphiphilic when a thermosensitive block is combined in 
the same polymer chain with a permanently hydrophilic block and heated above 
its lower critical solution temperature (LCST) in aqueous solutions resulting in the 
formation of micelles or vesicles.11-15 Polymeric micelles have shown great potential 
as vectors for targeted delivery of hydrophobic drugs.16-21 Attractive features of 
polymeric micelles for pharmaceutical applications include (i) size below 150 nm; 
(ii) a good accommodation for poorly water-soluble drugs in the micellar core and 
(iii) a hydrophilic corona endowing polymeric micelles with a stealth surface.16,22

 Poly(N-(2-hydroxy propyl) methacrylamide) (p(HPMAm)) is a water-soluble 
polymer used for the development of polymeric prodrugs that have been clinically 
tested23-27 as well as for the design of other functional biopolymers.28,29 Chemical 
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modifications of the hydroxyl group of N-(2-hydroxy propyl) methacrylamide 
(HPMAm) have resulted in various multi-functional monomers. As an example, 
the mono- and dilactate esters of HPMAm (HPMAm-Lac and HPMAm-Lac2) were 
synthesized and the corresponding homopolymers and their random copolymers 
showed reversible thermoresponsiveness in aqueous solutions.30 Hydrolysis of the 
lactate groups of HPMAm-Lac/HPMAm-Lac2 results in an increased polarity and 
aqueous solubility of the corresponding polymers. When the resulting hydrophilic 
polymer has a molecular weight lower than 70 kDa it will undergo renal excretion.31

Thermosensitive block copolymers based on p(HPMAm-Lac2) have been 
used to construct micellar drug delivery systems.9,11 Their synthesis was done 
using a polyethylene glycol (PEG) modified azo-compound which initiates 
conventional radical polymerization of HPMAm-Lac2. However, this strategy has 
some drawbacks including limited control over molecular weight and its dispersity, 
as well as limited possibilities to build various polymer architectures. Reversible 
addition-fragmentation chain transfer (RAFT) polymerization has been utilized to 
synthesize (micelle-forming) block polymers.32 RAFT synthesis of block copolymers 
from PEG coupled-chain transfer agents for self-assembly into micelles has been 
described by several groups.33,34 However, pegylated drug carriers are reported to 
have the accelerated blood clearance (ABC) effect after repeated i.v. injection.35-37 
Consequently, non-PEG hydrophilic polymers have been studied for the design of 
stealth nanoparticles.38-42 

RAFT polymerization provides possibilities to copolymerize various monomers 
in a controlled fashion and build up multiple blocks.43-45 Therefore, we have 
investigated the possibility to synthesize PEG-free thermosensitive block copolymer 
from HPMAm and HPMAm-Lac2, by sequential RAFT polymerizations. HPMAm 
was first polymerized by RAFT, and then the p(HPMAm) chain (macro-CTA) was 
extended with HPMAm-Lac2. The block copolymer showed thermosensitivity in 
aqueous environment and formed micelles by heating an aqueous polymer solution 
above its LCST. Hydrolysis of the dilactate ester groups of the thermosensitive block 
converted the block copolymer into a fully hydrophilic pHPMAm homopolymer and 
therefore the micelles gradually dissociated at physiological temperature and pH 
as also observed for PEG-b-p(HPMA-Lac2) micelles.11 

To synthesize the hydrophilic block of the copolymer, HPMAm was polymerized 
by RAFT using 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid 
(CDTPA) and azobisisobutyronitrile (AIBN), as the chain transfer agent (CTA) 
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and initiator, respectively. The polymerization shows a linear increase in Mn with 
the conversion of HPMAm (Figure 1, top), which is typical for a controlled radical 
polymerization.46 Also, the molecular weight dispersity reflected by Mw/Mn is 
relatively low (< 1.4) (Figure 1, bottom). To have a good stealth property, we aimed 
to synthesize a hydrophilic block of p(HPMAm) with an Mn of 6 kDa, which is similar 
with the Mn of the most commonly used stealth polymer PEG5000. It also allows us 
to synthesize a copolymer with a molecular weight that is far below 70 kDa, which 
allows its renal filtration in vivo.31 The polymerization time of HPMAm was therefore 
fixed at 50 minutes at 70 oC. The obtained p(HPMAm) macro-CTA was isolated 
by precipitation in diethyl ether (three times) to remove unreacted HPMAm. The 
Mn of p(HPMAm) was 6 kDa as measured by GPC47, which was in accordance 
with the expected Mn calculated from the conversion of HPMAm. Subsequently, 
the macro-CTA was extended with HPMAm-Lac2 under the same condition as for 
the synthesis of p(HPMAm) (Figure 2, middle). The successful chain extension 
was proven by GPC and 1H NMR spectroscopy. After 4 hrs of polymerization, the 
conversion of HPMAm-Lac2 was 33% as measured by 1H NMR spectroscopy. The 
theoretical Mn calculated from the HPMAm-Lac2 conversion was 25 kDa. The 1H 
NMR spectrum of p(HPMAm)-b-p(HPMAm-Lac2) shows repeating units of both 
HPMAm and HPMAm-Lac2 (Figure 2, bottom). By comparing the integration areas 
of resonances from the methine protons of HPMAm at 3.60 ppm and that of the 
methine protons of HPMAm-Lac2 at 4.20 ppm, the Mn of the block copolymer can 
also be calculated (25 kDa). The GPC chromatogram (RI-detection) shows a 
shift in the elution time (Figure 2, top), which confirms the increase in molecular 
weight after the chain extension. The Mn of the block copolymer was 24 kDa as 
measured by GPC47 which is close to that calculated from 1H NMR. Additionally, 
it is worth mentioning that the trace in the GPC chromatogram has a shoulder 
at high molecular weight (Figure 2, top), which points to some chain termination 
during the chain extension with HPMAm-Lac2. The copolymer obtained after 24 
hours of polymerization had a relatively high Mn of 41 kDa and PDI of 1.98 (by 
GPC), respectively. To prepare micelles with reasonably small and uniform size, a 
diblock copolymer with relatively low molecular weight and dispersity is preferred. 
Therefore, the copolymer obtained after 4 hours of chain extension was used for 
the further studies.
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Figure 1. Plot of ln([M]0/[M]t) versus time for the RAFT polymerization of HPMA 
(top) and plot of Mn (obtained from GPC) versus conversion of the HPMAm with 
theoretical Mn calculated from the conversion, and Mw/Mn (bottom).

The p(HPMAm)-b-(HPMAm-Lac2) diblock copolymer showed reversible 
thermoresponsive behavior in aqueous solution. The polymer can be dissolved in 
ammonium acetate buffer (pH 5.0, 120 mM) at a concentration of 10 mg/mL at 0 
oC, while the solution turned opalescent after rapid heating at 50 oC for 1 minute 
(Figure 3, top). The size of the polymeric micelles was 58 nm with a polydispersity 
of 0.13 as measured by dynamic light scattering (DLS). The formation of micelles 
composed of p(HPMAm-Lac2) core and p(HPMAm) corona is due to the dehydration 
of the thermosensitive p(HPMAm-Lac2) block upon heating above its LCST.11,30 DLS 
analysis showed that when a micellar dispersion was slowly cooled from 25 to 0.5 
oC, the size of the micelles did not change until the temperature reached around 14 
oC and increased to a maximum value of around 240 nm at 3 oC, which indicates 
swelling of the micellar core caused by rehydration of the p(HPMAm-Lac2) block 
below its LCST (13 oC30). Subsequently, the size decreased to lower than 10 nm 
at 1 oC (Figure 3.), which means that the micelles dissociated and converted into 
unimers. The phase transition temperature (critical micelle temperature, CMT) of 
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the copolymer is similar to what has been observed for PEG-p(HPMAm-Lac2), i.e. 
6 oC.11

Figure 2. GPC traces of polymers before and after chain extension of p(HPMAm) 
macro-CTA with HPMAm-Lac2 (top). Reaction scheme of the copolymerization 
(middle). 1H NMR spectra of p(HPMAm) (in blue) and p(HPMAm)-b-p(HPMAm-
Lac2) (in dark red).
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Figure 3. Photographs of an aqueous solution of p(HPMAm)-b-p(HPMAm-Lac2) 
(10 mg/mL) after heating (at 50 oC) or cooling (at 0 oC) (top). Change of Z-average 
diameter (by DLS) of p(HPMAm)-b-(HPMAm-Lac2) micelles in an aqueous solution 
as measured during cooling (bottom). 
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Figure 4. Effect of hydrolysis of p(HPMAm)-b-p(HPMAm-Lac2) micelles at pH 
10.0 and 37 oC on Z-average diameter (Zave) and scattering intensity as studied 
by DLS (insert: photographs of the dispersion before and after hydrolysis) (top). 
Hydrolysis scheme of p(HPMAm)-b-p(HPMAm-Lac2) (middle). 1H NMR spectra of 
p(HPMAm)-b-p(HPMAm-Lac2) before (in dark red) and after hydrolysis (in blue) 
(bottom).

Above CMT of p(HPMAm)-b-p(HPMAm-Lac2), the copolymer can form micelles 
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at concentrations above its critical micelle concentration (CMC) of 0.044 mg/mL 
which is close to that of the PEG-p(HPMAm-Lac2).

11 The micelles were tested to 
incorporate a hydrophobic chemotherapeutic drug, i.e., paclitaxel (PTX) by the “fast 
heating” method which is accomplished in one minute and avoids the use of large 
amounts of organic solvents.48 PTX was dissolved in ethanol at a concentration 
of 20 mg/mL and mixed with ice-cold polymer aqueous solution (10 mg/mL) at a 
volume ratio of 1/9, and then immediately incubated with vigorous shaking in a water 
bath at 50 oC for one minute. An opalescent micellar dispersion was obtained. After 
filtration of the micellar dispersion through a 0.45 µm membrane filter, the micelles 
were characterized by its size and drug loading capacity. The size of PTX loaded 
micelles was 88 nm with a polydispersity of 0.18. The PTX loading capacity (weight 
percentage of encapsulated drug to the sum of encapsulated drug and polymer) of 
the micelles and encapsulation efficiency (weight percentage of encapsulated drug 
to feed drug) were 16.1±1.2% and 86.4±7.7%, respectively. 

 HPMAm-Lac2 is hydrolytically degradable (t1/2 = 15.4 hrs at pH 7.5 and 37 
oC).49 Consequently, the thermoresponsive block copolymers will be converted 
into the fully hydrophilic homopolymer p(HPMAm) upon incubation in an aqueous 
environment. To investigate this, micelles of p(HPMAm)-b-p(HPMAm-Lac2) were 
incubated in pH 10.0 buffer (i.e. accelerated degradation conditions) at 37 oC, 
meanwhile, the size and light scattering intensity were monitored by DLS (Figure 
4, top). The micelles had initially a size of around 60 nm and started to swell after 
around 50 minutes of incubation. The swelling was accompanied with an increase 
in light scattering intensity until 140 minutes. After that, the scattering intensity 
dropped during the next 20 minutes, indicating dissociation of the micelles. After 
3.8 hrs only free polymer chains remained in the solution (hydrodynamic size of 
10 nm). This behavior can be explained as follows. The hydrolysis of the lactate 
side groups of the HPMAm-Lac2 units results in an increase of the polarity of 
p(HPMAm-Lac2) block, and therefore the LCST of the polymer gradually raises 
till above the incubation temperature of 37 oC. Consequently, the core of micelles 
becomes more hydrated and swollen, and eventually the micelles dissociate 
when the LCST of the p(HPMAm-Lac2) block passes 37 oC. As shown by 1H NMR 
spectroscopy, the dilactate groups of HPMAm-Lac2 were completely removed after 
hydrolysis, and only p(HPMAm) remained (Figure 4, bottom). The GPC RI trace 
showed an a slightly longer retention time of the hydrolyzed copolymer (Figure 2, 
top), which suggests that the copolymer after hydrolysis of the side groups has a 
smaller hydrodynamic size than the copolymer before hydrolysis. Additionally, it 
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is worth mentioning that the CTA attached at the copolymer chain end was also 
substantially hydrolyzed under the described conditions as the GPC UV trace of 
the copolymer at 320 nm (which is specific for the CTA used) initially overlapped 
with the RI trace, but UV absorption of the CTA vanished upon hydrolysis. This 
is also a sign that the copolymer has an active CTA end group and further chain 
extension with other monomers to synthesize triblock polymers is possible. 

In conclusion, a thermosensitive block copolymer composed of p(HPMAm) as 
the hydrophilic block and p(HPMAm-Lac2) as the thermosensitive hydrophobic 
block was successfully synthesized by RAFT. The block copolymer displayed 
reversible thermoresponsive behavior in aqueous environment, i.e., it was soluble 
under its CMT and formed micelles upon incubation at high temperature (50 oC). 
The hydrophobic drug paclitaxel can be encapsulated into the micellar hydrophobic 
core by the “fast heating” method. The micelles were hydrolytically degradable in 
aqueous solution, to yield p(HPMAm) which is hydrophilic and has a molecular 
weight lower than 24 kDa. These two aspects allow the degradation product 
to be cleared from the circulation in vivo by renal filtration. The degradability of 
the copolymer and expected controlled release behavior favor its biomedical 
applications, such as for drug delivery. 
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SUPPORTING INFORMATION

MATERIALS AND METHOD:

N-(2-hydroxy propyl) methacrylamide (HPMAm) was purchased from Zentiva, 
Czech Republic. N-(2-hydroxypropyl) methacrylamide dilactate (HPMAm-Lac2) was 
synthesized as described previously.1 4-cyano-4-[(dodecylsulfanylthiocarbonyl)
sulfanyl]pentanoic acid (CDTPA), dimethylacetamide (DMAc) and 2,2’-Azobis(2-
methylpropionitrile) (AIBN, recrystallized from methanol twice before using) were 
ordered from Sigma. Diethyl ether and N,N-dimethylformamide (DMF) were supplied 
by Biosolve Ltd (Valkenswaard, the Netherlands) and dried over 0.4 nm molecular 
sieves before using. Paclitaxel (PTX) was purchased from LC Laboratories (MA, 
USA).

1. Characterizations of the polymers by 1H NMR spectroscopy and GPC.

1H NMR spectra were recorded using a Gemini 300 MHz spectrometer (Varian 
Associates Inc. NMR Instruments, Palo Alto, CA), using d6-DMSO as the solvent; 
the DMSO peak at 2.52 ppm was used as the reference line. Chemical shifts 
of p(HPMAm): 7.13 (b, CO-NH-CH2), 4.70 (s, CH(CH3)-OH), 3.65 (s, NH-CH2-
CH(CH3)-OH), 2.90 (b, NH-CH2-CH), 0.4-2.0 (b, the rest of the protons are from the 
methyl and backbone CH2 protons). Chemical shifts of p(HPMAm-b-HPMAm-Lac2): 
in addition to the protons from p(HPMAm), 5.45 (s, O-CO-CH(CH3)-OH), 4.80 (b, 
NH-CH2-CH(CH3)-O), 4.70 (b, O-CO-CH(CH3)-O), 4.20 (b, O-CO-CH(CH3)-OH). 
GPC was conducted to evaluate the number average molecular weight (Mn), weight 
average molecular weight (Mw) and dispersity of molecular weight (PDI, reflected 
by Mw/Mn) using two serial PLgel 5 μm MIXED-D columns (Polymer Laboratories) 
and PEGs of narrow molecular weight distribution as calibration standards. The 
eluent was DMF containing 10 mM LiCl, the elution rate was 0.7 mL/min and the 
temperature was 40 °C.2  

2. Synthesis of p(HPMAm) (macro-CTA).

p(HPMAm) was synthesized by the RAFT polymerization method, using AIBN 
as initiator and CDTPA as chain transfer agent in DMAc at 70 °C. Briefly, the 
reagents were weighed in a Schlenck tube and followed with adding the solvent. 
The monomer concentration in the polymerization was kept at 300 mg/mL and 
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the molar ratio of the [HPMAm]/[ CDTPA]/[AIBN] was 1000/5/1. The solution was 
degassed by three cycles of freeze-vacuum-thaw and then the tube was immersed 
in the prewarmed oil bath at 70 oC. At predetermined time points, samples were 
drawn from the tube and analyzed by GPC and 1H NMR. The conversion of HPMAm 
was determined by 1H NMR, by comparing the integration areas of resonances 
from the vinyl protons of HPMAm at 5.30 ppm and the methine protons of HPMAm 
at 3.65 ppm. Polymers were isolated by precipitation in diethyl ether for three times 
and dried in vacuo. 

3. Synthesis of p(HPMAm)-b-p(HPMAm-Lac2).

To synthesize the block copolymer, a Schlenck tube was charged with p(HPMAm) 
macro-CTA, HPMAm-Lac2 and AIBN. The HPMAm-DL concentration was 300 mg/
mL and the molar ratio of the [HPMAm-Lac2]/[p(HPMAm)]/[AIBN] was 1000/5/1. 
The reaction solution was degassed by three cycles of freeze-vacuum-thaw prior 
to polymerization. The polymerization was quenched by liquid N2 after 4 and 24 
hrs. A sample was taken for analysis by GPC and 1H NMR. The conversion of 
HPMAm-Lac2 was determined by 1H NMR, by comparing the integration areas of 
resonances from the vinyl protons of HPMAm- Lac2 at 5.30 ppm and the methine 
protons of HPMAm-Lac2 at 4.20 ppm. Polymers were isolated by precipitation in 
diethyl ether for three times and dried in vacuo. The polymer was characterized by 
GPC and 1H NMR spectroscopy.

4. Thermosensitivity of the block copolymer.

The thermosensitivity of the block polymers was investigated by dynamic light 
scattering (DLS). The polymers were dissolved at 0 oC with a concentration of 
10 mg/mL in pH 5.0 ammonium acetate buffer (120 mM). Subsequently, micelles 
were prepared by incubating the polymer solution at 50 oC for one minute which 
was then cooled to room temperature. The Z-average diameter (Zave, nm) and light 
scattering intensity of the micellar dispersion were monitored by DLS while cooling 
a sample from 25 oC to 0.5 oC. The onset on X-axis, obtained by extrapolation of 
the light scattering intensity-temperature curve of the cooling procedure to the 
baseline, was considered as the CMT. DLS was performed using a Malvern 4700 
system (Malvern Ltd., Malvern, U.K.) consisting of an Autosizer 4700 spectrometer, 
a pump/filter unit, a model 2013 air-cooler argon ion laser (75 mW, 488 nm, equipped 
with a model 2500 remote interface controller, Uniphase) and a water bath, and 
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a computer with DLS software (PCS, version 3.15, Malvern). Autocorrelation 
functions were analyzed by the cumulants method (fitting a single exponential to 
the correlation function to obtain the mean size and the polydispersity) and the 
CONTIN routine (fitting a multiple exponential to the correlation function to obtain 
the distribution of particle sizes). The measurement angle was 90°.

5. Micelles preparation and characterization.

Empty micelles were prepared by a fast heating method as described in the 
section 4. In short, the polymer was dissolved in pH 5.0 ammonium acetate buffer 
(120 mM) at a concentration of 10 mg/mL at 0 oC. Next, the polymer solution 
was heated in a water bath at 50 oC for one minute with constantly shaking. For 
paclitaxel loaded micelles, 0.2 mL of the drug solution in ethanol (20 mg/mL) was 
added to 1.8 mL of an ice cold polymer solution and then immediately heated at 
50 oC for one minute. Subsequently, the micellar dispersions were stored overnight 
at room temperature and filtered through 0.45 µm nylon membrane to remove 
the precipitated/unencapsulated drug. The size of the micelles was measured by 
DLS as described in section 4 at 37 oC. The concentration of PTX of the micellar 
dispersions was determined by UPLC analysis using Waters Acquity system 
consisting of a binary solvent manager, a sample manager and a UV detector. An 
Acquity® HSS T3 1.8 µm column (2×50 mm) was used with a gradient eluent method 
at a flow rate of 1 mL/min, and a column temperature of 50 °C. The PTX loaded 
micelles were 9-fold diluted with ACN and subsequently vortexed to destabilize 
the micelles and dissolve the drug, and then centrifuged at 12.000 g for 10 min to 
remove any possible particles/aggregates in the samples prior to injection. Seven 
μL of the supernatant was injected and PTX was detected at a wavelength of 
227 nm. The PTX concentration was calculated by a calibration curve with PTX 
standards prepared in ACN in a concentration range of 0.2 to 500 μg/mL.

6. Hydrolysis study.

The hydrolysis of the dilactide side groups of the block copolymer in pH 10.0 
buffer at 37 oC was studied by monitoring the size and the light scattering intensity 
of the micelles formed with the copolymer by DLS. Empty micelles with a polymer 
concentration of 10 mg/mL were prepared in water as described in section 5. The 
pH of the micellar dispersion was adjusted to pH 10.0, by diluting 5-fold with 500 
mM pH 10.0 Na2CO3-NaHCO3 buffer. The sample was incubated at 37 oC and 
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the DLS measurements were conducted continuously for 24 hrs. The polymer 
was then dialyzed against water at 4 oC for 24 hrs to remove the small molecule 
degradation products and buffer salts. The polymer was recovered by freeze-
drying and analyzed by GPC and 1H NMR spectroscopy.

7. Critical micelle concentration (CMC).

The CMC of the block copolymer was measured using pyrene. The block 
copolymer was dissolved in 4.5 mL of 120 mM ammonium acetate buffer 
(concentration ranging from 1×10-3 to 1 mg/mL) for 16 h at 0 oC. Next, 15 μL 
of pyrene dissolved in acetone (concentration of 1.8×10-4 M) was added to the 
polymer solutions which were subsequently heated at 50 oC for one min. Then, 
the samples were cooled down to 37 oC and incubated for 20 hours to allow 
evaporation of acetone. Fluorescence excitation spectra of pyrene were recorded 
from 300 to 360 nm with an emission wavelength at 390 nm by a Horiba Fluorolog 
fluorometer (at an angle of 90°) at 37 oC. The excitation and emission band slits 
were 4 and 2 nm, respectively. The ratio of excitation intensity at 338 and 333 nm 
(I338/I333) was plotted against polymer concentration. The onset on X-axis, obtained 
by extrapolation of the ratio-concentration curve to the baseline, was considered 
as the CMC.3
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ABSTRACT

Thermosensitive amphiphilic block copolymers self-assemble into micelles 
above their lower critical solution temperature in water, however the micelles 
generally display mediocre physical stability. To stabilize such micelles and 
increase their loading capacity for chemotherapeutic drugs, block copolymers with 
novel aromatic monomers were synthesized by free radical polymerization of N-(2-
benzoyloxypropyl methacrylamide (HPMAm-Bz) or the corresponding naphthoyl 
analogue (HPMAm-Nt), with N-(2-hydroxypropyl) methacrylamide monolactate, 
using a polyethylene glycol based macroinitiator. The critical micelle temperatures 
and critical micelle concentrations decreased with increasing the HPMAm-Bz/
Nt content. The micelles of 30 to 50 nm were prepared by heating the polymer 
aqueous solutions from 0 to 50 oC and were colloidally stable for at least 48 hours 
at pH 7.4 and 37 oC. Paclitaxel and docetaxel encapsulation was performed by 
mixing drug solutions in ethanol with polymer aqueous solutions and heating from 0 
to 50 oC. The micelles had a drug loading capacity up to 34 weight % for docetaxel, 
which is amongst the highest loadings reported for polymeric micelles, with loaded 
micelle sizes ranging from 60 to 80 nm. The micelles without aromatic groups 
almost completely released loaded paclitaxel in 10 days, whereas the HPMAm-
Bz/Nt containing micelles released 50% of the paclitaxel at the same time, which 
showed a better retention for the drug of the latter micelles. 1H solid-state NMR 
spectroscopy data are compatible with π-π stacking between aromatic groups. 
The empty micelles demonstrated good cytocompatibility, and paclitaxel loaded 
micelles showed high cytotoxicity to tumor cells. In conclusion, the π-π stacking 
effect introduced by aromatic groups increases the stability and loading capacity 
of polymeric micelles. 

KEY WORDS: Thermosensitive Polymers; Micelles; Π-Π stacking; Paclitaxel; 
Drug release; Solid-state NMR; Stability

1. INTRODUCTION 

During the past decades, polymeric micelles formed from amphiphilic block 
copolymers have been extensively investigated as drug delivery systems, 
particularly for the targeted delivery of hydrophobic drugs.1-3 Polymeric micelles 
are characterized by a size normally below 100 nm and a good accommodation 
for poorly water-soluble drugs. Their hydrophilic corona, mostly consisting of 
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poly(ethylene glycol) (PEG), endows them with a stealth surface likely as a result 
of a low protein binding to the particles in the blood circulation.4-6 Further, multi-
functions can be introduced including decorating the surface with targeting ligands 
and incorporation of imaging agents.7-11 

Among different types of amphiphilic block copolymers, thermosensitive block 
copolymers are receiving increased interest for the preparation of micelles,12,13 
hydrogels14,15 and to coat liposomes.16 Thermosensitive diblock copolymers, 
which have a thermosensitive and a permanently hydrophilic block, form micelles 
above the critical micelle temperature (CMT) of the thermosensitive block. 
This yields polymeric micelles with stealth coronas and hydrophobic cores that 
can accommodate hydrophobic drugs.13 By fast heating ice-cold solutions of 
thermosensitive diblock polymer above their CMT, they can form micelles with high 
drug loading and small size.13 The preparation is accomplished in one minute and 
avoids the use of large amounts of organic solvents.17

Unfortunately, in vivo pharmacokinetic studies of drug-loaded micelles showed 
rapid drug release in the circulation, probably due to a combination of extraction 
of the drug from the micelles and micellar destabilization.18 It is hypothesized 
that e.g. albumin and lipoproteins in the circulation are able to bind amphiphilic 
polymer molecules, which can disrupt the dynamic equilibrium of micelles and 
unimers.19-21 To tackle the instability of polymeric micelles, research has therefore 
been done on micelles’ covalent crosslinking, including shell,21,22 interface23 and 
core crosslinking.18,24,25 Both in vitro and in vivo studies have demonstrated a 
substantially increased stability of crosslinked micelles leading to the circulation 
kinetics of micelles comparable to that of pegylated liposomes.18,26,27 However, 
paclitaxel (PTX) loaded core-crosslinked micelles still showed fast drug release 
after i.v. administration in mice. This can likely be ascribed to the premature release 
and/or extraction of PTX from micellar core by plasma proteins. Therefore, the drug 
retention in the micelles should be improved to benefit from the good circulation 
time of crosslinked micelles.28,29 To this end, doxorubicin has been covalently linked 
via a pH sensitive hydrazone linker to the crosslinked core of mPEG-b-p(HPMAm-
monolactate-co-HPMAm-dilactate) micelles.30,31 A pharmacodynamic study showed 
a very promising therapeutic efficacy of these micelles in mice bearing B16F10 
melanoma carcinoma.32 In a recent study, dexamethasone has been coupled to 
the core of mPEG-b-p(HPMAm-monolactate-co-HPMAm-dilactate) micelles via a 
hydrolytically sensitive spacer and also showed excellent therapeutic effects in 
mice and rats models of rheumatoid arthritis.33 However, chemical conjugation 
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methods are not always feasible and might adversely affect the aimed therapeutic 
effect of conjugated drugs. Alternatively, physical interactions, including π-π 
stacking,34-41 hydrogen bonding,42 stereocomplex formation43 and crystallinity44 
have been investigated to enhance the thermodynamic and kinetic stability of 
polymeric micelles, but not yet in combination with thermosensitive, biodegradable 
polymers. 

In the present study, aromatic groups modified N-(2-hydroxypropyl) 
methacrylamide (HPMAm), i.e., N-(2-benzoyloxypropyl methacrylamide (HPMAm-
Bz) and the corresponding naphthoyl analogue (HPMAm-Nt), that can both can give 
π-π stacking were copolymerized with HPMAm-lactate (HPMAm-Lac) to increase 
the stability, drug loading capacity and drug retention of the obtained polymeric 
micelles. HPMAm-Bz and HPMAm-Nt were chosen due to the following attractive 
features. Firstly, these monomers can easily be synthesized by modifying of the 
hydroxyl group of HPMAm with benzoyl/naphthoyl chloride. Secondly, hydrolysis 
of the ester bond between the pedant groups and the hydrophobic block converts 
this block into hydrophilic p(HPMAm). The increased polarity of the corresponding 
block induces an increase of the CMT, dissociation of the micelles and release of 
the payload at physiological temperature. Additionally, the hydrolyzed block, i.e., 
p(HPMAm), has been clinically tested to be safe and p(HPMAm) with a molecular 
weight lower than 70 kDa will undergo renal excretion.45 Two first-line anticancer 
drugs paclitaxel (PTX) and docetaxel (DTX) were chosen as model drugs (Figure 
1) and encapsulated in the micelles.

Figure 1. Chemical structures of paclitaxel (PTX, left) and docetaxel (DTX, right). 
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2. EXPERIMENTAL SECTION

2.1. Materials. N-(2-hydroxypropyl) methacrylamide (HPMAm) was purchased from 
Zentiva, Czech Republic. The mPEG2-ABCPA macroinitiator (Mn of mPEG = 5000 
g·mol-1), N-(2-hydroxypropyl) methacrylamide monolactate and PEG-b-p(HPMAm-
dilactate) were prepared as described previously.46 Benzoyl chloride, 2-naphthoyl 
chloride, 8-anilino-1-naphthalenesulfonic acid hemimagnesium salt hydrate (8,1-
ANS), pyrene, manganese (II) sulfate (MgSO4), 4-methoxyphenol (4-MP), aluminum 
oxide (activated, basic), triethylamine (TEA), (2,2,6,6-Tetramethylpiperidin-
1-yl)oxyl (TEMPO) and N-(1,1-dimethyl-2-hydroxyethyl)-3-amino-2-hydroxy- 
propanesulfonic acid (AMPSO) were purchased from Sigma-Aldrich (Zwijndrecht, 
the Netherlands). Docetaxel (DTX) was purchased from Santa Cruz Biotechnology, 
Inc (Heidelberg, Germany) and paclitaxel (PTX) was purchased from LC 
Laboratories (MA, USA). Acetonitrile (ACN), dichloromethane (DCM), diethyl ether 
and N,N-dimethylformamide (DMF) were supplied by Biosolve Ltd (Valkenswaard, 
the Netherlands). 

2.2. Syntheses of N-(2-benzoyloxypropyl) methacrylamide and N-(2-
naphthoyloxypropyl) methacrylamide (HPMAm-Bz/Nt). HPMAm-Bz/Nt were 
synthesized by reaction of the hydroxyl group of HPMAm with benzoyl chloride or 
2-naphthoyl chloride, respectively, following a procedure described for modification 
of the terminal hydroxyl group of mPEG-b-oligocaprolactone oligomers by 
benzoylation or naphthoylation.38 In detail, 10 g (0.070 mol) of HPMAm and 7.1 
g (0.070 mol) of TEA were dissolved in 70 ml of dry DCM and 0.088 g (0.00070 
mol) of 4-methoxyphenol (4-MP) was added as inhibitor. This solution was added 
dropwise to a solution of either benzoyl chloride (9.8 g, 0.060 mol) or 2-naphthoyl 
chloride (12.1 g, 0.060 mol) in 70 mL of dry DCM and the resulting solution was 
stirred for 24 h under a nitrogen atmosphere at room temperature. Subsequently, 
the formed and precipitated TEA·HCl was removed by filtration and the remaining 
solution was extracted three times with the same volume of reverse osmosis (RO) 
water to remove unreacted HPMAm and other water soluble impurities. The DCM 
phase was dried with MgSO4 and the inhibitor (4-MP) was removed by Al2O3 column 
chromatography. The column was washed with DCM, and the eluent was collected 
and evaporated under reduced pressure.

1H NMR spectra were recorded using a Gemini 300 MHz spectrometer (Varian 
Associates Inc. NMR Instruments, Palo Alto, CA), using d6-DMSO as the solvent; 
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the DMSO peak at 2.52 ppm was used as the reference line. Chemical shifts 
of both monomers (d6-DMSO): 8.19 (t, CO-NH-CH2), 5.60 and 5.30 (s, CH2=C), 
5.15 (q, CH2-CH(CH3)-O), 3.20 (t, NH-CH2-CH), 1.80 (s, CH3-C=C), 1.30(d, H2-
CH(CH3)-O). Chemical shifts of the benzoyl group (δ, ppm): 8.0 (d, 2H, aromatic 
CH), 7.61 (t, 1H, aromatic CH), 7.51 (t, 2H, aromatic CH). Chemical shifts of the 
naphthoyl group (δ, ppm): 8.21 (m, 1H, aromatic CH), 8.18 (d, 1H, aromatic CH), 
8.05 (m, 3H, aromatic CH), 7.71 (m, 2H, aromatic CH).

2.3. Syntheses of ω-methoxy poly(ethylene glycol)-b-(N-(2-benzoyloxy/
naphthoyloxypropyl) methacrylamide)-co-(N-(2-lactoyloxypropyl) 
methacrylamide) (mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac)). The block 
copolymers were synthesized by free radical polymerization according to Soga et 
al.47 using HPMAm-monolactate and HPMAm-Bz or HPMAm-Nt as the monomers 
and mPEG2-ABCPA as the macroinitiator. The monomers were dissolved at a total 
concentration of 0.3 g/mL in dried ACN and the monomer-to-macroinitiator molar 
ratio was 150/1. To obtain block copolymers with different contents of HPMAm-
Lac and HPMAm-Bz or HPMAm-Nt, the monomer ratios in the feed were varied 
between 100/0 to 25/75 (mol/mol), respectively. The solution was degassed by 
flushing with nitrogen for 15 min. Reactions were conducted at 70 °C for 18 h 
under a nitrogen atmosphere. The polymers were purified by precipitation in diethyl 
ether, and then dissolved in cold RO water and dialyzed against RO water at 4 oC 
for 24 h. The polymers were collected as white fluffy powders after freeze drying.

The block copolymers are further denoted as mPEG-b-p(HPMAm-Bzx-co-
HPMAm-Lacy) and mPEG-b-p(HPMAm-Ntx-co-HPMAm-Lacy), respectively, where 
x and y are the percentages of the incorporated comonomers in the corresponding 
polymers determined by 1H NMR spectroscopy.

2.4. Characterization of mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) block 
polymers. The NMR spectra were recorded as described in section 2.1. 1H NMR 
of mPEG-b-p(HPMAm-Bz-co-HPMAm-Lac): 8.0 (b, 2H, aromatic CH), 7.55 (b, 1H, 
aromatic CH), 7.65 (b, 2H, aromatic CH), 7.35 (b, CO-NH-CH2), 5.4 (d, CH(CH3)-
OH), 5.1 (b, NH-CH2-CH(CH3)-O-(Bz)), 4.8 (b, NH-CH2-CH(CH3)-O-(Lac)), 4.1 (b, 
CH(CH3)-OH), 3.40-3.60 (b, mPEG5000 methylene protons, O-CH2-CH2), 3.2 (b, 
NH-CH2-CH), 0.6-2.2 (b, the rest of the protons are from the methyl and backbone 
CH2 protons).
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1H NMR of mPEG-b-p(HPMAm-Nt-co-HPMAm-Lac): 8.6 (b, 1H, aromatic CH), 
8.05 (b, 3H, aromatic CH), 7.6 (b, 3H, aromatic CH), 7.35 (b, CO-NH-CH2), 5.4 
(b, CH(CH3)-OH), 5.15 (b, NH-CH2-CH(CH3)-O-(Nt)), 4.8 (b, NH-CH2-CH(CH3)-O-
(Lac)), 4.1 (s, CH(CH3)-OH), 3.40-3.60 (b, mPEG5000 methylene protons, O-CH2-
CH2), 3.2 (b, NH-CH2-CH), 0.6-2.2 (b, the rest of the protons are from the methyl 
and backbone CH2 protons). 

The number-average molecular weight (Mn) of the block copolymers was 
determined by 1H NMR as follows: (a) the value of the integral of the mPEG protons 
divided by 448 (the average number of protons per one mPEG chain, Mn = 5000) 
gives the integral value for one mPEG chain, and (b) the number of HPMAm-Lac 
and HPMAm-Bz/Nt units in the polymers was determined from the ratio of the 
integral of the hydroxyl proton (5.4 ppm, 1H, CO-CH(CH3)-OH) of HPMAm-Lac 
and aromatic protons of HPMAm-Bz (8.0 ppm, 2H, aromatic CH) or HPMAm-Nt 
(8.6 ppm, 1H, aromatic CH) to the integral of one mPEG chain. The Mn of the 
thermosensitive block was calculated from the resulting number of HPMAm-Lac 
and HPMAm-Bz/Nt units. The mol % of HPMAm-Bz/Nt in the thermosensitive block 
of the copolymer was determined by the following two equations: 

GPC was conducted to measure the number average molecular weight (Mn), 
weight average molecular weight (Mw) and polydispersity (PDI, equal to Mw/Mn) 
using two serial Plgel 5 μm MIXED-D columns (Polymer Laboratories) and PEGs of 
narrow molecular weights as calibration standards. The eluent was DMF containing 
10 mM LiCl, the elution rate was 0.7 mL/min and the temperature was 40 °C.47 

2.5. Critical micelle temperature (CMT). The CMTs of the block copolymers were 
measured by dynamic light scattering (DLS). The polymers were dissolved for 16 
hours at 0 oC and at a concentration of 10 mg/mL in 120 mM ammonium acetate 
buffer (AAB) at pH 5.0. The solutions were heated in a water bath at 50 oC for 
1 min with constant shaking to form micelles. Subsequently, the light scattering 
intensity (LSI) of the samples was continuously measured using DLS while the 
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samples were cooled from 50 oC to 0.1 oC in 2 h. DLS was performed using a 
Malvern 4700 system (Malvern Ltd., Malvern, U.K.) consisting of an Autosizer 
4700 spectrometer, a pump/filter unit, a model 2013 air-cooler argon ion laser (75 
mW, 488 nm, equipped with a model 2500 remote interface controller, Uniphase) 
and a water bath, and a computer with DLS software (PCS, version 3.15, Malvern). 
Autocorrelation functions were analyzed by the cumulants method (fitting a single 
exponential to the correlation function to obtain the mean size and the polydispersity) 
and the CONtIN routine (fitting a multiple exponential to the correlation function 
to obtain the distribution of particle sizes). The measurement angle was 90°. The 
light scattering intensity (LSI) was plotted against the temperature and the onset 
on the X-axis, obtained by extrapolation of the LSI-temperatures curves to the 
baseline, was considered as the CMT.48-51 

2.6. Critical micelle concentration (CMC). The CMCs of mPEG-b-p(HPMAm-
Bz/Nt- co-HPMAm-Lac) were measured using two different fluorescent probes, 
namely pyrene and 8-anilino-1-naphthalene-sulfonic acid magnesium salt (8,1-
ANS), respectively. Because the naphthoyl group of the HPMAm-Nt containing 
polymers interfered with the excitation spectrum of pyrene (Supporting Information, 
Figure S2), pyrene was only used to measure the CMC of mPEG-b-p(HPMAm-Bz-
co-HPMAm-Lac), whereas 8,1-ANS was used to measure the CMC of both types 
of polymers.

The block copolymers were dissolved in 4.5 mL of 120 mM ammonium acetate 
buffer (concentration ranging from 1×10-5 to 1 mg/mL) for 16 h at 0 oC. Next, 15 
μL of pyrene dissolved in acetone (concentration of 1.8×10-4 M) was added and 
the solutions were subsequently incubated at 50 oC for 1 min. Next, the samples 
were cooled down to 37 oC (40 oC for mPEG-b-p(HPMAm-Bz8-co-HPMAm-Lac92 

because its CMT was around 37 oC) and incubated for 20 h to allow evaporation 
of acetone. Fluorescence excitation spectra of pyrene were obtained by a Horiba 
Fluorolog fluorometer (at an angle of 90°). The excitation spectra were recorded 
at 37 oC (40 oC for mPEG-b-p(HPMAm-Bz8-co-HPMAm-Lac92) from 300 to 360 nm 
with an emission wavelength at 390 nm. The excitation and emission band slits 
were 4 and 2 nm, respectively. The ratio of excitation intensity at 338 and 333 nm 
was plotted against polymer concentration to determine the CMC.47 

The CMC was also determined using 8,1-ANS as a fluorescent probe. The 
block copolymers were dissolved at different concentrations as described above. 
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Two hundred μL of the micellar dispersion/polymer solution was pipetted into the 
wells of a black 96 well plate (Greiner). Next, to each well, 2 μL of 5 mM 8,1-ANS 
solution in DMF/water (1/10, v/v) was added and the solution/dispersion was then 
incubated at 37 oC (40 oC for mPEG-b-p(HPMAm-Bz8-co-HPMAm-Lac92 because 
its CMT was around 37 oC) for 20 h. Fluorescence was measured using FluoSTAR 
(OPTIMA fluorimeter) at 37 oC. The excitation and emission wavelengths were 355 
and 520 nm, respectively. The CMC was determined by plotting the fluorescence 
intensity against the polymer concentration.38 The fluorescence of blank polymer 
solutions was measured as a reference.

2.7. Preparation of empty and drug loaded micelles. Empty micelles were 
prepared by a fast heating method as described previously.13 In short, the polymers 
were dissolved for 16 hrs at a concentration of 10 mg/mL in 120 mM AAB at pH 5.0 
and 0 oC. Next, the polymer solutions were heated in a water bath at 50 oC for 1 min 
with constantly shaking to form micelles. For paclitaxel (PTX) and docetaxel (DTX) 
loaded micelles, 0.2 mL of the drug solution in ethanol (concentration ranging from 
40 to 100 mg/mL) was added to 1.8 mL of an ice cold polymer solution and then 
immediately heated at 50 oC for 1 min. Subsequently, the micellar dispersions were 
incubated overnight at room temperature. The free drug was removed by filtration, 
a method frequently applied to remove non-entrapped drugs from micelles.52-54 The 
size of the micelles was measured by DLS as described in section 2.4. Transmission 
electron microscopy was performed and negative uranyl acetate staining was used 
to visualize the core of the particles (details of the procedure can be found in the 
Supporting Information, Section 3).

2.8. Drug content assay. The concentrations of the drugs loaded in the micelles 
were determined by UPLC analysis using Waters Acquity system consisting of a 
binary solvent manager, a sample manager and a UV detector. An Acquity® HSS 
T3 1.8µm column (2×50 mm) was used with a gradient eluent method at a flow 
rate of 1 mL/min, and a column temperature of 50 °C. Dispersions of drug loaded 
micelles (0.1 mL) were diluted with 0.9 mL of ACN and subsequently vortexed to 
destabilize the micelles and dissolve the drug, and then centrifuged at 12.000 g 
for 10 min. Seven μL of the supernatant was injected and the drug was measured 
at a wavelength of 227 nm. Samples of the drugs in ACN in a concentration range 
of 0.2 to 500 μg/mL were used for calibration. Encapsulation efficiency (EE) and 
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loading capacity (LC) were calculated from the UPLC analysis results as follows:

 

2.9. In vitro stability and drug retention study. The in vitro colloidal stability of 
drug-loaded and empty micelles based on mPEG-b-p(HPMAm-Nt28-co-HPMAm-
Lac72) in pH 7.4 and 10.0 buffers at 37 oC was studied by monitoring the size and 
the light scattering intensity of the micelles by DLS. Empty micelles at a polymer 
concentration of 10 mg/mL were prepared in water as described in section 2.6. The 
pH of the micellar dispersion was adjusted to pH 10.0 or 7.4 by diluting 5-fold with 
500 mM Na2CO3/NaHCO3 pH 10.0 buffer or 500 mM NaH2PO4 pH 7.4 buffer. The 
samples were incubated at 37 oC and the DLS measurements were conducted 
continuously for 48 hrs. 

Drug retention in the micelles in pH 7.4 phosphate buffer at 37 oC was evaluated 
by measuring the solubilized drug concentration in the micellar dispersion. PTX 
loaded micelles were prepared as described in section 2.6. in pH 5.0 120 mM AAB 
and the pH was adjusted to 7.4 by diluting 5-fold with 500 mM phosphate pH 7.4 
buffer. The released PTX crystallized and precipitated due to its low water solubility 
(0.3 µg/mL38). The samples were incubated at 37 oC with constant shaking, and 
aliquots were taken at different time points and centrifuged at 5000 g for 10 min to 
spin down the precipitated drug. Next, 0.1 mL of the supernatant was mixed with 
0.3 ml of ACN, vortexed for 1 min followed by centrifugation at 12.000 g for 10 min 
and the drug concentration was determined by UPLC as described in section 2.7. 

2.10. In vitro cytotoxicity of empty and PTX-loaded micelles. The in vitro 
cytotoxicity of empty and PTX-loaded mPEG-b-p(HPMAm-Bz27-co-HPMAm-Lac73) 
and mPEG-b-p(HPMAm-Nt28-co-HPMAm -Lac72) micelles was evaluated using 
B16F10 melanoma cells. mPEG-b-p(HPMAm-dilactate), which showed a good 
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cytocompatibility, was used as a negative control whereas Cremophor EL/ethanol 
(1/1, v/v; Taxol) was used as a positive control. B16F10 cells were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with fetal bovine 
serum (FBS) (final concentration 10 % v/v) and 1 % of antibiotics. The cells were 
cultured at 37 °C and in a 5% CO2 humidified atmosphere. Cells were seeded 
into 96-well plates at a density of (5 × 103 cells/well) and incubated for 24 hrs 
at 37 °C in a 5% CO2 humidified atmosphere. Stock solutions of empty micelles 
(polymer = 9 mg/mL) and PTX loaded micelles (PTX = 1 mg/mL, polymer = 9 
mg/mL) were prepared in 5 mM HEPES buffer (pH 7.4) as described in section 
2.6. PTX solubilized in Cremophor EL (Taxol) was prepared as follows: 12 mg 
of PTX was dissolved in 1.0 mL ethanol and to this solution 1.0 mL Cremophor 
EL was added and the mixture was sonicated for 30 min.10 The obtained Taxol 
formulation (PTX = 6 mg/mL) was diluted six-fold with 5 mM HEPES buffer of 
pH 7.4. A formulation without PTX was prepared by mixing Cremophor EL and 
ethanol (1/1, v/v) followed by diluting with 5 mM HEPES buffer. The empty micelles 
and the Cremophor EL/ethanol solution were diluted with 5 mM HEPES pH 7.4 
buffer to yield polymer concentrations ranging from 1 ng/mL to 1 mg/mL. The stock 
solutions of the drug formulations were diluted with 5 mM HEPES pH 7.4 buffer to 
yield PTX concentrations in the incubation medium ranging from 0.01 ng to 10 µg/
mL. To evaluate the cytotoxicity, 100 µL of the different formulations and 100 µL of 
culture medium (DMEM + 10 % FBS) were added to the cells. One hundred µL of 
5 mM HEPES pH 7.4 buffer and 100 µL culture medium (DMEM + 10 % FBS) were 
used as a control. The cells were incubated at 37 oC in a humidified atmosphere 
with 5% CO2 and after 72 hours the cell viability was determined using a XTT 
colorimetric assay.55 

2.11. Detection of π-π stacking in the micelles by solid state NMR spectroscopy. 
Empty micelles of mPEG-b-p(HPMAm-Nt18-co-HPMAm-Lac82) were prepared in 
D2O according to Section 2.6. Solid-state NMR experiments were performed using 
a Bruker Avance III spectrometer equipped with a 4 mm double resonance (1H, 13C) 
probehead at 11.7 T static magnetic field. An MAS rate of 1 kHz and an 1H radio 
frequency field strength of 66 kHz were used. 2D 1H-1H NOESY56 experiments 
were conducted using a mixing time of 30 ms. Spectral referencing was done using 
adamantane.
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3. RESULTS AND DISCUSSION

3.1. Syntheses of monomers. N-(2-benzoyloxypropyl) methacrylamide and N-(2-
naphthoyloxypropyl) methacrylamide (HPMAm-Bz/Nt) were synthesized by the 
reaction of benzoyl chloride or 2-naphthoyl chloride with the hydroxyl group of 
HPMAm (Scheme 1). After purification, the products were obtained in a high yield 
(88 % for HPMAm-Bz and 84 % for HPMAm-Nt) as pale-yellow and yellow solid 
with a melting point of 53 and 89 oC, respectively. Their structures were confirmed 
by 1H NMR spectroscopy.

Scheme 1. Synthesis of N-(2-benzoyloxypropyl) methacrylamide (HPMAm-Bz) 
and N-(2-naphthoyloxypropyl) methacrylamide (HPMAm-Nt). 

3.2. Syntheses of polymers. Block copolymers of mPEG-b-p(HPMAm-Bz/Nt-co-
HPMAm-Lac) were synthesized via free radical polymerization using a previously 
published macroinitiator route (Scheme 2). mPEG with a number average 
molecular weight (Mn) of 5 kDa was the hydrophilic block and the thermosensitive 
block was composed of HPMAm-Bz/Nt and HPMAm-Lac. The polymers were 
obtained in high yields after purification (72-90 %). GPC analysis showed that the 
Mn of the synthesized polymers was between 14 and 22 kDa which is close to that 
based on 1H NMR analysis, and the PDIs (Mw/Mn) were around 1.7. GPC analysis 
showed the presence of two small molecular weight shoulders (AUC lower than 
10-15%), which had the same retention times as PEG 5 and 10 kDa (Figure S6) 
which indicates that small amounts of PEG 5 and 10 kDa homopolymers were 
present in the final polymer. The PEG 5 kDa likely originates from the macroinitiator 
synthesis, i.e., PEG of 5 kDa that was not coupled to the azo initiator. The PEG 
10 kDa is most likely formed due to the combination of two 5 kDa PEG free 
radicals during the polymerizations, (Supporting information, Section 2). The 
ratios of HPMAm-Bz/Nt and HPMAm-Lac, determined by 1H NMR spectroscopy, 
matched those of the feed (Supporting Information, Table S1). Four polymerization 
with 25% or 75% feed of HPMAm-Bz or HPMAm-Nt were quenched at an early 
stage and the composition of the formed polymers was examined by 1H NMR 
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spectroscopy. The results showed that copolymer compositions were close to that 
of feed (Supporting information, Table S2), which points that HPMAm-Bz/Nt and 
HPMAm-Lac have similar relativities, which ensures that random copolymers of 
the different monomers were formed.

Scheme 2. Synthesis of mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac).

3.3. Critical micelle temperature (CMT). Figure 2 shows the CMTs of the mPEG-b-
p(HPMAm-Bz/Nt-co-HPMAm-Lac) with different HPMAm-Bz/Nt content, measured 
by DLS as the disappearance of light scattering upon cooling. This figure shows 
that the CMT of mPEG5000-p(HPMAm-Lac) was 55 oC. The CMT decreased with 
increasing HPMAm-Bz/Nt content in the block copolymers which can be explained 
by hydrophobic interaction and π-π stacking between the aromatic groups of the 
thermosensitive block. The lowest CMTs (2.5 and 0.7 oC) of mPEG-b-p(HPMAm-Bz/
Nt-co-HPMAm-Lac) were obtained for polymers containing 26.9 mol % HPMAm-
Bz and 28.4 mol % HPMAm-Nt, respectively. In other words, the polymers with 
the HPMAm-Bz/Nt content between 11.8% and approximately 28.4% have CMTs 
between 25 oC and 0 oC, and are therefore of interest for pharmaceutical application. 
Higher contents of aromatic monomers gave polymers that were insoluble in water 
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at 0 oC.

Figure 2. CMTs of mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) as a function of 
mol % of HPMAm-Bz/Nt (n=3). 

3.4. Critical micelle concentration (CMC). Figure 3 shows that the CMC of 
mPEG-b-p(HPMAm-Bz-co-HPMAm-Lac) using pyrene as a fluorescence probe 
decreased from 0.067 to 0.018 mg/ml with increasing content of HPMAm-Bz from 
8 to 27 %. The CMC of mPEG-b-p(HPMAm-Bz24-co-HPMAm-Lac76) was lower 
than that of mPEG-b-p(HPMAm-dilactate) (0.060 and 0.080 mg/ml, respectively), 
while they have similar CMTs of around 4 oC46, and therefore it is suggested that 
for polymers with similar CMT, π-π stacking and hydrophobicity of the aromatic 
groups in the polymers contribute to the lower CMC. 

Using 8,1-ANS as fluorescent probe, the CMCs were approximately two times 
higher for mPEG-b-p(HPMAm-Bz-co-HPMAm-Lac) than those obtained using 
pyrene (Figure 3), likely because the interactions between the hydrophobic block 
of the polymers and the more hydrophilic 8,1-ANS is weaker than that of the very 
hydrophobic pyrene.37 Corresponding CMC values decreased from 0.12 to 0.060 
mg/ml with increasing HPMAm-Bz content (from 7.7 to 26.9 %), while those of 
mPEG-b-p(HPMAm-Nt-co-HPMAm-Lac) were slightly lower and decreased from 
0.087 to 0.054 mg/ml with increasing HPMAm-Nt content from 5.7 to 28.4 %. This 
suggests a slightly stronger interaction between the polymer chains in micelles of 
the latter copolymers. 
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Figure 3. CMC as a function of mol % of HPMAm-Bz/Nt in the copolymers at 37 
oC (n= 3). 

3.5. Preparation and characterization of empty and drug-loaded micelles. 
The Z-average hydrodynamic diameters of empty micelles, prepared by the fast 
heating method13 and determined by DLS ranged from 30 to 50 nm, with very low 
polydispersities (<0.1, Figure 4). The lower sizes of those micelles as compared 
to micelles prepared from mPEG5000-b-p(HPMAm-dilactate) (70 nm, Figure 4) is 
due to π-π stacking and the high hydrophobicity of the aromatic groups leading to 
a more condensed core of mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) micelles.
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Figure 4. Z-average hydrodynamic diameter (Zave, filled bars) and polydispersity 
index (PDI, blocky bars) of empty polymeric micelles. 

0 % corresponds to mPEG-b-p(HPMAm-dilactate), others are mPEG-b-p(HPMAm-
Bz/Nt-co-HPMAm- Lac) with the corresponding amounts of HPMAm-Bz/Nt in the 
polymers measured by 1H NMR spectroscopy, respectively. All measurements 
were performed at 25 oC (n= 3). 

Dispersions of DTX-loaded micelles of mPEG-b-p(HPMAm-Bz25-co-HPMAm-
Lac75) and mPEG-b-p(HPMAm-Nt14-co-HPMAm-Lac86 prepared at a polymer/
drug weight ratio of 1.8/1 were opalescent and homogenous, while those of 
mPEG-b-p(HPMAm-dilactate) were cloudy (Figure 5). After subsequent removing 
precipitated/aggregated DTX by filtration through a 0.45 µm membrane, the 
encapsulation efficiencies (EE) of DTX in the micellar dispersions were 53.9±1.3, 
64.7±2.1 and 2.9±0.2%, for mPEG-b-p(HPMAm-Bz24-co-HPMAm-Lac76), mPEG-
b-p(HPMAm-Nt15-co-HPMAm- Lac85 and mPEG-b-p(HPMAm-dilactate) micelles, 
respectively. This indicates that the micelles containing the aromatic groups are 
better capable to solubilize/disperse DTX. TEM images of drug loaded and empty 
micelles are shown in Figure 6.
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Figure 5. Photograph of DTX-loaded micelles dispersions.

Feed concentrations were 5 mg/mL DTX and 9 mg/mL of the different polymers. 
From left to right: mPEG-b-p(HPMAm-dilactate), mPEG-b-p(HPMAm-Nt18-co-
HPMAm-Lac82) and mPEG-b- p(HPMAm-Bz24-co-HPMAm-Lac76).

Figure 6. TEM images of empty and DTX-loaded polymeric micelles. 

Polymer: mPEG-b-p(HPMAm-Bz27-co-HPMAm-Lac73); left: empty micelles; right: 
DTX-loaded micelles. Feed concentrations of the drug and polymer were 4 and 9 
mg/ml, respectively.

The drug loading capacity of the micelles was evaluated for chemotherapy 
drugs PTX and DTX45 that both have aromatic groups and are characterized by 
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a high hydrophobicity (log Ps are 4.7 and 4.1, respectively37). Figure 7 shows 
that mPEG-b-p(HPMAm-dilactate) had a loading capacity (LC) of 17.8 ± 0.4 % 
and 8.2 ± 0.6 % for PTX and DTX, respectively, with a feed drug concentration of 
4 mg/mL. This was associated with a rather low EE of 48.7 ± 2.1 and 20.1 ± 1.2 
%, respectively. The polymer had a higher loading capacity for PTX than DTX, 
which can be probably ascribed to a better compatibility of PTX and the polymer 
than that with DTX. Interestingly, mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) 
showed a significantly increased LC compared to mPEG-b-p(HPMAm-dilactate). 
When the feed concentrations of drug and polymers were 4 and 9 mg/mL, the 
highest LCs were 27.8 ± 0.3 and 28.0 ± 0.4 % for PTX and DTX, and the EEs 
were 87.1 ± 3.2 and 88.2 ± 3.6 %, respectively. The highest LCs obtained for 
the DTX were 29.5±0.5 and 33.5±0.9 for mPEG-b-p(HPMAm-Bz24-co-HPMAm-
Lac76) and mPEG-b-p(HPMAm-Nt18-co-HPMAm-Lac82) (Table 1). To the best of our 
knowledge, polymeric micelles with the highest PTX loading reported in literature 
are those based on PEG-b-p(2-(4-vinylbenzyloxy)-N,N-diethylnicotinamide).38 For 
those micelles, the LC of 37.4% for PTX was calculated by weight of drug per 
weight of polymer. For comparison, when our results are calculated in that way, 
the LC of the mPEG-b-p(HPMAm-Nt18-co-HPMAm-Lac82) would be equal to 50.4% 
for DTX. In other words, we can state that the loading capacity of our micelles is 
unprecedentedly high.

Figure 7 shows that with 4 mg/mL of feed drug concentration, the LC did 
not increase with increasing HPMAm-Bz/Nt content, which can be ascribed to 
an enhanced interaction between the hydrophobic blocks of the polymers with 
increasing HPMAm-Bz/Nt content, which would reduce the space for encapsulation 
of drug molecules. A similar effect that an increasing hydrophobicity of polymers 
decreased their LC was reported for micelles based on cholesterol modified 
polymers.57

The ratios of DTX to the number of aromatic groups in the micelles and that of 
DTX to the polymers (mol/mol) were calculated (Table 1). For the polymers with 
aromatic groups, the ratio of DTX to polymer with a drug feed concentration of 
7 mg/mL and a polymer concentration of 9 mg/mL was up to 20 times higher as 
compared to mPEG-b-p(HPMAm-dilactate). The HPMAm-Nt containing polymer 
encapsulated around two times more DTX molecules than the HPMAm-Bz one. 
The ratio of drug/aromatic groups also showed that more DTX molecules were 
associated with the HPMAm-Nt than HPMAm-Bz groups, likely due to the more 
hydrophobic character of HPMAm-Nt and its better π-π stacking with the drug. The 
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difference of DTX molecules associated with HPMAm-Bz and HPMAm-Nt groups 
was most pronounced when the drug feed concentration was increased from 5 to 
10 mg/mL. 
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Figure 7. Encapsulation efficiency (EE) and loading capacity (LC) of PTX and 
DTX loaded micelles (feed drug and polymer concentrations were 4 and 9 mg/
mL); 0 % corresponds to mPEG-b-p(HPMAm- dilactate); the other polymers are 
mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) with different amounts of HPMAm-Bz/
Nt, respectively (n = 3). 
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Table 1. DTX loading and molar ratios of DTX/polymer/aromatic groups of various 
micelles, for different feed ratios of polymer and drug.

# 0 % corresponds to mPEG-b-p(HPMAm-dilactate); the other polymers are 
mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) with different amounts of HPMAm-
Bz/Nt, respectively (n = 3). *: mol/mol

Figure 8 shows that the size of drug-loaded micelles at feed concentrations 
of drug and polymer of 4 and 9 mg/ml, respectively, increased compared with 
that of empty micelles (30-50 nm, Figure 4). Both PTX and DTX loaded mPEG-b-
p(HPMAm-dilactate) micelles have a size of around 110 nm, however, the size of 
drug-loaded mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) size was between 60 and 
80 nm (polydispersity between 0.04 and 0.23), despite their larger drug contents. 
The smaller size of the micelles carrying aromatic comonomers indicates that their 
cores are more condensed, which is due the π-π stacking and hydrophobic effect 
of the aromatic groups. 
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Figure 8. Z-average hydrodynamic diameter (Zave) of drug loaded polymeric 
micelles at 25 oC. 

0 % corresponds to mPEG-b-p(HPMAm-dilactate); the others polymers are mPEG-
b-p(HPMAm-Bz/Nt- co-HPMAm-Lac) with different amounts of HPMAm-Bz/Nt 
(n=3).

3.6. In vitro stability and drug retention studies. The size and light scattering 
intensity (LSI) of empty and drug loaded micelles of mPEG-b-p(HPMAm-Nt24-co-
HPMAm-Lac76) in pH 7.4 buffer was stable for at least 48 hrs at 37 oC (Figures 9 and 
10), which indicates a good colloidal stability. It has been proven that the hydrolysis 
of the side groups in the pH range 7 to 10 is first order in OH- concentration,58 which 
allows calculation of the stability under physiological conditions using accelerated 
degradation conditions. Therefore, a hydrolytic stability study was also conducted 
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at pH 10.0. When the micelles were incubated in pH 10.0 buffer, they began to 
swell after 2 hrs accompanied by a strong increase of the LSI, and dissociated 
after 7 h as reflected by the sudden decrease in the LSI. This behavior is similar 
to what has been reported for PEG-b-p(HPMAm-dilactate) based micelles47 and is 
caused by the hydrolysis of the lactate and/or naphthoate side groups of HPMAm, 
followed by hydration of the core of the micelles due to its increased hydrophilicity. 
Destabilization of the micelles occurs when the lower critical solution temperature 
(LCST) of the polymer increases such that it passes the incubation temperature of 
37 oC.47 The t1/2 of the hydrolysis of HPMAm-Lac at 37 oC and pH 10.0 is calculated 
to be 0.28 h based on a previous study,58 and the hydrolysis study of HPMAm-
Nt (Supporting Information, Section 4) showed that the t1/2 was 6.8 h under the 
same condition. Therefore, at the early stage of the micelles’ destabilization, the 
hydrolysis of HPMAm-Lac contributed mainly to the hydration of the micelles’ core, 
whereas the full dissociation of the micelles is probably related to the hydrolysis of 
the aromatic units. According to the degradation study of the monomers HPMAm-
Bz/Nt (Supporting Information, Section 4) and HPMAm-Lac,58 the hydrolysis is 
a first-order reaction in hydroxyl ion concentration. The degradation rate of the 
monomers at pH 10.0 is therefore about 400 times faster than that at pH 7.4. 
Consequently, based on the swelling and dissociation time of the micelles at 
pH 10.0, it is calculated that the micelles start to swell after ~800 hrs and fully 
dissociate after ~3000 hrs of incubation at pH 7.4. 

The micellar dispersion turned clear after hydrolysis at 37 oC and pH 10.0. 
This means that after hydrolysis, the polymers are fully water-soluble and can 
be eliminated by renal filtration44 as the molecular weights are below 31 kDa 
(Supporting Information, Table S1). Additionally, the ester bond between mPEG5000 
and the thermosensitive block is hydrolysable (t1/2 = 34 hrs at pH 8.5 and 37 °C),58 
and the Mw of the polymers therefore further decreases after hydrolysis of the ester 
bond connecting the two blocks.  
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Figure 9. Stability of empty micelles of mPEG-b-p(HPMAm-Nt25-co-HPMAm-Lac75) 
at pH 7.4 (left) and 10.0 (right) measured by DLS at 37 oC

Figure 10. Stability of PTX loaded micelles of mPEG-b-p(HPMAm-Nt24-co-HPMAm-
Lac76) at pH 7.4 (left) and 10.0 (right) measured by DLS at 37 oC.

A release study was carried out under non-sink conditions. The water solubility of 
PTX is rather low (0.3 µg/mL), and it is consequently practically difficult to maintain 
sink conditions during release. To explain, to keep the PTX concentration in the 
medium below the saturation concentration requires a large volume or a frequent 
refresh of the release medium, or addition of surfactants to solubilize the released 
PTX. However, the first two options might result in a too low drug concentration 
for detection and in destabilization of the micelles due to passing the CMC of the 
polymers. The addition of surfactants also might result in destabilization of the 
micelle and/or the formation of mixed micelles. Nevertheless, despite the non-sink 
conditions, the payload of mPEG-b-p(HPMAm-dilactate) micelles was almost fully 
released and precipitated after 240 hrs of incubation at pH 7.4. On the contrary, 
there was still around 50 % of loaded PTX solubilized in micelles of mPEG-b-
p(HPMAm- Bz/Nt-co-HPMAm-Lac) at the same time (Figure 11). Therefore, a better 
retention of PTX in the micelles with the aromatic groups (benzoyl and naphthoyl) 
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is shown as compared to micelles lacking aromatic units in their polymer chains, 
which can be explained by π-π stacking and hydrophobic interaction between 
aromatic groups the micelles’ core and those of the drug .

Figure 11. PTX release from micelles in PBS 7.4 at 37 oC (n=3). 

3.7. In vitro cytotoxicity study. The in vitro cytotoxicity of both PTX-loaded and 
empty micelles based on mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) was done 
using B16F10 cells. For comparison, mPEG-b-p(HPMAm-dilactate) based micelles 
which have a good cytocompatibility and Cremophor EL/ethanol with and without 
PTX were included in the study as well (Figure 12). Cremophor/ethanol showed a 
strong cytotoxicity at high concentrations (0.1 and 1.0 mg/mL) while the polymeric 
micelles did not affect the cells’ viability up to 1 mg/ml. At high concentrations (>0.01 
mg/ml), micelles of mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) showed a slightly 
higher cytotoxicity than mPEG-b-p(HPMAm-dilactate) ones. Figure 12 also shows 
that the cytotoxicity of mPEG-b-p(HPMAm-Nt28-co-HPMAm-Lac72) micelles was 
slightly higher than that of mPEG-b-p(HPMAm-Bz27-co-HPMAm-Lac73) micelles. 
Figure 13 shows that PTX loaded polymeric micelles at low PTX concentration 
(up to 0.1 µg/mL) showed comparable cytotoxicity on B16F10 as Taxol. The 
concentrations of the polymers were below the CMC at PTX concentration under 
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1 µg/mL, therefore PTX was likely released from the micelles and taken up by 
the cells. At both 1 and 10 µg/mL of PTX, Taxol showed a higher cytotoxicity than 
PTX loaded polymeric micelles formulations which can be ascribed to the high 
toxicity of the Cremophor EL/ethanol vehicle. At PTX concentrations above 1 µg/
mL, the polymer concentrations were higher than the CMC. The cytotoxicity of 
these formulations is therefore likely due to released PTX either in the incubation 
medium and/or after endocytosis of the micelles in the cytosol.

Figure 12. In vitro cytotoxicity of empty micelles on B16F10 after 72 hrs of 
incubation (n=3). 
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Figure 13. In vitro cytotoxicity of PTX formulations on B16F10 after 72 hrs of 
incubation (n=3). 

3.8. Detection of the π-π stacking in micelles. We conducted one and two-
dimensional 1H solid-state NMR experiments on the micellar suspension prepared 
in D2O with a polymer concentration of 10 mg/mL at 37 oC and 1 oC. Magic Angle 
Spinning (MAS,59) was employed to increase spectral resolution. Figure 14 
compares two 1D 1H spectra obtained at 37 oC (red) and 1 oC (black) using an 
MAS rate of 1 kHz. Upon increasing the temperature, aromatic signals broadened 
significantly. Furthermore, aromatic signals shifted towards lower ppm values. 
These findings were corroborated by 2D NOESY60 spectra obtained at both 
temperatures (Figure 15). In general, cross peaks were more intense at 37 oC (red) 
and correlations shifted upfield. Correlations indicated by dashed boxes can be 
attributed to intra- or intermolecular correlations within the aromatic rings61. Taken 
together, the NMR results are consistent with an overall reduction in molecular 
mobility due to micelle formation that involves π-π stacking62,63 among aromatic 
moieties at higher temperature.
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Figure 14. Comparison of 1D solid-state NMR 1H spectra obtained under MAS at 
37 oC (red) and 1 oC (black). Numbering of the aromatic proton positions is given 
in the insert.
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Figure 15. Spectral cutouts of 2D 1H-1H NOESY spectra obtained at 37 oC (red) 
and 1 oC (black) using a mixing time of 30 ms. Dotted lines connect diagonal and 
cross-peak correlations.

4. CONCLUSION

Thermosensitive amphiphilic polymers of mPEG-b-p(HPMAm-Bz/Nt- co-
HPMAm-Lac) were synthesized and they self-assembled into polymeric micelles 
above their critical micelle temperature and critical micelle concentration. Solid-
state NMR data are consistent with the formation of π-π stacking in the micellar 
core among the aromatic groups. The poorly water-soluble anticancer drugs 
paclitaxel and docetaxel were encapsulated into the polymeric micelles with 
an unprecedented high loading efficiency. The mPEG-b-p(HPMAm-Bz/Nt-co-
HPMAm-Lac) micelles had a better drug loading and retention compared with 
mPEG-b-p(HPMAm-dilactate) micelles that do not contain aromatic units in the 
polymer chains, due π-π stacking and hydrophobic interaction by aromatic groups. 
The empty polymeric micelles did not affect the viability of B16F10 cells up to 1 
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mg/mL and paclitaxel loaded polymeric micelles showed comparable cytotoxicity 
on B16F10 as Taxol, which means that the therapeutic effect of PTX was not 
affected by loading it into the polymeric micelles. The high loading capacity, strong 
drug retention in the micelles and low cytotoxicity of the synthetic polymers shows 
the potential for in vivo application. The paclitaxel loaded micelles will be further 
evaluated in vivo in a suitable animal model.
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SUPPORTING INFORMATION

1. Characterizations of mPEG-b-poly(HPMAm-Bz/Nt-co-HPMAm-Lac) block 
copolymers by gel permeation chromatograph (GPC) and nuclear magnetic 
resonance (NMR).

Table S1. Characteristics of mPEG-b-poly(HPMAm-Bz/Nt-co-HPMAm-Lac)
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Table S2. Compositions of mPEG-b-poly(HPMAm-Bz/Nt-co-HPMAm-Lac) at low 
conversion.

Polymerization mixtures with 25 or 75% HPMAm-Bz or HPMAm-Nt were 
quenched in liquid N2 after around 50-70 minutes under the polymerization 
condition described in the main text, section 2.2. The compositions of the obtained 
polymers were examined by 1H NMR spectroscopy (Table S2). The results show 
that the compositions of the polymers formed at early stage with relatively low 
monomers conversions are close to that of feed, which means that HPMAm-Bz/Nt 
and HPMAm-Lac have similar relativities yielding random copolymers. 

2. Thermal decomposition kinetics of the mPEG2-ABCPA macroinitiator

In a dried flask, 100 mg of mPEG2-ABCPA macroinitiator was charged and 2 
mL of dried ACN was added. 31.2 mg of TEMPO (20 molar equivalents of the 
macroinitiator) was added to the mixture to quench free radicals formed by thermal 
cleavage of the macroinitiator. The flask was immersed in an oil bath at 70 oC and 
samples were taken at predetermined time points and then diluted 10 time with 
DMF containing 10 mM LiCl. The samples were analyzed by GPC with the method 
described in the main text, section 2.3. The mPEG2-ABCPA macroinitiator has a 
Mn of 10 kDa. The formed mPEG attached free radicals with a Mn of 5 kDa were 
quenched by TEMPO and therefore mPEG of 5 kDa was generated. By comparing 
the percentage of area under curve (% AUC) of PEG 5 kDa and 10 kDa traces, the 
amount of formed mPEG 5 kDa was calculated.

Figure S1 shows that the concentration of mPEG 5 kDa increases in time at 70 
oC. The decomposition half-life of the macroinitiator (t1/2) is 5.1 h in ACN, which is 
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close to that of 4,4’-azobis(4-cyanopentanoic acid) (from which the macroinitiator 
was synthesized) which is 4.2 h1 in acetone. From this figure it is concluded that 
18 h of heating at 70 oC is sufficient for full decomposition of the macroinitiator. 
The lower amount of PEG 500 formed in the absence of TEMPO points to the 
combination of two PEG 5000 radicals to yiled PEG 10 kDa. 

 

Figure S1. % AUC of mPEG 5 kDa at as a function of time.

3. Fluorescence excitation spectra of pyrene in aqueous solutions with 
different copolymers. 

The excitation spectra of mPEG-b-poly(HPMAm-Bz20-co-HPMAm-Lac80), 
mPEG-b-poly(HPMAm-Nt24-co-HPMAm-Lac76) and pyrene were recorded as 
described in Section 2.5 in main text. The excitation spectra of the three samples 
were shown in Figure S2.
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Figure S2. Excitation spectra of pyrene and copolymers in aqueous 
solutions at 37 oC.

Emission wavelength was 390 nm, Bz polymer: mPEG-b-poly(HPMAm-
Bz20-co-HPMAm-Lac80), Nt polymer: mPEG-b-poly(HPMAm-Nt24-co-
HPMAm-Lac76). The concentration of the polymer and pyrene were 1 mg/
ml and 1.8×10-4 M, respectively. 

4. Transmission Electron Microscopy (TEM). 

TEM was performed using a Philips Tecnai12 equipped with a Biotwin lens 
and a LaB6 filament, operated at 120 kV acceleration voltage. In detail, micellar 
dispersions were diluted 10 times with 120 mM ammonium acetate buffer and 
droplets of the micellar dispersions (around 10 µL) were put on a piece of Parafilm. 
A glow discharged grid (copper 200 mesh grid with a carbon coated thin polymer 
film, Formvar or Pioloform on top) with the film side pointing down was placed on 
this droplet. After 3 min, the grid was taken off and the excess liquid was removed 
using a filter paper. Immediately, the grid with the film was put upside down on a 
5 µL droplet of uranyl acetate 2%. After 1 minute, the grid was taken off and the 
excess uranyl acetate was removed using filter paper. The grid was put on a filter 
paper and left for 5 minutes. Next, the grid was loaded into a TEM sample holder 
and Images were captured with a SIS Megaview II CCD-camera and processed 
with AnalySIS software.

5. Monomer degradation. 
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Stock solutions (1 M) of HPMAm-Bz/Nt in DMSO were prepared and then diluted 
100 times with DMSO. Na2CO3 and NaHCO3 (7/3, w/w) were dissolved in RO water 
at a concentration of 0.1 M and the pH was adjusted to 10.0. AMPSO, NaH2PO4 
and Na2HPO4 were dissolved in RO water at a concentration of 0.1 M and the pHs 
were adjusted to 9.0 and 7.4, respectively. Next, 0.5 ml of the solutions of HPMAm-
Bz/Nt in DMSO (10 mM) were added to 4.5 mL of buffers of different pHs in glass 
vials. The solutions were incubated at 37 oC and at different time points, samples 
were drawn and analyzed using HPLC. HPLC analysis was done using a SunFire 
C18 (5µm, 4.6×150mm) column and detection was done at 254 nm. A gradient 
system was run using eluent A of ACN/H2O (95/5, v/v, with 0.1% perchloric acid) 
and B of ACN containing 0.1% perchloric acid. The gradient was run from 100% 
A to 100% B in 15 min. The injection volume was 20 µL and the running time was 
20 min.

Figure S3. Chromatograms of the monomers (HPMAm-Bz and HPMAm-Nt) 
and their degradation products (HPMAm, benzoic acid and naphthoic acid).
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Figure S4.  Logarithmic concentration of HPMAm-Bz (A) and HPMAm-Nt 
(B) against hydrolysis time at different pHs (at 37 oC). 

The detected hydrolysis products of HPMAm-Bz/Nt were HPMAm and benzoic 
acid/naphthoic acid (Figure S2). This demonstrates that as expected the ester bond 
is hydrolytically sensitive and the amide bond is stable under the selected reaction 
conditions (no formation of methacrylic acid was observed) . The degradation rate 
of HPMAm-Bz was slower than that of HPMAm-Nt under the same conditions. 
The hydrolysis products of HPMAm-Bz/Nt at pH 7.4 and 37 oC could hardly be 
detected after 48 h of incubation (results not shown). At pH 9.0, however, both 
monomers underwent hydrolysis, with 12 % of HPMAm-Nt and 4 % of HPMAm-Bz 
hydrolyzed at 37 oC in 48 h. When the pH was increased to 10.0, 95 % of HPMAm-
Nt and 90 % of HPMAm-Bz were hydrolyzed in 24 h (at 37 oC). Both monomers 
were hydrolyzed according to first-order kinetics. The observed first-order reaction 
rate constants (k) at 37 °C and pH 9 were (70.7 ± 1.5) × 10-5 h-1 (t1/2 = 980 ± 21 
h) and (127 ± 21) × 10-5 h-1 (t1/2 = 557 ± 85 h) for HPMAm-Bz and HPMAM-Nt, 
respectively. Assuming first order kinetics in hydroxyl ion concentration, the k of 



97

Chapter 4

the hydrolysis of HPMAm-Bz/Nt at pH 7.4 were calculated to be (1.78 ± 0.04) × 10-5 
h-1 (t1/2 = 39000 ± 850 h) and (3.20 ± 0.05) × 10-5 h-1 (t1/2 = 2200 ± 3400 h).

6. GPC traces of mPEG-b-p(HPMAm-Bz24-co-HPMAm-Lac76), mPEG 5 kDa, 10 
kDa and macroinitiator, and deconvolution of them

Figure S5. GPC traces of mPEG-b-p(HPMAm-Bz24-co-HPMAm-Lac76) and mPEG 
5 kDa and 10 kDa.

Figure S6. Deconvolution of the GPC traces of mPEG-b-p(HPMAm-Bz24-co-
HPMAm-Lac76) and macroinitiator.

7. Light scattering intensity of mPEG 5 kDa at different temperature
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Figure S7. Light scattering intensity change of mPEG 5 kDa (10 mg/mL in 120 mM 
pH 5.0 ammonium acetate buffer) at different temperatures. 

8. EE and LC of the micelles with different feed drug concentrations

Figure S8. Encapsulation efficiency of the micelles with different feed drug 
concentration.
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Figure S9. Loading capacity of the micelles with different feed drug concentration.

0 % corresponds to mPEG-b-p(HPMAm-dilactate); the other polymers 
are mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) with different amounts of 
HPMAm-Bz/Nt, respectively (n = 3).
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ABSTRACT

Cancer photodynamic therapy by photosensitizers (PS)-loaded polymeric 
micelles (PM) is hampered by the tendency of PS to aggregate in the PM and/
or by premature release of PS in the blood circulation. In the present study, 
aromatic thermosensitive PM, characterized by π-π stacking interaction, are used 
to encapsulate an axially solketal-substituted silicon phthalocyanine (Si(sol)2Pc) 
with enhanced loading capacity, smaller size and significantly improved retention 
of Si(sol)2Pc compared to systems based on thermosensitive PM lacking aromatic 
groups. Interestingly, Si(sol)2Pc is much less prone to aggregation in the aromatic 
PM, i.e. the amount of Si(sol)2Pc that could be encapsulated without aggregation 
is 330 times higher in the aromatic PM than in the non-aromatic PM. Furthermore, 
Si(sol)2Pc in the aromatic PM in a molecularly dissolved (non-aggregated) form 
displays three times more efficient singlet oxygen production than Si(sol)2Pc 
aggregated in the non-aromatic PM. As a result, the photocytotoxicity of Si(sol)2Pc-
loaded aromatic PM to B16F10 cells increases, compared to that of the non-
aromatic PM, while no significant cytotoxicity is observed in the dark. FACS and 
CLSM analysis shows high cell uptake of Si(sol)2Pc loaded in the aromatic PM; 
the Si(sol)2Pc is taken up by the cells together with the micelles. The efficient 
singlet oxygen production of Si(sol)2Pc dissolved in the aromatic PM makes it an 
interesting formulation for cancer photodynamic therapy. 

KEYWORDs: photodynamic therapy, photosensitizer, molecular solubilization, 
polymeric micelles, π-π stacking

1. INTRODUCTION

Photosensitizers (PS) are chemical compounds that can be excited by light 
of a certain wavelength and subsequently transfer energy to a reactant, e.g., 
molecular oxygen to yield singlet state oxygen (1O2), which is highly reactive with 
biomolecules in cytoplasma or cell membranes when applied in vivo, leading to 
cell death.[1] This so-called photodynamic therapy (PDT) has been increasingly 
investigated for cancer treatment as it is less invasive compared to surgery and 
photosensitizers are normally non-toxic without illumination. Cancer PDT can be 
viewed as a three-step procedure: 1) administration of the PS, 2) localization of 
PS in tumors, 3) activation of PS accumulated in the tumor by illumination with a 
specific wavelength at which the PS shows an efficient absorption.[2] The site of 
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action can be controlled by the illumination area, by which toxicity and side effects 
to non-illuminated tissues can be minimized.[3]

The delivery of PS into the tumors is one of the most important challenges 
for achieving effective PDT and minimizing unspecific distribution in healthy 
tissues that can cause for example skin toxicity.[4] Many PS molecules are highly 
hydrophobic due to the extended delocalized aromatic π electron system,[5] which 
limits their aqueous solubility and raise challenges for the development of suitable 
pharmaceutical formulations. Moreover, the low water-solubility causes molecular 
aggregation of PS, which leads to lower singlet oxygen generation compared to 
molecularly dissolved PS.[6]  

Nanoparticulate drug delivery systems including polymeric micelles and 
liposomes have been utilized for the encapsulation of PS, which can solubilize 
hydrophobic PS in aqueous dispersions and decrease the aggregation of PS to a 
certain extent by separating them from the aqueous environment.[7] Moreover, drug 
delivery systems can increase the fraction of PS that accumulates in tumor tissues 
via passive targeting (i.e. enhanced permeability and retention (EPR) effect) and/
or active targeting strategies.[8] Among different drug delivery systems, polymeric 
micelles are suitable carriers as the hydrophobic micellar core has a high loading 
capacity for hydrophobic PS and other hydrophobic drugs, and the hydrophilic 
corona ensures colloidal stability and long circulation of the PS-loaded micelles in 
the blood circulation.[9]

An axially solketal-substituted silicon phthalocyanine (Si(sol)2Pc) was previously 
reported by us as a novel cytocompatible compound with high photocytotoxicity on 
14C and B16F10 cells.[10] However, Si(sol)2Pc is also characterized by its extremely 
low water solubility and severe aggregation tendency when dispersed in aqueous 
solution.[10] Therefore, a proper formulation for Si(sol)2Pc is needed for future in vivo 
applications. A previous study has shown that Si(sol)2Pc can be conveniently loaded 
in thermosensitive polymeric micelles based on N-2-hydroxypropylmethacrylamide 
dilactate (i.e. made of mPEG-b-p(HPMAm-Lac2) block copolymers), with a 
reasonable loading capacity of 1.75% (at feed Si(sol)2Pc concentration of 318 
µM and polymer concentration of 9 mg/mL), but the Si(sol)2Pc was aggregated 
in the micellar core.[11] Recently, novel thermosensitive polymeric micelles were 
prepared by us by introducing HPMAm-benzoate or HPMAm-naphthoate in the 
afore mentioned block copolymers. Those micelles with aromatic moieties in 
the hydrophobic core were utilized for loading hydrophobic chemotherapeutic 
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compounds, i.e., paclitaxel and docetaxel. Aromatic π-π stacking interaction 
between drug molecules and the polymers led to increased loading capacity 
and stability.[12] This prompted us in the current study to encapsulate Si(sol)2Pc 
in polymeric micelles based on mPEG-b-p(HPMAm-Bz-co-HPMAm-Lac), and 
to study the effect of aromatic π-π stacking interaction on the loading capacity, 
stability and photosensitizing efficiency of Si(sol)2Pc–loaded micelles.

Scheme 1. Enhanced molecular solubilization and singlet oxygen production of 
a photosensitizer loaded in thermosensitive polymeric micelles by π-π stacking 
interaction.

2. MATERIALS AND METHODS

2.1. Materials.

The block copolymers mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) (also 
abbreviated as 25% Bz), composed of 25 mol% of HPMAm-benzoate and 75 
mol% of HPMA-monolactate in the thermosensitive block (Mn = 17 kDa, Mw/Mn 
= 1.7), and mPEG-b-p(HPMAm-dilactate) (also abbreviated as 0% Bz) (Mn = 18 
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kDa, Mw/Mn = 1.7) were synthesized and characterized as described previously (Mn 
of mPEG = 5 kDa).[13] Methacryloxyethyl thiocarbamoyl rhodamine B was ordered 
from Polysciences, Inc. Dimethylformamide (DMF) and tetrahydrofuran (THF) were 
purchased from Biosolve Ltd. (Valkenswaard, The Netherlands). Anthracenediyl-
bis(methylene)di-malonic acid (ADMA), deuterium water (D2O), Nile red and 
4’,6-diamidino-2-phenylindole (DAPI) were purchased from Sigma-Aldrich. PBS pH 
7.4 (8.2 g of NaCl, 3.1 g of Na2HPO4⋅12H2O, 0.3 g of NaH2PO4 ⋅2H2O) was ordered 
from B. Braun Melsungen AG. The photosensitizer Si(sol)2Pc was generously 
provided by Prof. Tomás Torres, Departamento de Química Orgánica, Universidad 
Autónoma de Madrid and synthesized as described by Hofman et al.[10]

The B16F10 melanoma cell line was ordered from ATCC. The cells were 
cultured in high glucose-Dulbecco’s Modified Eagle’s Medium (DMEM), with 4.5 
g/L D-glucose and 3.7 g/L sodium bicarbonate. All solutions and media used 
for cell culture (including antibiotics/antimyotics (penicillin G sodium 100 IU/mL, 
streptomycin sulphate 100 μg/mL, and amphotericin B 0.25 μg/mL), DMEM, fetal 
bovine serum (FBS), phosphate buffered saline (PBS) pH 7.4, sodium pyruvate) 
were ordered from PAA Laboratories.

2.2. Synthesis of rhodamine-labeled mPEG-b-p(HPMAm-Bz25-co-HPMAm-
Lac75).

The rhodamine labeled mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) polymer was 
synthesized according to a previous report[13b], by copolymerizing methacryloxyethyl 
thiocarbamoyl rhodamine B with HPMAm-Bz and HPMAm-Lac (molar ratio of 
HPMAm-Lac : HPMAm-Bz : MARho was 75:25:1) using the macroinitiator route 
following the same procedure as described for synthesis of mPEG-b-p(HPMAm-
Bz25-co-HPMAm-Lac75). After polymerization, free MARho was removed by 
extensive dialysis against THF/water (50/50 volume ratio) for approximately one 
week at 4 oC. The molecular weight of the copolymer was measured by GPC as 
reported before and the amount of rhodamine in the copolymer was quantified 
using dual RI and UV detection (548 nm).[13b]

2.3. Preparation of empty and Si(sol)2Pc-loaded thermosensitive polymeric 
micelles.

Polymeric micelles were prepared by the fast heating method as described 
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previously.[14] In brief, the block copolymers of mPEG-b-p(HPMAm-Bz25-co-
HPMAm-Lac75) or mPEG-p(HPMAm-dilactate) were dissolved in either ammonium 
acetate buffer (AAB; pH 5.0, 120 mM) or PBS pH 7.4 at a concentration of 10 mg/
mL and kept at 0°C overnight. Si(Sol)2Pc was dissolved in THF at concentrations 
ranging from 10 to 1274 µM. Next, 0.1 mL of the Si(Sol)2Pc solution in THF was 
added to 0.9 mL of the ice-cold polymer solution and the mixture was immediately 
incubated at 50 °C for one minute under vigorous shaking. The empty micelles 
were prepared with the same method by addition of 0.1 ml THF to 0.9 mL of 
the polymer solution followed by heating the solution to 50 oC with shaking. The 
micellar dispersions were cooled down to room temperature and stored overnight 
and finally filtered through 0.45 μm filters to remove non-encapsulated aggregates.
[11,12] For rhodamine-labeled polymeric micelles loaded with Si(Sol)2Pc, 20 wt% 
of rhodamine-labeled mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) polymer was 
used in the formulation. 

2.4. Characterization of the Si(sol)2Pc loaded polymeric micelles.

The Si(sol)2Pc-loaded polymeric micelles were diluted in DMF to dissolve the 
polymer and the photosensitizer. The Si(sol)2Pc concentration was measured by 
fluorescence spectroscopy (Horiba Fluorolog fluorometer, λex= 677 nm, λem=680 
nm) with a calibration curve of Si(sol)2Pc stock solutions in DMF between 0.001 
and 0.5 μg/mL. All measurements were performed in triplo.

The encapsulation efficiency and loading capacity were calculated according 
to the following:[11]

The size of empty and Si(sol)2Pc-loaded micelles was measured by Nanoparticle 
Tracking Analysis (NTA, NanoSight Ltd, UK) utilizing a highly sensitive EMCCD 
camera (Andor Technology plc.). Dynamic light scattering was not used in the 
current study because Si(sol)2Pc absorbs the laser light of DLS (wavelength 488 
nm).[11] The size distribution is reflected by standard deviation (SD). Micelles were 
50-100 times diluted in their corresponding buffer (AAB pH 5.0, or PBS pH 7.4) 
before measuring. Care was taken that the polymer concentrations after dilution 
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remained above the CMC (0.02 and 0.03 mg/mL for mPEG-b-p(HPMAm-Bz25-co-
HPMAm-Lac75) and mPEG-p(HPMAm-dilactate), respectively)[8c, 12].

2.5. Physical state of the Si(Sol)2Pc loaded in the polymeric micelles.

The Si(Sol)2Pc-loaded polymeric micelles based on mPEG-b-p(HPMAm-
dilactate) or mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) were prepared as 
described in section 2.3 in AAB pH 5.0 with different feed concentrations of Si(sol)2Pc. 
The micellar dispersions were diluted 20 times in AAB pH 5; the final concentration 
of the polymer was 0.45 mg/mL (i.e. above the CMC). The fluorescence emission 
intensity of Si(sol)2Pc was measured using Horiba Fluorometer (λex = 677 nm, λem = 
680 nm), and plotted against the concentration of Si(sol)2Pc loaded in the micelles. 
The concentration above which fluorescence quenching of Si(sol)2Pc started to 
emerge is considered as the “aggregation” concentration of the Si(sol)2Pc in the 
micelles.[15] 

2.6. Singlet oxygen generation and detection.

Production of singlet oxygen (1O2) by Si(sol)2Pc encapsulated in micelles of 
mPEG-b-p(HPMAm-dilactate) or mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) 
under light irradiation was assessed by a previously reported protocol using the 
chemical scavenger 9,10-anthracenediyl-bis(methylene)-dimalonic acid (ADMA), 
which reacts specifically with singlet oxygen.[16] The consumption of ADMA by 
reaction with singlet oxygen was quantified by the decrease of the UV absorbance 
of ADMA at 398 nm. The assay was conducted in D2O since singlet oxygen has a 
short life time in water.[17] Briefly, ADMA was dissolved in D2O at a concentration of 
4.1 mg/mL and diluted 20 times to 0.205 mg/mL (500 μM). Next, 125 μM Si(sol)2Pc 
suspended in PBS or encapsulated in the micelles was diluted 20 times in the 
ADMA (D2O) solution, to obtain the final concentration of 450 μM ADMA and 12.5 
μM Si(sol)2Pc. The UV absorption spectra of ADMA was recorded by a Shimadzu 
UV-2450 UV/Vis spectrophotometer before and after irradiation by an in-house 
custom-made LED lamp (λex = 670 ± 10 nm, light intensity was set at 3.5 mW/cm2 

as measured using an Orion laser energy monitor) for 2, 5, 10, and 15 minutes. 
The relative UV absorbance at 398 nm (UV absorbance after irradiation divided by 
that before irradiation) was plotted against the irradiation time to follow the kinetics 
of ADMA consumption. 
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2.7. Photocytotoxicity of Si(sol)2(Pc)-loaded polymeric micelles.

20,000 B16F10 cells were seeded per well of a 96 well plate. Next, 100 μL of 
DMEM supplemented with 10% of FBS and 1% of antibiotics and sodium pyruvate 
was pipetted in each well. The plates were incubated overnight at 37 oC and 5% 
CO2 atmosphere before use.

Dispersions of different feed concentrations of Si(sol)2Pc loaded in micelles 
of mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) were prepared in PBS pH 7.4 as 
described in section 2.3. The micellar dispersions were diluted 10 times in PBS 
pH 7.4 and then 10 times in DMEM. Hundred μL of the final micellar dispersion 
was added to each well and the plates were incubated for 24 hours at 37 oC and 
5% CO2.

After incubation, the wells were three times washed with 100 μL of PBS pH 
7.4 and subsequently 100 μL fresh DMEM was added. Thereafter, the plate was 
illuminated using an in-house custom-made LED lamp specially designed for a 
96-well plate.[11] Each plate was illuminated for 10 minutes (λ = 670 ± 10 nm; the 
light intensity was set at 3.5 mW/cm2 as measured using an Orion laser energy 
monitor). The control plate was kept in the dark. All plates were subsequently 
incubated for 24 hours at 37 oC and 5% CO2 incubator, and the cell viability was 
measured by XTT assay.[18]

2.8. Cell uptake of Si(sol)2Pc-loaded micelles by fluorometry and fluorescence-
activated cell sorting (FACS).

In a 24-well plate, 100,000 B16F10 cells per well were seeded followed by the 
addition of 750 μL DMEM supplemented with 10% of FBS and 1% of antibiotics 
and sodium pyruvate (section 2.1). The plates were incubated for overnight at 
37°C and 5% CO2 humidified atmosphere. Si(sol)2Pc-loaded micelles of mPEG-b-
p(HPMAm-Bz25-co-HPMAm-Lac75) were prepared as described in section 2.3 with 
different feed concentrations of Si(sol)2Pc, and subsequently diluted 20 times in 
PBS pH 7.4 and 10 times in DMEM before their addition to the wells. Si(sol)2Pc 
dissolved in THF was added to cells as described in section 2.7. 

After incubation of the plates for 24 hours in the dark, the wells were washed 
three times with PBS pH 7.4. Next, 100 μL of trypsin (0.5%) was added to the 
wells, and the plates were incubated at a 37 °C for 3 minutes to detach the cells. 
Trypsin was subsequently neutralized by 300 μL of DMEM added to each well.
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Two hundred μL of the cell suspensions from each well was mixed with 500 μL 
of lysis buffer (50 mM Tris/HCl pH 8.0, 150 mM NaCl, 1% TritonX-100). The plates 
were put on ice for 20 minutes. Next, 100 μL of the cell lysate samples was diluted 
10 times with DMF and measured by fluorescence spectroscopy (Horiba Fluorolog, 
λex = 677 nm, λem = 680 nm) with a calibration curve that was obtained by dilution of 
the photosensitizer stock solutions in DMF with 10% (v/v) cell lysates in DMEM. At 
the same time, an aliquot of 20 μL of each cell lysate was used for determination of 
the cellular protein content by the Micro BCA protein assay.[19]

Two hundred μL of samples from the wells incubated with 34 µM of Si(sol)2Pc 
dissolved in THF or solubilized in micelles was transferred into a 96-well plate, and 
centrifuged for 4 minutes at 250 g, and the medium was aspirated. Subsequently, 
100 μL of 1% BSA in PBS 7.4 (filtered using 0.2 μm filters, Acrodisc®, nylon 
membrane), and 100 μL of 10% formalin was added to the wells to fix the cells. 
The plates were then stored at 4 °C and analyzed by FACS, using BD FACS Canto 
II flow cytometer (BD Biosciences San Jose, California, USA).

2.9. Intracellular localization of Si(sol)2Pc by confocal laser scanning 
microscopy (CLSM).

In a Nunc Lab-TEK 16-well chamber slide system (Thermo-scientific), 20,000 
B16F10 cells were cultured per well and filled with 100 μL of DMEM supplemented 
with 10% of FBS and 1% of antibiotics and sodium pyruvate (1%, section 2.1). 
The plates were incubated overnight at 37 oC and 5% CO2. Si(sol)2Pc-loaded 
in polymeric micelles were added to the wells as described in section 2.8 (final 
Si(sol)2Pc was 225 µM) and the plates were incubated at 5% CO2 and 37 oC for 24 
hours. 

Next, the medium in the wells was aspirated and the wells were three times 
washed with PBS pH 7.4. Hundred μL of DAPI solution (1 μg/mL in PBS pH 7.4) 
was added to the wells. The plates were incubated for another 10 minutes at 37 oC. 
Next, the media were removed and the wells were washed three times with PBS 
pH 7.4. Finally, a few drops of FluorSave (Merck Millipore, Germany) were added, 
a cover slide was mounted on top and the cells were visualized by confocal laser 
scanning microscopy (Leica TCS SPE-II, Wetzlar, Germany), equipped with three 
excitation lasers, i.e. diode violet/blue laser (405 nm for DAPI), diode-pumped 
solid-state (DPSS) laser (561 nm for Rhodamine B), and He-Ne laser (633 nm for 
Si(sol)2Pc).
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3. RESULTS AND DISCUSSIONS

3.1. Preparation and characterization of Si(sol)2Pc-loaded thermosensitive 
polymeric micelles.

Si(sol)2Pc was loaded in thermosensitive polymeric micelles based on mPEG-
b-p(HPMAm-Bz25-co-HPMAm-Lac75) or mPEG-b-p(HPMAm-dilactate) by a rapid 
heating method, which is a convenient method for micelle preparation avoiding the 
use of large amounts of organic solvents or extensively long dialysis procedures. 
The EEs of Si(sol)2Pc loaded in mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) 
micelles were all above 80% at feed Si(sol)2Pc concentrations in the micellar 
dispersions ranging from 10 to 1274 µM. These values were slightly higher than 
the EEs in mPEG-b-p(HPMAm-dilactate) micelles, which decreased to about 70% 
with increasing feed ratio (Figure 1) similarly as reported before.[11] The highest 
LC of 9.5% of Si(sol)2Pc was observed for mPEG-b-p(HPMAm-Bz25-co-HPMAm-
Lac75) micelles, which was higher than the LC of Si(sol)2Pc in mPEG-b-p(HPMAm-
dilactate) micelles (7.6%) at a feed Si(sol)2Pc concentration of 1274 µM. The 
enhanced EE and LC of Si(sol)2Pc for mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) 
micelles can likely be explained by π-π stacking interactions between the aromatic 
groups of the polymer chains and Si(sol)2Pc, as observed before for paclitaxel and 
docetaxel in the same micelles.[12]

 

Figure 1. EE and LC of Si(sol)2Pc-loaded thermosensitive polymeric micelles (9 
mg/mL) with 25 mol% (25% Bz) or without (0% Bz) HPMAm-Bz units in the core 
block. Feed concentrations are the amounts after adding the Si(sol)2Pc stock 
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solutions to the polymer solutions (n=3). 

The size of the Si(sol)2Pc-loaded thermosensitive polymeric micelles based on 
mPEG-b-p(HPMAm-Bz-co-HPMAm-Lac) and mPEG-b-p(HPMAm-dilactate) was 
measured by nanoparticle tracking analysis (NTA). Table 1 shows that the size of 
Si(sol)2Pc-loaded polymeric micelles increased with increasing feed concentration 
of Si(sol)2Pc, and in general mPEG-b-p(HPMAm-Bz-co-HPMAm-Lac) micelles 
had a smaller size than those based on mPEG-b-p(HPMAm-dilactate), despite 
that the Si(sol)2Pc contents in mPEG-b-p(HPMAm-Bz-co-HPMAm-Lac) micelles 
were higher than in mPEG-b-p(HPMAm-dilactate) micelles. The smaller size of 
polymeric micelles based on polymers with aromatic groups was shown before 
for paclitaxel and docetaxel loaded micelles, and can be explained by the more 
condensed micellar core caused by π-π stacking interactions.[12] The standard 
deviations of the micellar sizes were between 28 and 44 nm, which indicates that 
the micelles had a narrow size distribution.[20]

Table 1. Size and standard deviation (SD) of the Si(sol)2Pc-loaded polymeric 
micelles by NTA

3.2. Physical state of Si(sol)2Pc in polymeric micelles.

The physical state of Si(sol)2Pc (either aggregated or molecularly dissolved in 
the micellar core) is an important aspect for the success of PDT, since aggregation 
of PS results in decreased fluorescence quantum yield and decreased efficacy of 
singlet oxygen generation.[21] The aggregation state of Si(sol)2Pc was determined 
by its fluorescence quenching.[11] Therefore, the two types of polymeric micelles at 
a fixed polymer concentration were loaded with increasing amounts of Si(sol)2Pc 
and the fluorescence emission intensity of Si(sol)2Pc was measured. Figure 2 
shows that the fluorescence increased with increasing Si(sol)2Pc loading until 
quenching occurred. For the mPEG-b-p(HPMAm-dilactate) micelles, similar 
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as reported previously, quenching started at the concentration of 0.06 µM. [11] 

Interestingly, the quenching concentration of Si(sol)2Pc in micelles of mPEG-b-
p(HPMAm-Bz25-co-HPMAm-Lac75) substantially increased around 330 times to 20 
µM. This result proves that Si(sol)2Pc loaded in the aromatic micelles is much 
less prone to aggregation compared to that in the non-aromatic micelles. This 
phenomenon can be explained by π-π stacking interaction between Si(sol)2Pc 
molecules and the benzoyl pendant groups of the polymer chains, which most 
likely separates Si(sol)2Pc molecules from each other and prevent molecular 
aggregation. Aggregation of PS in nanoparticulate carriers has been frequently 
reported,[22] and chemical modification of PS to shield the aromatic rings or increase 
the hydrophilicity is often used to decrease the tendency of molecular aggregation 
of PS.[23] In the present study, π-π stacking interaction is found to be effective 
to decrease the molecular aggregation of PS in nanoparticles without chemical 
modification of the PS. Furthermore, the unquenched PS in the polymeric micelles 
can also benefit in vivo tracking of PS loaded in polymeric micelles by fluorescent 
imaging techniques.

Figure 2. Fluorescence emission intensity of different concentrations of Si(sol)2Pc 
loaded in mPEG-b-p(HPMAm-dilactate) (A) and mPEG-b-p(HPMAm-Bz25-co-
HPMAm-Lac75) (B) micelles (λex = 677 nm, λem = 680 nm). The polymer concentration 
was 0.45 mg/mL. 

3.3. Release of Si(sol)2Pc from polymeric micelles.

To study the retention of Si(sol)2Pc in polymeric micelles at different pH (5.0 
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and 7.4), the amounts of solubilized Si(sol)2Pc in the two types of micelles were 
monitored for nine days after preparation. At pH 5.0, the micelles are chemically 
stable,[8c, 9b, 12] and therefore the decrease of the Si(sol)2Pc content in time as 
observed in Figures 3A and 3B is the result of slow diffusion from the micelles 
and subsequent precipitation of the released Si(sol)2Pc in the buffer. At pH 7.4 
(Fig. 3C and 3D), similar trends were observed, suggesting that hydrolysis of the 
polymer side groups (lactate and benzoate esters) did not play a major role in 
the destabilization of the micelles in the time frame of the experiment. Overall, it 
is obvious that the retention of Si(sol)2Pc in mPEG-b-p(HPMAm-Bz-co-HPMAm-
Lac) micelles (left panels of Figure 3) was substantially better than in mPEG-b-
p(HPMAm-dilactate) micelles (right panels of Figure 3), which can be attributed 
to the π-π stacking interactions between Si(sol)2Pc and the polymer chains.
[11] Additionally, retention of Si(sol)2Pc in mPEG-b-p(HPMAm-dilactate) micelles 
increased with higher content of Si(sol)2Pc loading, which can be attributed to the 
aggregation of Si(sol)2Pc at higher loading.  

Figure 3. Relative Si(sol)2Pc content (normalized for day 0) in 9 mg/mL micelles 
with 25 mol% (25% Bz) or without (0% Bz) HPMAm-Bz units in the core block, at 
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pH 5.0 and 7.4 in time. Different curves represent micelles with different Si(sol)2Pc 
contents as indicated in figure C (in µM).

3.4. Singlet oxygen generation and detection.

The singlet oxygen generation upon irradiation of Si(sol)2Pc was detected by 
decreasing UV absorbance of a chemical trap, ADMA, which reacts specifically with 
singlet oxygen.[16] Figures 4A and B show different decrease rates of UV absorbance 
of ADMA under light irradiation, in the presence of the same amount of Si(sol)2Pc 
in aromatic micelles and in non-aromatic micelles, respectively. Figure 4 D shows 
that the consumption of ADMA by irradiation of Si(sol)2Pc loaded in micelles of 
mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) was clearly faster compared to that 
of ADMA incubated with Si(sol)2Pc loaded in mPEG-b-p(HPMAm-dilactate) based 
micelles, while the slowest ADMA consumption was observed when Si(sol)2Pc 
was suspended in PBS pH 7.4 (Fig. 4C). It was shown in section 3.2 (Figure 
2) that Si(sol)2Pc is in a molecularly dissolved state in mPEG-b-p(HPMAm-Bz25-
co-HPMAm-Lac75) micelles at the concentration used in Figure 4 (12.5 µM), 
while it was aggregated in mPEG-b-p(HPMAm-dilactate). Indeed, aggregation of 
photosensitizers significantly decreases the photosensitizing activity[21] which is 
in accordance with our observation that the molecularly dissolved Si(sol)2Pc in 
mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) micelles had a higher singlet oxygen 
generation efficiency at the same concentration as compared to the Si(sol)2Pc 
loaded mPEG-b-p(HPMAm-dilactate) micelles.
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Figure 4. UV spectra of the singlet oxygen trap (ADMA) upon irradiation for different 
times at 670 ± 10 nm (3.5 mW/cm2) of Si(sol)2Pc solubilized in mPEG-b-p(HPMAm-
Bz25-co-HPMAm-Lac75) micelles (A), solubilized in mPEG-b-p(HPMAm-dilactate) 
micelles (B) or dispersed in PBS pH 7.4 (C). D: The kinetics of ADMA conversion 
derived from A, B and C from its adsorption at 398 nm. Si(sol)2Pc and polymer 
concentration were fixed at 12.5 µM and 0.45 mg/mL, respectively.

3.5. Photocytotoxicity of Si(sol)2Pc loaded in polymeric micelles.

The dark cytotoxicity and photocytotoxicity towards B16F10 cells of Si(sol)2Pc 
loaded in mPEG-b-p(HPMAm-dilactate) and mPEG-b-p(HPMAm-Bz25-co-HPMAm-
Lac75) micelles was determined after 24 hour of incubation (Figure 5). It is shown 
that cells incubated with both micellar formulations kept their full viability in the 
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dark, which means that both formulations of Si(sol)2Pc displayed no cytotoxicity. 
For cells illuminated with light of 670 nm, high photocytotoxicity of Si(sol)2Pc loaded 
in non-aromatic (0% Bz) micelles (IC50 of 6 nM) was shown, which was similar as 
reported before.[11] Interestingly, the IC50 values of Si(sol)2Pc loaded in aromatic 
(25% Bz) (~3 nM) was around two times lower than that of Si(sol)2Pc loaded in 
non-aromatic micelles. 

Although Figure 4 shows substantially higher singlet oxygen production by 
Si(sol)2Pc-loaded aromatic micelles than non-aromatic micelles (a factor of 3), 
the photocytotoxicity study (Figure 5) shows a less pronounced photocytotoxicity 
of Si(sol)2Pc-loaded aromatic micelles (2 times lower than of the Si(sol)2Pc-
loaded non-aromatic micelles). However, it should be noted that the Si(sol)2Pc 
concentration in the singlet oxygen production study needed to be higher (12.5 
µM) than those used for the photocytotoxicity study, in other words Si(sol)2Pc was 
aggregated in the non-aromatic micelles but molecularly dissolved in the aromatic 
micelles in that experiment. On the contrary, in the photocytotoxicity study, much 
lower concentration of Si(sol)2Pc had to be loaded in both micelles, and therefore 
the quenching effect of Si(sol)2Pc in the non-aromatic micelles is lower (see Figure 
5). For further in vivo studies, much higher concentrations of Si(sol)2Pc loaded 
in polymeric micelles are preferred, which means higher quenching effect of 
Si(sol)2Pc in the non-aromatic micelles compared to that of the aromatic micelles, 
and in that case enhanced efficacy of photodynamic therapy is expected with the 
aromatic micelles. 
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Figure 5. B16F10 viability after incubation with free Si(sol)2Pc loaded in mPEG-b-
p(HPMAm-dilactate) (0% Bz) or mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) (25% 
Bz) micelles with and without light irradiation (λex = 670 ± 10 nm at 3.5 mW/cm2) 
for 10 minutes.

3.6. B16F10 cell uptake and cellular localization of Si(sol)2Pc loaded in mPEG-
b-p(HPMAm-Bz25-co-HPMAm-Lac75) micelles.

The cellular uptake of free Si(sol)2Pc or encapsulated in mPEG-b-p(HPMAm-
Bz25-co-HPMAm-Lac75) micelles was investigated in B16F10 melanoma cells. 
Relatively high uptake of free Si(sol)2Pc (6 nanomol Si(sol)2Pc per mg protein) is 
shown in Figure 6, similar as reported before.[11] The cell uptake of free Si(sol)2Pc 
was relatively fast, i.e. maximum uptake was achieved in 6 hours incubation while 
24 hours incubation did not result in further cellular uptake. The uptake of micellar 
Si(sol)2Pc was slower than that in its free form. The cell uptake of Si(sol)2Pc 
encapsulated in mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) micelles at 24 hours 
incubation was substantially higher than that at 6 hours. Overall, the results suggest 
that Si(sol)2Pc-loaded mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) micelles were 
effectively taken up by B16F10 cells. 



118

Polymeric Micelles for Drug Delivery

Figure 6. Cellular uptake of Si(sol)2Pc by B16F10 cells after 6 and 24 hours of 
incubation at 37 oC, either administered as free form or encapsulated in mPEG-b-
p(HPMAm-Bz25-co-HPMAm-Lac75). The micellar formulations were prepared with 
fixed polymer concentration (9 mg/mL) and varying Si(sol)2Pc loadings.

The binding and uptake of 34 mM Si(sol)2Pc loaded in mPEG-b-p(HPMAm-
Bz25-co-HPMAm-Lac75) micelles by B16F10 cells was also assessed by FACS 
analysis. Figure 7 shows a high cell uptake after incubation for 24 hours at 37 oC 
for both free Si(sol)2Pc and loaded in micelles, and uptake of free Si(sol)2Pc was 
higher than that in micelles (APC-A Mean values for free and micellar Si(sol)2Pc 
were 3152±208 and 2605±136, respectively), which is consistent with the results 
by fluorometry (Figure 6). 
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Figure 7. FACS analysis of B16F10 cells incubated for 24 hours at 37 oC with 34 
µM Si(sol)2Pc in free form (left) or loaded in mPEG-b-p(HPMAm-Bz25-co-HPMAm-
Lac75) micelles (right).

The cell uptake of Si(sol)2Pc loaded and molecularly dissolved in mPEG-b-
p(HPMAm-Bz25-co-HPMAm-Lac75) micelles after incubation for 24 hours with 
B16F10 cells was assessed by CLSM. Figure 8 shows that the Si(sol)2Pc staining 
(Figure 8, C) well co-localized with Rhodamine-labeled polymer, which are localized 
in the cytoplasma (Figure 8, B), but not in the nucleus. The figures suggest that 
most likely Si(sol)2Pc was taken up by the cells inside the polymeric micelles. 
Furthermore, since one of the most effective photosensitizing-induced cell death 
pathways is destruction of organelles in the cytoplasma by singlet oxygen,[2,24] 
the presence of Si(sol)2Pc loaded in the polymeric micelles in the cytoplasma as 
revealed by Figure 8 can explain the high photocytotoxicity of the Si(sol)2Pc on 
B16F10 cells.

Figure 8. CLSM imaging of Si(sol)2Pc (255 µM) loaded in Rhodamine B labeled 
mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) micelles, incubated for 24 hours at 37 
oC with B16F10 cells, where (A) is nucleus staining by DAPI, (B) is fluorescence of 
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Rhodamine B labeled polymer, (C) is fluorescence of Si(sol)2Pc, (D) is the bright 
field and (E) is the overlay.

4. CONCLUSION

The hydrophobic photosensitizer Si(sol)2Pc had higher loading and better 
retention in aromatic thermosensitive mPEG-b-p(HPMAm-Bz25-co-HPMAm-Lac75) 
micelles than in mPEG-b-p(HPMAm-dilactate) micelles lacking aromatic groups, 
which is attributed to π-π stacking interactions in the micellar core. Interestingly, it 
is found for the first time that π-π stacking interaction between the phthalocyanine 
and the aromatic pendant groups of the polymeric micelles can dramatically 
decrease the aggregation tendency and increase the molecular dissolution of 
Si(sol)2Pc in the micelles, which was translated into more effective singlet oxygen 
generation compared to Si(sol)2Pc loaded in an aggregated form in non-aromatic 
micelles. The Si(sol)2Pc-loaded aromatic micelles had higher photocytotoxicity to 
B16F10 cells compared to Si(sol)2Pc-loaded non-aromatic micelles, and negligible 
cytotoxicity in dark. FACS and CLSM analyses showed high cell uptake of micellar 
Si(sol)2Pc in B16F10 cells, which was associated with the uptake of the polymeric 
micelles. Overall, the enhanced singlet oxygen production of Si(sol)2Pc loaded in 
the aromatic thermosensitive polymeric micelles in a molecularly dissolved state 
is expected to enhance in vivo cancer photodynamic therapy. On the other hand, 
the unquenched photosensitizers in micelles can also benefit in vivo tracking of 
PS loaded in polymeric micelles by fluorescent imaging techniques. The promising 
results encourage further in vivo cancer photodynamic study of the Si(sol)2Pc-
loaded aromatic thermosensitive polymeric micelles.
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ABSTRACT 

An anthracene-functionalized thermosensitive block copolymer was synthesized, 
which formed micelles by heating its aqueous solution above the lower critical 
solution temperature (LCST). The micelles were subsequently crosslinked by UV 
illumination at 365 nm with an normal handheld UV lamp. The micelles showed 
a small size (30 nm) and high loading capacity (16.0±0.1%) for paclitaxel and 
released paclitaxel for more than ten days.

INTRODUCTION

Amphiphilic block copolymers form polymeric micelles in aqueous solutions 
above the critical micelle concentration (CMC).1 Polymeric micelles, composed of 
a hydrophilic corona and a hydrophobic core, have been extensively studied for 
drug delivery purposes.2-7 Block copolymers based on a permanently hydrophilic 
PEG block and a thermosensitive block self-assemble in aqueous solution into 
micelles by simply increasing the temperature above the lower critical solution 
temperature (LCST) of the thermosensitive block.8 Thermosensitive polymeric 
micelles are attractive systems as their facile preparation is an obvious advantage 
since the use of organic solvents is avoided for their preparation. On the other 
hand, polymeric micelles are dynamic systems that are prone to dissociation due 
to the shift of the equilibrium between micelles and unimers, in case of massive 
dilution of the system or removal of the unimers.9, 10 The instability of micelles 
hampers their application as targeted delivery systems when aiming for passive or 
active targeting strategies. 

To stabilize polymeric micelles, various chemical/physical crosslinking methods 
have been exploited and indeed shown to increase the stability of the micelles.11-13 
Among different crosslinking methods, photo-crosslinking is a facile method with 
advantages including mild reaction conditions, minimum side-product formation 
and fast curing times.14 The photo-dimerization of anthracene (An) groups has 
been applied for fabrication and crosslinking of polymer films and hydrogels,14-16 
without the aid of photo-initiators which could be potentially toxic.14 Inspired by that 
work, in the present study, An was introduced for the first time into a thermosensitive 
micelle-forming block copolymer and the dimerization of An was shown to be 
a facile method for the crosslinking of the micelles. Apart from the function of 
crosslinking, we anticipated that the aromatic An pendant groups attached to the 
polymer chains would provide strong interaction with (and high loading of) aromatic 
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drugs. 

Thus, in this communication, we report the synthesis of a new anthracene 
functionalized HPMAm monomer (HPMAm-An) and a thermosensitive block 
copolymer by copolymerizing HPMAm-An with the monolactate ester of 
(2-hydroxypropyl) methacrylamide (HPMAm-Lac) initiated by a PEG-modified azo 
initiator. Polymeric micelles were prepared by simply heating the aqueous polymer 
solution to above its LCST, and subsequently crosslinked by illumination at 365 
nm. The crosslinking efficiency was studied using UV spectroscopy and HPLC 
analysis. The stability of the micelles was studied by lowering the temperature 
below the LCST of the polymer. Furthermore, paclitaxel (PTX) was encapsulated 
in the polymeric micelles and the compatibility of PTX with the crosslinking was 
assessed. Finally, the impact of UV crosslinking of the polymeric micelles on the 
PTX retention in the micelles was studied.
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Fig. 1. Crosslinking of polymeric micelles under an ordinary handheld low power 
UV lamp for laboratory use (upper) and schematic illustration of the formation 
and UV crosslinking (365 nm) of mPEG-b-p(HPMAm-An-co-HPMAm-Lac) based 
micelles (lower).

RESULTS AND DISCUSSIONS

A new photo-reactive monomer HPMAm-An was synthesized (details given in 
ESI, section 2) and copolymerized with HPMAm-Lac (molar ration of 15/85) by 
an established method using PEG-modified 4,4’-azobis(4-cyanopentanoic acid) 
(ABCPA) as a macroinitiator.3, 17 The polymer was obtained in a yield of 65% and 
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the mol % of HPMAm-An in the obtained copolymer was 13% (1H NMR analysis 
(see SEI, section 3)), which is close to that of feed (15%). The number average 
molecular weight (Mn) of the polymer was 13 kDa by 1H NMR, which is close to 
that measured by GPC (14 kDa, PDI=1.7). This polymer had a LCST of 12 oC (Fig. 
3). With other polymer compositions, e.g, 5 mol % of HPMAm-An, the polymer 
had a too high LCST (29 oC) that is not convenient to work with, and the polymer 
with 20 mol % of HPMAm-An was not thermosensitive and not soluble in water at 
0 oC. Therefore, for further studies the polymer with 13 mol % of HPMAm-An was 
selected.

To prepare micelles, the polymer solution at 0 oC was rapidly heated by placing 
the samples in a water bath at 50 oC with vigorous shaking for one minute.6 
Dynamic light scattering (DLS) measurements showed that the micelles had a 
small hydrodynamic diameter of 30 nm with a low polydispersity index (PDI) of 0.10 
(ESI, section 4), which are potentially beneficial for in vivo application of polymeric 
micelles for tumor-targeted drug delivery.18 

The mPEG-b-p(HPMAm-An-co-HPMAm-Lac) micelles were illuminated by 
an normal handheld low power UV lamp for laboratory use (ENF-280C/FE, 8 W) 
at 365 nm (± 7 nm), which is the specific wavelength for the anthracene groups 
(ESI, section 5).15, 16 The UV spectra of the micelles were recorded after different 
illumination times. A substantial decrease of the UV absorption of anthracene 
between 300 and 430 nm was clearly observed (Fig. 2 A), which indicates that 
dimerization of the anthracene groups and thus crosslinking of the micelles had 
occurred. According to equation 1 (ESI, section 6) the conversion was around 80% 
during the first hour, and the final conversion of ~90% was achieved in 2 hours (Fig. 
2 B). To confirm An dimerization, the micelles illuminated for different times were 
hydrolysed (3 M NaOH at 60 oC for 48 hours), which resulted in release of non-
reacted An groups. The concentration of An in the different samples was quantified 
by HPLC analysis and the conversion of the dimerization was calculated according 
to equation 2 (ESI, section 6). Fig. 2 B shows similar kinetics and conversion as 
observed by the UV method. The size of the crosslinked micelles after two hours 
UV illumination was 32 nm with a low PDI of 0.05. The constant size of the micelles 
after crosslinking means that inter-micellar crosslinking hardly occurred.
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Fig. 2. A: UV spectra of the micelles after UV illumination at 365 nm for different 
times; B: Conversion of dimerization of An groups in the micelles under UV 
illumination at 365 nm by the UV and HPLC method, respectively.

The thermal stability of the crosslinked and non-crosslinked micelles was studied 
by DLS. The non-crosslinked micelles showed a continuous decrease of both the 
size and light scattering intensity (LSI) from 25 to 2 oC (Fig. 3, left), indicating 
gradual dissociation of the micelles due to hydration of the thermosensitive block. 
On the contrary, the LSI and size of the crosslinked micelles were constant while 
cooling, demonstrating that indeed covalent bonds were formed between the 
blocks present in the core of the micelles due to dimerization of the An groups. 

Fig. 3. Size (Zave) and light scattering intensity of the micelles before and after UV 
illumination for two hours at 365 nm, upon cooling from 25 to 2 oC.

Polymeric micelles are used as carrier systems for hydrophobic drugs. mPEG-
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b-p(HPMAm-An-co-HPMAm-Lac) based micelles were loaded with paclitaxel 
(PTX), a hydrophobic chemotherapeutic drug, to evaluate the loading capacity 
(LC) and release. Due to thermosensitivity of the polymer, PTX could be loaded 
into the polymeric micelles by the fast heating method (ESI, section 4).17 The 
encapsulation efficiency (EE) and LC of the micelles for PTX were 85.5±0.2 % 
and 16.0±0.1%, respectively, at a feed concentration of PTX of 2 mg/mL and a 
polymer concentration of 9 mg/mL. The size of the PTX loaded micelles was 51 nm 
with a PDI of 0.05 as measured by DLS. After loading with PTX, the micelles were 
exposed to UV illumination at 365 nm for two hours for crosslinking. The efficiency 
of dimerization was 82% (UV spectroscopic analysis), which was close to that 
of non-loaded micelles. Previously it was found that PTX can undergo photolysis 
when exposed to UV illumination (350–450 nm, light intensity was ∼210 mW/cm2) 
for 10 min.2 However, UPLC analysis showed that the amount of PTX in the micelles 
after UV illumination for crosslinking was identical to that before UV illumination, 
demonstrating that no detectable photolytic degradation of PTX occurred during the 
crosslinking of the micelles by UV illumination at 365 nm, which can be ascribed by 
the fact that the light intensity applied for crosslinking was rather low. 

As shown in Fig. 4, around 60% of the loaded PTX was released from the 
non-crosslinked micelles in ten days at pH 7.4 and 37 oC, which is substantially 
lower than that from mPEG-b-p(HPMAm-dilactate) micelles.17 However, the PTX 
release rate from the crosslinked micelles was significantly slower, i.e., 40% in 10 
days (ESI, section 4.3). Therefore, it points to the fact that more stable retention of 
PTX in thermosensitive polymeric micelles can be achieved by crosslinking of the 
micelles by anthracene dimerization, which can result in a better stability for in vivo 
application of the PTX-loaded polymeric micelles. 
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Fig. 4. PTX release from the non-crosslinked and UV crosslinked micelles at 37 
oC. Mean ± SD (n = 3).

To study the reverse photocleavage of the anthracene dimers in the micellar 
core, the crosslinked micelles were illuminated at 254 nm (ESI, section 5).14 Fig. 5 
A shows that UV absorbance of the micelles between 300 and 400 nm increased 
in time when the crosslinked micelles were exposed to 254 nm illumination. Fig. 
5 B shows that the photocleavage of the An dimers in the crosslinked micelles 
can induce partial de-crosslinking with a conversion of 33% after five hours of 
illumination at 254 nm (Fig 5 B). Similar photocleavage kinetics of dimers of 
anthracene or coumarin have been reported.14, 19  
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Fig. 5. A: UV spectra of the crosslinked micelles after UV illumination at 254 nm for 
different times; B: Kinetics of the photocleavage of the An dimers in the micelles 
upon UV illumination at 254 nm (UV spectroscopic analysis).

The cytocompatibility of the (non)crosslinked micelles was tested on B16F10 
melanoma cancer cells incubated with up to 1 mg/ml of the (non)crosslinked 
micelles. The cells retained their viability (>90%), which shows that the (non)
crosslinked micelles have a good cytocompatibility which encourage further in vivo 
studies.

CONCLUSION

mPEG-b-p(HPMAm-An-co-HPMAm-Lac) is a novel thermosensitive block 
copolymer that self-assembles into polymeric micelles in water above its LCST. 
The micelles were efficiently crosslinked by UV illumination at 365 nm due 
to the dimerization of the anthracene groups in the micellar core. The micelles 
showed high loading capacity for PTX and the loaded PTX molecules did not 
hinder the crosslinking of the micelles. Furthermore, the chemical integrity of 
PTX was preserved during UV illumination. Drug release study showed that the 
PTX release rate from the micelles was significantly reduced by crosslinking the 
micelles, which is potentially a benefit for better in vivo stability of the PTX-loaded 
polymeric micelles. The (non)crosslinked micelles showed high cytocompatibility. 
These beneficial properties warrant further in vivo applications of the crosslinkable 
micelles for delivery of PTX.
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SUPPORTING INFORMATION

1. Materials. 

N-(2-Hydroxypropyl) methacrylamide (HPMAm) was purchased from Zentiva, 
Czech Republic. 9-Anthracenecarboxylic acid (AA), N,N-dimethylacetamide 
(DMAc) and N,N’-dicyclohexylcarbodiimide (DCC) were purchased form Sigma-
Aldrich. Acetonitrile (ACN), dichloromethane (DCM), diethyl ether, ethyl acetate, 
tetrahydrofuran (THF) and N.N-dimethylformide (DMF) were obtained from 
Biosolve BV. Paclitaxel (PTX) was supplied by LC Laboratories. 4-(Dimethylamino)
pyridinium 4-toluenesulfonate (DPTS) was synthesized according to Moore et al.1 
HPMAm-Lac and the PEG macroinitiator based on 5 kDa PEG were synthesized 
as previously published.2 

2. Synthesis and characterizations of N-(9-anthranoyloxypropyl) 
methacrylamide (HPMAm-An).

HPMAm-An was synthesized by the DCC assisted esterification of HPMAm and 
9-anthracenecarboxylic acid (Scheme 1). Briefly, a two-necked flask was dried at 
180 oC overnight and cooled down to room temperature under a nitrogen stream. 
Next, 1.43 g (0.01 mol) HPMAm, 2.22 g (0.01 mol) anthracene-9-carboxylic acid 
and 0.87 g (0.0028 mol) DPTS were weighed and transferred into the flask and 70 
ml of THF/DCM (3/4, v/v) was added under nitrogen atmosphere. After dissolution 
of the solids, 6.0 g (0.03 mol) of DCC was transferred into the flask immersed in 
an ice bath.3 The reaction mixture was stirred for 24 hours at room temperature. 
Next, the formed precipitates were removed by filtration, the solvent was removed 
by evaporation under reduced pressure and the product was purified by silica 
column chromatography (260 g) with an eluent of hexane/ethyl acetate (1/1, v/v). 
The fractions that contained the compound with Rf of 0.6 (hexane/ethyl acetate 
(1/1, v/v)) were collected and the solvents were removed under reduced pressure. 
The final product was collected as a dark yellow powder with a yield of 1.46 grams 
(or 42%). The melting point of the compound was 182 oC, which was measured by 
differential scanning calorimetry (Discovery, TA Instruments) (Fig. 1).
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Fig. 1. Thermogram of HPMAm-An.  

The chemical structure of the compound was examined by 1H NMR spectroscopy 
on a Varian Mercury 300 MHz spectrometer in DMSO-d6. δ (ppm): 8.8 (s, 1 H, 
aromatic CH), 8.2 (t, CO-NH-CH2), 8.1 (q, 2H, aromatic CH), 7.9 (q, 2H, aromatic 
CH), 7.6 (q, 4H, aromatic CH), 5.7 and 5.4 (s, CH2=C), 5.6 (m, CH2−CH(CH3)-O), 
3.4 (t, NH-CH2-CH), 1.8 (s, CH3-C=C), 1.5 (d, CH2−CH(CH3)-O). The purity of 
HPMAm-An was assayed by HPLC (Waters Alliance HPLC system. Eluent A: 
ACN/water = 5/95 (v/v) with 0.1% perchloric acid; eluent B: 100% ACN with 0.1% 
perchloric acid). A solvent gradient was run with the volume fraction of eluent 
B increasing from 0-100% in 10 minutes. A Sunfire C18 column was used and 
detection was done at 254 nm.
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Scheme 1. Synthesis of HPMAm-An and mPEG-b-p(HPMAm-An-co-HPMAm-Lac.

Fig. 2. 1H NMR spectrum of HPMAm-An.

*



136

Polymeric Micelles for Drug Delivery

   

Fig. 3. HPLC chromatogram of HPMAm-An.

3. Synthesis and characterizations of ω-methoxy poly(ethylene glycol)-b- 
(N-(9-anthranoyloxypropyl) methacrylamide)-co-(N-(2-lactoyloxypropyl) 
methacrylamide) (mPEG-b-p(HPMAm-An-co-HPMAm-Lac)).

The block copolymers were synthesized by radical polymerization initiated 
by the mPEG-modified azo initiator (Scheme 1). The feed molar ratio of the 
comonomers HPMAm-Lac and HPMAm-An was between 95/5 to 80/20, and that 
of total monomers to macroinitiator was 150/1. The total monomer concentration 
was 0.3 g/mL in DMAc. The solution was degassed by flushing with nitrogen for 
30 minutes and the polymerization was conducted at 70 °C for 24 hours under 
a nitrogen atmosphere. Next, the polymer was purified by precipitation in diethyl 
ether for three times and then dialyzed against reverse osmosis water at 4 °C for 
24 h. The polymer was collected as a pale-yellow fluffy powder after freeze-drying 
with a yield of 65%. 

The structure of the obtained mPEG-b-p(HPMAm-An-co-HPMAm-Lac) was 
confirmed by 1H NMR spectroscopy on a Varian Mercury 300 MHz spectrometer 
in DMSO- DMSO-d6. δ (ppm): 8.8 (b, 1H, aromatic CH), 8.1 (b, 2H, aromatic CH), 
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7.9 (b, 2H, aromatic CH), 7.7-7.0 (b, CO-NH-CH2 and 4H, aromatic CH), 5.3 (d, 
CH(CH3)-OH), 5.1 (b, NH-CH2-CH(CH3)-O-(Bz)), 4.8 (b, NH-CH2-CH(CH3)-O-
(Lac)), 4.1 (b, CH(CH3)-OH), 3.40-3.60 (b, mPEG5000 methylene protons, O-CH2-
CH2), 3.2 (b, NH-CH2-CH), 0.6-2.2 (b, the methyl and backbone CH2 protons).

The number-average molecular weight (Mn) of the block copolymers was 
determined by 1H NMR as follows: (a) the value of the integral of the mPEG protons 
divided by 448 (the average number of protons per one mPEG chain, Mn = 5000) 
gives the integral value for one mPEG chain, and (b) the number of HPMAm-
Lac and HPMAm-An units in the polymers was determined from the ratio of the 
integral of the methyne protons (4.1 ppm, 1H, CH(CH3)-OH) of HPMAm-Lac and 
aromatic protons of HPMAm-An (8.8 ppm, 1H, aromatic CH) to the integral of one 
mPEG chain. The Mn of the thermosensitive block was calculated from the resulting 
number of HPMAm-Lac and HPMAm-An units. The mol % of the HPMAm-An 
repeating units in the thermosensitive block of the copolymer was determined by 
the following equation:

Fig. 4. 1H NMR spectrum of mPEG-b-p(HPMAm-An-co-HPMAm-Lac). 
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GPC was conducted to measure the number average molecular weight (Mn), 
weight average molecular weight (Mw) and polydispersity (PDI, or Mw/Mn) using two 
serial Plgel 5 μm MIXED-D columns (Polymer Laboratories) and PEGs of narrow 
molecular weights as calibration standards. The eluent was DMF containing 10 
mM LiCl, the elution rate was 0.7 mL/min and the temperature was 40 °C.4 

4. Preparation and characterizations of the (PTX-loaded) polymeric micelles.

Polymeric micelles were prepared by rapidly heating an aqueous solution of 
mPEG-b-p(HPMAm-An-co-HPMAm-Lac).4, 5 In short, the polymer was dissolved 
in pH 5.0 ammonium acetate buffer (AAB, 120 mM) at a concentration of 10 mg/
mL at 0 oC. Next, the polymer solution was heated in a water bath at 50 oC for 
one minute with vigorous shaking. To prepare PTX-loaded micelles, one volume 
of PTX solutions in ethanol was mixed with nine volumes of the polymer solution 
prior to heating. Subsequently, the micellar dispersion was stored overnight at 
room temperature and filtered through 0.45 µm nylon membrane to remove non-
entrapped (precipitated) drug. 

4.1. Measurement of the size of the polymeric micelles by dynamic light 
scattering (DLS). DLS was performed using a Malvern 4700 system (Malvern Ltd., 
Malvern, U.K.) consisting of an Autosizer 4700 spectrometer, a pump/filter unit, a 
model 2013 air-cooler argon ion laser (75 mW, 488 nm, equipped with a model 
2500 remote interface controller, Uniphase) and a water bath, and a computer 
with DLS software (PCS, version 3.15, Malvern). Autocorrelation functions were 
analyzed by the cumulants method (fitting a single exponential to the correlation 
function to obtain the mean size and the polydispersity) and the CONTIN routine 
(fitting a multiple exponential to the correlation function to obtain the distribution of 
particle sizes). The measurement angle was 90°.

4.2. Quantification of PTX loaded in the (non)crosslinked polymeric micelles. 
The PTX loaded micelles were 10-fold diluted with ACN and vortexed to dissolve 
PTX. The obtained solutions were centrifuged at 12.000×g for 10 min to remove 
possible particles/aggregates in the samples prior to analysis by a Waters 
ACQUITY UPLC System. Eluent A: ACN/water = 45/55 (v/v) with 0.1% formic acid; 
eluent B: ACN/water = 90/10 (v/v) with 0.1% formic acid. A gradient method was 
run with the volume fraction of eluent B increasing from 0 to 100% from 4.5 to 7 
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minutes and decreasing to 0% from 7.5 minutes to 10 minutes. An ACQUITY UPLC 
HSS T3 column was used and the detection wavelength was 227 nm. Seven μL 
of the supernatant was injected and the PTX concentration was calculated by a 
calibration curve with PTX standards prepared in ACN in a concentration range of 
0.2 to 500 μg/mL.

4.3. PTX retention in the (non)crosslinked micelles. The retention of PTX in 
the (non)crosslinked micelles was performed as previously reported.4 Briefly, 
drug retention in the (non)crosslinked micelles at pH 7.4 and crosslinked micelles 
at pH 5.0 at 37 °C was evaluated by measuring the remaining drug content in 
the micellar dispersion in time. PTX-loaded crosslinked micelles were prepared 
as described section 5 and the pH was adjusted to 7.4 or 5.0 by diluting 5-fold 
with 500 mM phosphate pH 7.4 or ammonium acetate pH 5.0 buffer. PTX-loaded 
non-crosslinked micelles was diluted 5-fold with 500 mM phosphate pH 7.4 buffer. 
The released PTX crystallized and precipitated due to its low water solubility (0.3 
μg/mL). The micellar dispersions were incubated at 37 °C with constant shaking, 
and aliquots were taken and centrifuged at 5000 g for 10 min to spin down the 
precipitated drug. Next, the PTX content in the micellar dispersion was quantified 
by UPLC analysis as described above.

5. Core-crosslinking of the micelles and photocleavage of the An dimer by 
UV illumination at 365 and 254 nm.

Core-crosslinking of the mPEG-b-p(HPMAm-An-co-HPMAm-Lac) micelles was 
achieved via UV induced dimerization of the anthracene side groups attached to the 
thermosensitive block of the polymer. The micelles prepared according to section 
3 were irradiated by a Spectroline® E-series UV lamp (ENF-280C/FE, 8 W) at 365 
nm (± 7 nm). The distance between the micellar suspension and the UV lamp was 
2 cm and the height of the liquid was 1 cm. The crosslinking was performed at 
room temperature (22 oC) and there was a slight increase of the temperature (to 
~26 oC) during the procedure. The weight loss of water in the micellar dispersion 
was calculated to be less than 5% after 6 hours of irradiation. The photocleavage 
of the An dimer in the crosslinked micelles was performed in the same way as 
the crosslinking, under the UV illumination at 254 nm (± 5 nm) by a Spectroline® 
E-series UV lamp (ENF-280C/FE, 8 W).
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6. Efficiency of the crosslinking by UV spectrometric and HPLC analysis.

The conversion of the anthracene side groups was evaluated by UV spectroscopy 
and HPLC, respectively. 

UV method: Micellar samples were taken at different time points of irradiation 
and the samples were diluted 10 times in AAB. UV spectra of the samples 
were recorded on a Shimadzu 2450 UV/Vis spectrometer. The efficiency of the 
crosslinking was calculated according to equation 1 based on the absorbance of 
anthracene groups at 365 nm.6, 7

HPLC method: Micellar samples were taken at different time points and diluted 2 
times in NaOH solution (final concentration was 3 M). The samples were incubated 
at 60 oC for 48 hours to hydrolyze and released anthracen-9-carboxylic acid (AA) 
was subsequently quantified by the aforementioned HPLC system with a Prevail™ 
Organic Acid column. The samples were neutralized with HCl before injection. The 
conversion was calculated according to equation 2 based on the concentration of 
AA which was determined by a calibration curve with AA standards prepared in 
eluent A in a concentration range of 2 to 200 μg/mL.

The conversion of the micelles was calculated according to the following 
equation:

7. Cytocompatibility of the polymeric micelles before and after crosslinking.

The in vitro cytocompatibility of the mPEG-b-p(HPMAm-An-co-HPMAm-Lac) 
micelles before and after crosslinking was studied using B16F10 cells cultured in 
DMEM medium containing high glucose (4.5 g/L), 10% FBS, 1% antibiotics and 1% 
sodium pyruvate. PEG-b-p(HPMAm-dilactate)4 which has a good cytocompatibility 
was chosen as control while the mixture of medium and PBS 7.4 was used as the 
blank. The micelles before and after crosslinking were prepared in PBS 7.4 with 
an initial polymer concentration of 10 mg/ml (crosslinking was performed for two 
hours). Then, micellar samples were diluted in PBS 7.4 to reach concentrations 
ranging from 1 ng to 1 mg/ml. B16F10 cells were seeded in a 96-well plate with 
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a cell density of 5 x 10³ cells/well in 100 µL medium and incubated at 37 oC for 24 
hours in humidified atmosphere (5% CO2). Afterwards, the medium was replaced 
with 100 µL of micellar samples at different concentrations. The cells were incubated 
for 72 hours and the viability of the cells was determined by XTT assay.
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ABSTRACT

Polymeric micelles are widely studied as drug carriers, but their poor in 
vivo stability and, as a consequence premature drug release, hampers their 
use for targeted drug delivery. Reversible crosslinking of polymeric micelles to 
achieve stability in the circulation and triggered de-crosslinking/drug release at 
their site of action is a highly attractive approach to design effective targeted 
nanomedicines. In this study, the synthesis and RAFT polymerization of a reactive 
ketone-containing methacrylamide monomer, 1-(acetonylamino)-2-methyl-
2-propen-1-one (AMPO), was investigated. A thermosensitive p(HPMAm)-b-
p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac) triblock copolymer was synthesized 
by sequential RAFT polymerization of HPMAm for the permanently hydrophilic 
block, AMPO for the crosslinkable middle block, and HPMAm-Bz with HPMAm-
Lac for the thermosensitive block. The triblock copolymer self-assembled into 
polymeric micelles with size of 52 nm (PDI of 0.03) by increasing the temperature 
of an aqueous polymer solution above its critical micelle temperature (3 oC). The 
micelles were subsequently crosslinked after addition of adipic acid dihydrazide, 
which reacts with the ketone groups of p(AMPO) located in the interfacial region 
of the micelles. The crosslinked micelles displayed substantially increased thermal 
and hydrolytic stability as compared to non-crosslinked micelles. The hydrazone 
bonds in the crosslinks were however prone to hydrolysis at mild acidic condition 
(pH 5.0). A chemotherapeutic drug, paclitaxel, was encapsulated in the polymeric 
micelles with a high loading capacity (29 wt%). The retention of paclitaxel in the 
micelles at pH 7.4 was substantially increased by interfacial crosslinking, while 
the release of the drug was accelerated at acidic condition (pH 5.0, pH of late 
endosomes and lysosomes).

1. INTRODUCTION

Amphiphilic block copolymers self-assemble in aqueous solution in polymeric 
micelles consisting of a hydrophobic core and a hydrophilic shell. The hydrophobic 
core can accommodate hydrophobic drugs and the hydrophilic shell provides 
so-called ‘stealth’ behavior of these particles after intravenous administration, 
provided that they have good stability in the circulation. Therefore these systems 
are currently under extensive investigation as delivery vehicles for hydrophobic 
drugs1-5 and some micellar formulations have reached clinical evaluations.6,7 
Polymeric micelles normally have a size below 100 nm and the diversity of 
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polymers compositions offers opportunities of functionalization, e.g., coupling of 
targeting ligands.8-12

Despite extensive investigations of polymeric micelles for drug delivery, their 
poor stability in the circulation, i.e., premature polymer dissociation associated 
with drug release, hinders effective delivery of their payloads at the aimed site 
of action.13,14 This poor stability is due to the unfavorable shift of the equilibrium 
between micelles and unimers, in case of massive dilution of the system or removal 
of the unimers or binding to plasma proteins.15-18 

To prevent dissociation of polymeric micelles in the blood circulation, chemical 
crosslinking is one of the most effective strategies.15, 19-23 Recently, researchers 
have used reversible reactions to design crosslinked polymeric micelles with 
controlled crosslinking/de-crosslinking behaviors.24-26 These systems respond 
to certain internal and/or external stimuli, such as redox potential,26-28 low pH,29-

35 and light36,37 to trigger their destabilization and concomitant release of the 
loaded drug.38 The ketone-hydrazide nucleophilic addition/elimination reaction 
is a bioorthogonal reversible reaction that yields a stable hydrazone bond under 
physiological conditions.39-42 Interestingly, hydrazone bonds are cleaved at mild 
acidic conditions, such as the local low pH of late endosomes and lysosomes.43 
However, this approach has not been exploited for crosslinking and triggered 
destabilization of polymeric micelles so far. 

In the present work, polymeric micelles based on a thermosensitive triblock 
copolymer were crosslinked with hydrazone bonds at the interface between the 
core and shell of the micelles (Figure 1). Interfacial crosslinking was chosen to 
avoid inter-micellar crosslinking, which might occur with shell-crosslink and can 
result in micelle fusion, while core-crosslinking might hamper drug loading and drug 
integrity.22 The micellar core is composed of a copolymer of N-(2-benzoyloxypropyl) 
methacrylamide and N-(2-hydroxypropyl) methacrylamide monolactate (p(HPMAm-
Bz-co-HPMAm-Lac) because this core composition has shown to have increased 
drug loading and retention for aromatic hydrophobic drugs due to π-π stacking.44 
pHPMAm is used for the hydrophilic shell-forming block, which may be a resort to 
avoid PEGylation related accelerated blood clearance (ABC) effect of nanoparticles 
in blood circulation when PEG is used as the hydrophilic corona.45-47 For the 
interfacial segment, a ketone functionalized block of poly(1-(acetonylamino)-2-
methyl-2-propen-1-one (p(AMPO)) was incorporated between the thermosensitive 
hydrophobic block and the hydrophilic block. The three blocks of the polymer were 
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sequentially built in by RAFT polymerization.48-51 Formation and crosslinking of the 
polymeric micelles were investigated, and the pH triggered de-crosslinking of and 
paclitaxel release from the micelles were studied.

Figure 1. Schematic illustration of formation (upper), crosslinking (right) and 
destabilization (bottom) of polymeric micelles based on p(HPMAm)-b-p(AMPO)-b-
p(HPMAm-Bz-co-HPMAm-Lac).

2. EXPERIMENTAL SECTION

2.1. Materials.
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N-(2-hydroxypropyl)methacrylamide (HPMAm) was purchased from 
Zentiva (Czech Republic). Pyridinium chlorochromate (PCC, 98%), 4-cyano-4-
[(dodecylsulfanyl-thiocarbonyl)sulfanyl]pentanoic acid (CDTPA), 2,2’-azobis(2-
methylpropionitrile) (AIBN, recrystallized twice from methanol before use) and 
adipic acid dihydrazide (ADH) were ordered from Sigma-Aldrich (Zwijndrecht, 
the Netherlands). Diethyl ether, hexane (mixture of isomers), ethyl acetate 
(EtOAc), dimethyl sulfoxide (DMSO) and dichloromethane (DCM) were supplied 
by Biosolve Ltd (Valkenswaard, the Netherlands) and used as received. The 
macro-chain transfer agent (macro-CTA) p(N-(2-hydroxypropyl)methacrylamide) 
(p(HPMAm)) of 4.3 kDa was synthesized according to a previously published 
method.51 N-(2-hydroxypropyl) methacrylamide monolactate (HPMAm-Lac) and 
N-(2-benzoyloxypropyl) methacrylamide (HPMAm-Bz) were synthesized and 
characterized as described previously.44

2.2. Synthesis of 1-(acetonylamino)-2-methyl-2-propen-1-one (AMPO).

AMPO was synthesized by oxidation of the hydroxyl group of HPMAm by 
pyridinium chlorochromate (PCC), following a reported procedure for the synthesis 
of 1-(carboxyamino)-2-propanone.52 In detail, a flask was charged with PCC (3 g, 
14 mmol) and DCM (14 mL). The flask was immersed in an ice-water bath and 
HPMAm (1 g in 3 mL DCM, 7 mmol) was added dropwise to the solution while 
stirring. The mixture was stirred overnight at room temperature and then 50 mL of 
diethyl ether was added. The mixture was filtered, the solvent of the filtrate was 
removed under reduced pressure, and the residual liquid was purified by silica 
column chromatography with an eluent of hexane/ethyl acetate (3/7, v/v). The final 
product was obtained as a viscous colorless oil. The structure of the product was 
confirmed with 1H NMR and electrospray ionization mass spectroscopic analysis 
(ESI-MS). 1H NMR spectra were recorded using a Gemini 300 MHz spectrometer 
(Varian Associates Inc. NMR Instruments, Palo Alto, CA) in DMSO-d6. δ(ppm): 
8.2 (s, CO-NH-CH2), 5.7 and 5.4 (s, CH2=C), 3.9 (d, CH2-C(CH3)=O), 2.1 (s, 
CH3-C=CH2), 1.8 (s, CH2-C(CH3)=O). ESI-MS was performed on a Shimadzu 
LCMS-QP8000 electrospray ionization mass spectrometer operating in a positive 
ionization mode.53

2.3. RAFT polymerization of AMPO.

p(AMPO) was synthesized by RAFT polymerization according to a procedure 
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that was previously published for the synthesis of p(HPMAm).51 AIBN was used 
as the initiator, 4-cyano-4-[(dodecylsulfanyl-thiocarbonyl)sulfanyl]pentanoic acid 
(CDTPA) was the chain transfer agent (CTA), and the polymerization was performed 
in DMSO at 70 °C. In brief, a Schlenck tube was charged with the reagents followed 
by addition of DMSO. The monomer concentration in the resulting solution was 
300 mg/mL and the molar ratio of [AMPO]/[CDTPA]/[AIBN] was 1000/5/1. The 
solution was degassed by three cycles of freeze-vacuum-thaw and the tube was 
then immersed in a pre-warmed oil bath at 70 oC. At predetermined time points, 
samples (0.1 mL) were withdrawn from the reaction mixture and analyzed by GPC 
and 1H NMR spectroscopy. The conversion of AMPO was determined by 1H NMR 
spectroscopy, by comparing the integration areas of resonances from the vinyl 
protons of AMPO at 5.35 ppm and the protons of methylene group of AMPO at 
3.85 ppm.

2.4. RAFT synthesis of the triblock copolymer p(HPMAm)-b-p(AMPO)-b-
p(HPMAm-Bz-co-HPMAm-Lac).

The triblock copolymer p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-
Lac) was synthesized by sequential RAFT chain extension of p(HPMAm) macro-
CTA with AMPO, followed by chain extension with the comonomers HPMAm-Bz 
and HPMAm-Lac.51 

Firstly, p(HPMAm) macro-CTA (4.3 kDa, section 2.1) was extended with AMPO 
by RAFT polymerization to yield the diblock copolymer p(HPMAm)-b-p(AMPO). In 
detail, a Schlenck tube was charged with p(HPMAm) macro-CTA (38 mg, 0.0088 
mmol), AMPO (100 mg, 0.71 mmol), AIBN (0.29 mg, 0.0018 mmol) and DMSO 
(0.25 mL). The feed molar ratio of [AMPO]/[p(HPMAm)]/[AIBN] was 400/5/1 and 
the AMPO concentration was 400 mg/mL. The reaction solution was degassed 
by three cycles of freeze-vacuum-thaw prior to polymerization. Next, the reaction 
Schlenck tube was immersed in an oil bath at 70 oC. After four hours, the solution 
was quenched in liquid nitrogen and subsequently the mixture was thawed at room 
temperature. The polymer was isolated by precipitation of the reaction mixture in 
an excess of diethyl ether (repeated two times), redissolved in reverse osmosis 
(RO) water and dialyzed against RO water. The polymer was recovered as a pale-
yellow powder after freeze-drying. 

The triblock copolymer p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-
Lac) was synthesized by RAFT chain extension of p(HPMAm)-b-p(AMPO) with 
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HPMAm-Bz and HPMAm-Lac following the aforementioned procedure as described 
above in this section. In detail, a Schlenck tube was charged with p(HPMAm)-b-
p(AMPO) (18 mg, 0.0023 mmol), HPMAm-Bz (22 mg, 0.091 mmol), HPMAm-Lac 
(78 mg, 0.36 mmol), AIBN (0.074 mg, 0.00045 mmol) and DMSO (0.2 mL). The 
feed molar ratio of HPMAm-Bz and HPMAm-Lac was 1/4; the feed molar ratio 
of [HPMAm-Bz and HPMAm-Lac]/[p(HPMAm)-b-p(AMPO)]/[AIBN] was 1000/5/1 
and the total monomer concentration was 500 mg/mL. The reaction mixture was 
degassed by three cycles of freeze-vacuum-thaw and then heated at 70 oC in an 
oil bath. The solution was quenched in liquid nitrogen after eight hours of reaction. 
The polymer was isolated, purified and dried as described in this section.

2.5. Characterization of the synthesized polymers by 1H NMR spectroscopy 
and GPC analysis.

1H NMR spectra were recorded using a Gemini 300 MHz spectrometer (Varian 
Associates Inc. NMR Instruments, Palo Alto, CA), using DMSO-d6 as solvent. The 
DMSO peak at 2.5 ppm was used as the reference line. Chemical shifts of p(AMPO): 
7.6 (b, CO-NH-CH2), 3.9 (b, NH-CH2-C(CH3)=O), 0.6-2.4 (b, the protons from the 
two methyl groups and backbone CH2 protons). Chemical shifts of p(HPMAm): 7.1 
(b, CO-NH-CH2), 4.7 (s, CH(CH3)-OH), 3.7 (s, NH-CH2-CH(CH3)-OH), 2.9 (b, NH-
CH2-CH), 0.4-2.0 (b, the protons from the two methyl groups and backbone CH2 
protons). Chemical shifts of the diblock copolymer p(HPMAm-b-AMPO): in addition 
to the protons from p(HPMAm), 7.5 (b, CO-NH-CH2), 3.9 (b, NH-CH2-C(CH3)=O), 
0.4-2.4 (b, the protons from the methyl groups and backbone CH2 protons). 
Chemical shifts of the triblock copolymer (p(HPMAm)-b-p(AMPO)-b-p(HPMAm-
Bz-co-HPMAm-Lac)): in addition to the protons from p(HPMAm)-b-p(AMPO), 
7.9 (s, 2H, aromatic CH), 7.5-7.7 (b, 3H, aromatic CH), 7.3 (b, CO-NH-CH2), 5.3 
(d, CH(CH3)-OH), 5.0 (b, NH-CH2-CH(CH3)-O-(Bz)), 4.8 (b, NH-CH2-CH(CH3)-O-
(Lac)), 4.1 (s, CH(CH3)-OH), 3.2 (b, NH-CH2-CH), 0.4-2.4 (b, the protons from the 
methyl groups and backbone CH2 protons).

The number-average molecular weight (Mn, 
1H NMR) of p(HPMAm) macro-CTA 

was calculated according to a method described previously51. The Mn (
1H NMR) 

of p(HPMAm)-b-p(AMPO) was determined as follows: (a) the value of the integral 
of the hydroxyl protons of p(HPMAm) at 4.7 ppm was set as 2751 (the average 
number of hydroxyl protons per one p(HPMAm) chain), and (b) the number of 
repeating units of p(AMPO) block in the polymers was calculated from the integral 
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of the amide protons (7.5 ppm, 1H, CO-NH-CH2) of the p(AMPO) block: 

Mn (diblock, 1H NMR) = Mn (p(HPMAm), 1H NMR) + (integral (1H at 7.5 
ppm)×141) (g/mol)   

For the triblock copolymer, the Mn (1H NMR) was calculated based on the 
number of repeating units of HPMAm-Lac and HPMAm-Bz calculated by the 
integral of methyne protons of HPMAm-Lac (4.1 ppm, 1H, CH(CH3)-OH) and 
aromatic protons of HPMAm-Bz units (7.9 ppm, 2H):

Mn (triblock, 1H NMR) = Mn (diblock, 1H NMR) + (integral (1H at 4.1 ppm)×214 + 
integral (2H at 7.9 ppm)/2×247) (g/mol)

The mol % of HPMAm-Bz in the triblock copolymer was calculated by the 
following equation: 

mol % of HPMAm-Bz = 100
ppm) 4.1at  (1H integral2 / ppm) 7.9at  (2H integral

2 / ppm) 7.9at  (2H integral
×

+

GPC was conducted to determine the number average molecular weight (Mn), 
weight average molecular weight (Mw) and polydispersity (PDI; Mw/Mn) using two 
serial Plgel 5 μm MIXED-D columns (Polymer Laboratories) and PEGs of narrow 
molecular weights as calibration standards. The eluent was DMF containing 10 
mM LiCl, the elution rate was 0.7 mL/min and the column temperature was 40 °C. 
The polymer concentration in the GPC samples was 5 mg/mL in DMF.44

2.6. Formation and crosslinking of the polymeric micelles.

The micelles were prepared by a fast heating method.44,54 The polymer was 
dissolved at a concentration of 10 mg/mL in phosphate buffer (pH 6.5, 170 mM) at 
0 oC for 16 hours in. Subsequently, micelles were formed in a glass tube containing 
the polymer solution (typically 1 mL) by immersing the tube in a water bath of 50 
oC for one minute with vigorous shaking. Next, the micellar suspension was cooled 
to room temperature. 

For crosslinking of the polymeric micelles, ADH (=adipic acid dihydrazide, 
crosslinking agent) was dissolved in the same buffer at a concentration of 50 mg/
mL and added to the micellar dispersion at a molar feed ratio of ADH/ketone of 1/2. 
The micellar suspension was vortexed for 20 seconds and incubated at 37 oC for 
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five hours. The size of the (non-)crosslinked micelles was measured by dynamic 
light scattering (DLS) using a Malvern 4700 system (Malvern Ltd., Malvern, U.K.) 
consisting of an Autosizer 4700 spectrometer, a pump/filter unit, a model 2013 
air-cooler argon ion laser (75 mW, 488 nm, equipped with a model 2500 remote 
interface controller, Uniphase) and a water bath, and a computer with DLS software 
(PCS, version 3.15, Malvern). Z-average diameter (Zave, nm) and polydispersity 
(PDI) of the micelles are reported. The dispersion of the (non-)crosslinked 
polymeric micelles was freeze-dried and analyzed by Fourier transform infrared 
spectroscopy (FTIR) using a BIO-RAD FTS6000 FT IR (BIO-RAD, Cambridge, 
MA, USA) instrument.55

2.7. Thermal and hydrolytic stability of the (non-)crosslinked polymeric 
micelles.

The thermal stability of the (non-)crosslinked micelles was studied by monitoring 
the Zave and light scattering intensity (LSI) of the micelles by DLS while cooling a 
micellar dispersion from 25 to 2 oC. The Zave was plotted against the temperature 
and the onset on the x-axis, obtained by extrapolation of the Zave-temperature curve 
to the baseline, was taken as the CMT (Figure S2).

The hydrolytic stability of (non-)crosslinked micelles based on the triblock 
copolymer was studied by monitoring the Zave and the light scattering intensity (LSI) 
of the micelles by DLS under accelerated hydrolysis condition (pH 10.0 and 37 oC) 
as previously reported.44 The micelles were prepared and crosslinked as described 
in section 2.6. The pH of the micellar dispersion was subsequently adjusted to pH 
10.0 by a 5-fold dilution with 500 mM Na2CO3/NaHCO3 pH 10.0 buffer. The samples 
were subsequently incubated at 37 oC, and the Zave and LSI were monitored by 
continuous DLS measurements for 12-14 hours at 37 oC.

2.8. pH triggered destabilization of hydrazone-crosslinked micelles.

The hydrazone crosslinked micelles prepared as described in section 2.6 were 
incubated at pH 10.0 and 37 oC as described in section 2.7, to hydrolyze the lactate 
side groups of the micelles core. The pH of the micellar dispersion was thereafter 
adjusted to 5.0 by addition of 1 M HCl. The size and light scattering intensity of the 
micelles at pH 5.0 were measured by DLS at 37 oC.
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2.9. Paclitaxel loading and pH dependent PTX retention in the (non-)
crosslinked polymeric micelles.

To prepare paclitaxel (PTX)-loaded micelles, 0.1 mL of PTX solution in ethanol 
(concentrations from 20 to 80 mg/mL) was added to a glass tube containing 0.9 
mL of an ice cold polymer solution of p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-
HPMAm-Lac) at 10 mg/mL and then immediately heated for 1 min by immersion 
of the tube in a water bath at 50 °C. Subsequently, the micellar dispersions were 
stored overnight at room temperature. The non-loaded precipitated drug was 
removed by filtration as reported before44 and the PTX-loaded polymeric micelles 
were crosslinked as detailed in 2.6. The PTX content in the micellar dispersion was 
quantified by UPLC analysis, and the encapsulation efficiency (EE) and loading 
capacity (LC) were calculated as previously published.44 

The retention of PTX in the (non-)crosslinked micelles was performed as 
previously reported.44 PTX-loaded crosslinked micelles were prepared as 
described above and the pH was adjusted to 7.4 or 5.0 by diluting 5-fold with 
500 mM phosphate buffer (pH 7.4) or ammonium acetate buffer (pH 5.0). PTX-
loaded non-crosslinked micelles were also diluted 5-fold with 500 mM phosphate 
buffer, pH 7.4. The micellar dispersions were incubated at 37 °C with constant 
shaking, during which PTX slowly released and precipitated due to its low water 
solubility (0.3 μg/mL56). Aliquots were taken and centrifuged at 5000 g for 10 min 
to spin down the precipitated drug. Next, the PTX content in the supernatant was 
quantified by UPLC analysis as described previously.44

3. RESULTS AND DISCUSSION

3.1. Synthesis and RAFT polymerization of AMPO.

The synthesis of AMPO was previously reported by Y. Iwakura, et al.57,58 by 
the classical Schotten-Baumann reaction of methacryloyl chloride and 1-amino-
2-propanone hydrochloride in the presence of a base. However, the yield of the 
reaction was rather low (18%) due to the formation of the byproduct, 2,5-dimethyl-
3,6-disubstitutepdyrazine. In the present study, AMPO was therefore synthesized 
by oxidation of N-(2-hydroxypropyl) methacrylamide (HPMAm) with pyridinium 
chlorochromate (PCC) (Scheme 1). The reaction mixture was fractionated by 
silica column chromatography to obtain the aimed product as a viscous colorless 
oil with a yield of 69%. The structure of the product was confirmed by 1H NMR 
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spectroscopy, and ESI-MS (m/z calculated [M + H]+ 142.08, found 141.90).

Scheme 1. Synthesis and RAFT polymerization of AMPO.

The RAFT polymerization of the AMPO was performed according to a previously 
reported method for the polymerization of HPMAm to validate the polymerization 
condition, using AIBN as an initiator and CDTPA as a CTA in DMSO.51 The 
semilogarithmic plot of monomer concentration versus time is shown in Figure 2A 
and shows that the monomer conversion was 53% in 8 hour. Figure 2B shows that 
the experimental Mn of the polymers correlates reasonably well with the theoretical 
Mn calculated by AMPO conversion, and the molecular weight distribution (PDI) of 
the polymers was <1.3.

Interestingly, previous polymerization of AMPO via free radical polymerization 
route resulted in a water-insoluble polymer,58 but the p(AMPO)s synthesized by 
RAFT in the current study with defined molecular weight ranging from 2 to 15 kDa 
and low PDI are soluble in water at relatively high concentrations, e.g., 40 mg/mL. 
The high water-solubility of the p(AMPO)s synthesized by RAFT polymerization 
can likely be attributed to the low and narrow distribution of their molecular weight, 
as compared to those of p(AMPO) synthesized by free radial polymerization (~80 
kDa, estimated based on the monomer conversion58). 
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Figure 2. Plot of ln([M]0/[M]t) versus time for the RAFT polymerization of AMPO (A) 
and plot of experimental Mn (GPC) versus conversion of AMPO with Mn (theory) 
calculated from the conversion (B).

3.2. RAFT polymerization and characterizations of triblock copolymer 
p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac).

Firstly, a macro-CTA p(HPMAm) was synthesized by RAFT polymerization with 
an Mn of 4.3 kDa according to 1H NMR and 3.0 kDa according to GPC (PDI 1.2), 
which is in the molecular weight range of p(HPMAm) used as a stealth polymer 
in vivo.60-62 Subsequently, p(HPMAm) was extended with AMPO (Figure 3A). 
The AMPO conversion was 34% after a reaction time of 4 hours. The resulting 
diblock copolymer p(HPMAm)-b-p(AMPO) was analyzed by GPC (Figure 3B) and 
1H NMR spectroscopy (Figure 3C). From the 1H NMR spectrum, the Mn (by) of 
the p(AMPO) block, calculated as described in section 2.3, was 3.8 kDa, which 
ensures a sufficient amount of crosslinkable AMPO repeating units in the polymer. 
As expected, GPC analysis showed that the retention time of the diblock copolymer 
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was shorter than that of p(HPMAm). The Mn of the diblock copolymer by GPC was 
5.6 kDa, which has a reasonable correlation to that calculated by 1H NMR analysis 
(8.1 kDa). The PDI of the diblock copolymer was low (1.2), which suggests a good 
control of the chain extension polymerization. Indeed, the GPC trace of the diblock 
copolymer shows one molecular weight distribution with a negligible low molecular 
weight tailing, which is a strong evidence that indeed a p(HPMAm)-b-p(AMPO) 
block copolymer was formed.

In the next step, p(HPMAm)-b-p(AMPO) was chain extended with HPMAm-
Lac and HPMAm-Bz (Figure 3A), which were previously utilized to synthesize 
the thermosensitive amphiphilic copolymers mPEG-b-p(HPMAm-Bz-co-HPMAm-
Lac).44 Based on NMR analysis, the calculated Mn of the formed triblock copolymer 
was 29.1 kDa. NMR analysis also showed that the conversions of the both 
monomers were 48% after 8 hours of polymerization and in line herewith the 
mol % of HPMAm-Bz in the thermosensitive block was 20% which is identical to 
that of the feed. The data shows that HPMAm-Lac and HPMAm-Bz have similar 
radical polymerization reactivities and were randomly copolymerized, in line with 
our previous publication.44 GPC analysis showed that the triblock copolymer has 
a shorter retention time than that of the diblock copolymer, indicating that chain 
extension had occurred (Figure 3B). The Mn measured by GPC was 22.5 kDa 
(PDI of 1.4) (versus 29.1 by 1H NMR) which can be ascribed to the fact that GPC 
molecular weight is based on PEG standards.63 Taken together, the results show 
that a triblock copolymer with defined structure was successfully synthesized by 
sequential RAFT polymerization.
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Figure 3. Reaction scheme of the RAFT polymerizations (middle) (A), GPC traces 
of the macro-CTA p(HPMAm), diblock copolymer p(HPMAm)-b-p(AMPO) and 
triblock copolymer p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac) (B) 
and 1H NMR spectra of p(HPMAm) (in blue) and di/triblock copolymers (in red and 
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purple, respectively) (C).

3.3. Formation and crosslinking of the polymeric micelles.

The triblock copolymer is composed of two water-soluble blocks (p(HPMAm) and 
p(AMPO)) and one thermosensitive block p(HPMAm-Bz-co-HPMAm-Lac). Such 
block copolymers are water-soluble below the lower critical solution temperature 
(LCST) of the temperature sensitive block and form micelles above this temperature, 
as shown by Topp et al. for PNIPAM-PEG.64 Making use of the thermosensitivity 
of the polymer p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac), micelles 
were ‘simply’ formed by heating an ice-cold aqueous polymer solution of 10 mg/
mL to 50 oC. DLS analysis showed that the size of the micelles at 37 oC was 52 nm 
with a low polydispersity of 0.03. 

The polymeric micelles were crosslinked with ADH, which reacts with ketone 
group of the p(AMPO) block of the triblock copolymer to yield hydrazone bonds 
(Scheme 2). The crosslinked micelles were analyzed by FTIR spectroscopy (Figure 
4). A typical strong absorption band of ketone groups at 1719 cm-1 was observed in 
the non-crosslinked micelles (blue curve), while this band almost fully disappeared 
after the crosslinking reaction. This result strongly indicates that the ketone groups 
of the triblock copolymer had reacted with hydrazide groups of ADH. The IR band 
of the formed C=N bonds of the imine groups (commonly between 1690-1620 cm-

1)65 was not clearly visible in the spectrum (in red) which can be ascribed to the 
fact it does not have a strong IR absorption,66 and is also masked by neighbor 
absorption bands, e.g., in this case by the strong band at 1639 cm-1 assigned 
to amide carbonyl of the polymer.66 To check the integrity of the ester bonds in 
the HPMAm-Bz-co-HPMAm-Lac block during crosslinking, the closely related 
block copolymer mPEG-b-p(HPMAm-Bz-co-HPMAm-Lac)44 was incubated with 
ADH at the same concentration and reaction conditions, and analyzed with NMR 
spectroscopy (supporting information). No aminolysis of the ester groups of the 
p(HPMAm-Bz-co-HPMAm-Lac) block was detected (Figure S1), which suggests 
that the crosslinking of the polymeric micelles based on p(HPMAm)-b-p(AMPO)-
b-p(HPMAm-Bz-co-HPMAm-Lac) was in a chemoselective manner, meaning that 
only the ketone groups reacted with ADH. 
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Scheme 2. Crosslinking and de-crosslinking of the polymeric micelles based on 
p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac) at different pHs. 

Figure 4. FTIR spectra of the triblock copolymer (in blue) and the crosslinked 
micelles (in red).

The size and polydispersity of the crosslinked micelles (55 nm and 0.04 
respectively) were, within experimental error, the same of that of the non-crosslinked 
micelles. Therefore, inter-micellar crosslinking, which would result in an increase 
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in size and PDI, did not occur for the p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-
HPMAm-Lac) micelles under the applied conditions (10 mg/mL, pH 6.5 and 37 oC). 

3.4. Thermal and hydrolytic stability of the (non-)crosslinked polymeric 
micelles.

Figure 5A shows that when an aqueous dispersion of non-crosslinked micelles 
was slowly cooled down from 25 to 2 oC, the size of the micelles (55 nm at 25 
oC) increased to 65 nm at 5 °C, which indicates swelling of the micellar core 
caused by hydration of the p(HPMAm-Bz-co-HPMAm-Lac) block. When the 
temperature further decreased to 2.0 oC, the size dropped to around 5 nm which 
was accompanied by a strong decrease in scattering intensity, which indicates that 
the micelles dissociated67 and can be explained by the critical micelle temperature 
(CMT) of the polymer which was around 3 oC (Figure S2). The crosslinked micelles 
displayed completely different thermo-responsiveness. DLS analysis (Figure 5B) 
showed that the micelles became slightly bigger (up to around 70 nm) when the 
dispersion was cooled to around 2 oC, which can be ascribed to the hydration of the 
crosslinked micellar core at low temperatures. At the same time, the light scattering 
intensity of the crosslinked micelles decreased by approximately 50% (form 25 to 
2.5 oC), because the hydration decreased the density of the micelles. However, 
neither a further reduction in scattering intensity nor a decrease in particle size was 
observed, as was seen for the non-crosslinked micelles at <5 oC. Therefore, one 
can conclude that the integrity of the crosslinked micelles was maintained and that 
the micelles were indeed successfully crosslinked by the hydrazone bonds.

The hydrolytic (in)stability of the (non-)crosslinked micelles was conducted 
under accelerated condition (pH 10.0 and 37 oC). The fact that the hydrolysis of the 
lactate and benzoate side groups in the pH range 7 to 10 is first order in [OH-] allows 
calculation of the destabilization time of the non-crosslinked polymeric micelles at 
physiological pH.68 The non-crosslinked micelles began to swell after around 1 
hour, accompanied by a gradual but large increase of the light scattering intensity, 
and dissociated after 4.5 hour as reflected by the substantial decrease of the light 
scattering intensity (Figure 6A). The destabilization time of the non-crosslinked 
micelles at pH 7.4 and 37 oC is estimated to be around 1800 hours (75 days) based 
on the first-order hydrolysis kinetics. These data are in line with previous report44 
and can be explained by the hydrolytic removal of the hydrophobic lactate (and part 
of the benzoate) groups attached to the polymer backbone, followed by hydration of 
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the micellar core due to its increased hydrophilicity. Destabilization of the micelles 
finally occurs when the LCST of the polymer drops by this increasing hydrophilicity 
and passes the incubation temperature (37 °C). In contrast to non-crosslinked 
micelles, the size of the crosslinked micelles only slightly increased during the first 
8 hours and then remained constant for more than 14 hours, because hydrazone 
crosslinks are stable at this high pH.69 Simultaneously, because the size increase 
was only modest, the light scattering intensity did not increase but decreased, 
which is likely due to that the micellar core became less dense and more hydrophilic 
and hydrated because of hydrolysis of the lactate (and benzoate) side groups. 
However, the micelles did not disintegrate due to the interfacial crosslinking. 

Figure 5. Change of Zave diameter and light scattering intensity of (non-)crosslinked 
micelles in aqueous medium during cooling (A: non-crosslinked; B: crosslinked) 
and during hydrolysis at pH 10.0 and 37 oC (C: non-crosslinked; D: crosslinked) 
measured by DLS. 

3.5. Acid hydrolysis of the polymeric micelles.

As mentioned in the introduction, hydrazone bonds can be cleaved under mild 
acidic conditions.69 To investigate this, we took the micelles that were first exposed 
to pH 10 as described in the previous section, in which the core of the micelles 
was hydrophilized by hydrolysis of the lactate groups. DLS analysis was used to 
investigate the stability of these fully hydrophilic but still crosslinked micelles at 37 
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oC and pH 5.0, which is the pH value of late endosomes and lysosomes.70 Figure 
6 shows that the light scattering intensity (LSI) and particle size of the micellar 
dispersion remained quite stable for the first 0.5 hour, but then both rapidly started 
to increase when probably the crosslink density was decreased such that it allowed 
swelling of the particles. The LSI peaked at close to two hours and simultaneously 
the particle size increased from 70 nm to 370 nm. Beyond two hours incubation, 
the LSI decreased and at 10 hours no particles were detected which points to acid-
catalyzed hydrolysis of the hydrazone bonds in the crosslinks of the micelles. 

Figure 6. Zave diameter and light scattering intensity of crosslinked micelles upon 
incubation at pH 5.0 and 37 oC. Micelles were first subjected to hydrolysis at pH 10 
to convert the micellar core from hydrophobic to hydrophilic.

3.6. Preparation, crosslinking and drug-release of paclitaxel-loaded micelles.

Paclitaxel (PTX) was loaded in the polymeric micelles by the fast heating method 
as described in section 2.9. The results are shown in Figure 7. The encapsulation 
efficiency (EE) decreased from 80% to 45% at increasing feed PTX concentration 
from 2 to 8 mg/mL. Above a feed of 6 mg/mL, the loading capacity (LC) was 28.6 ± 
0.4%, which is in line with previously published data on PTX-loaded micelles with 
similar core block, i.e. mPEG-b-p(HPMAm-Bz-co-HPMAm-Lac).44 The high drug 
loading capacity and encapsulation efficiency are attributed to the aromatic π-π 
stacking between the benzoyl pendent groups in the micellar core and aromatic 
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groups of PTX.51 The size of the PTX-loaded micelles prepared at a feed PTX 
concentration of 4 mg/mL was 72 nm (PDI 0.09). The polymeric micelles were then 
crosslinked with ADH as described in section 2.9 and the size of the crosslinked 
PTX-loaded micelles remained the same after the crosslinking (74 nm, PDI 0.10), 
as also observed for the non-loaded micelles. The PTX content loss during the 
crosslinking was negligible, i.e., for micelles with the feed PTX concentration of 4 
mg/mL, the PTX content before and after crosslinking were 3.1 ± 0.1 and 3.0 ± 0.1 
mg/mL, respectively.  

Figure 7. Encapsulation efficiency and loading capacity of the polymeric micelles 
before crosslinking, with different feed PTX concentrations (polymer concentration 
of 9 mg/mL).

Previous study showed that the mPEG-b-p(HPMAm-Bz-co-HPMAm-Lac) 
micelles remain stable at pH 7.4 and 37 oC for at least 30 days,44 but still released 
substantial amounts of PTX during the first several days even under non-sink 
conditions.51 Likewise, as shown in Figure 8, 45% of PTX was released and 
precipitated from the non-crosslinked p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-
HPMAm-Lac) micelles in 10 days at 37 oC. Therefore, the PTX release from both 
type of micelles with p(HPMAm-Bz-co-HPMAm-Lac)-based core is mainly attributed 
to diffusion of PTX in the time frame of the release study. For the interfacially 
crosslinked micelles at pH 7.4, the drug release rate was significantly retarded (i.e. 
around 25% in 10 days), which can be explained by the crosslinked interface that 
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gives an additional barrier for diffusion of the PTX molecules. Interestingly, for the 
PTX-loaded crosslinked micelles incubated at pH 5.0, the drug release rate was 
similar as that of non-crosslinked micelles at pH 7.4. This accelerated release rate 
at low pH can be explained by the de-crosslinking of the pH sensitive hydrazone 
linkages as shown in section 2.8. At pH 5.0, the crosslinked micelles were fully 
de-crosslinked in about 6-10 hours as demonstrated in Figure 6, but no hydrolysis 
of lactate and benzoyl groups occurs under this condition. Thus, the crosslinked 
micelles were converted into non-crosslinked micelles, which explains the same 
release of PTX from the non-crosslinked micelles and crosslinked micelles at 
pH 5.0. This pH-triggered drug release makes the system potentially useful for 
intracellular drug delivery, in which the drug release is triggered by the low pH of 
late endosomes and lysosomes.

Figure 8. Cumulative PTX release from the non-crosslinked and crosslinked 
micelles at pH 7.4 and 5.0 and 37 oC. 

4. CONCLUSION

    A triblock copolymer of p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac) 
was synthesized by RAFT polymerization and the triblock copolymer forms micelles 
in aqueous solution above 3 oC. The micelles can be interfacially crosslinked by 
ADH with pH-sensitive hydrazone bonds. These crosslinked micelles were stable 
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at low temperature below the CMT of the non-crosslinked micelles or at high pH, 
but dissociated at pH 5.0 after the lactate groups were hydrolyzed at pH 10.0. 
PTX-release from the interfacially crosslinked micelles was slower than from non-
crosslinked micelles, but can be accelerated at pH 5.0. Further in vivo studies with 
the present polymeric micelles for drug delivery will be conducted. 
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SUPPORTING INFORMATION

1. Possible aminolysis of HPMAm-Bz and HPMAm-Lac repeating units in 
polymeric micelles due to reaction with ADH. 

The hydrazide groups of ADH might react with the esters side groups in 
p(HPMAm-Bz-co-HPMAm-Lac) block (aminolysis). To study the occurrence of 
this possible reaction mPEG-p(HPMAm-Bz-co-HPMAm-Lac) (synthesized as 
described before)1 was dissolved at a concentration of 10 mg/mL in phosphate 
buffer (pH 6.5, 170 mM) at 0 oC, followed by a fast heating procedure at 50 oC to 
yield polymeric micelles. Next, ADH (50 mg/ml in pH 6.5 phosphate buffer (170 
mM)) was added and the mixture was incubated at 37 oC for five hours. The feed 
molar ratio of ADH/lactate and benzoyl groups was one to one. Subsequently, the 
mixture was dialyzed against phosphate buffer pH 6.5 (170 mM) and subsequently 
reverse osmosis water to remove low molecular weight products and the polymer 
was recovered by freeze drying. The composition of the polymer was studied by 
1H NMR analysis.1 

NMR analysis showed that the chemical composition of the polymer after 
incubation with ADH was identical to that before incubation, i.e., ratio of the protons 
of benzoyl and lactate groups to that of mPEG and the ratio between benzoyl and 
lactate groups were not changed (Figure S1). This means that ADH is not reactive 
towards the lactate and benzoyl pendent ester groups of the micelles under the 
applied conditions. 
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Figure S1. 1H NMR spectra of mPEG-b-p(HPMAm-Bz-co-HPMAm-Lac) (DMSO-d6) 
prior to and after incubation with ADH at 37 oC for 5 hours. 

2. Determination of CMT. 

Figure S2. Determination of the CMT based on DLS measurements.
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ABSTRACT

The aim of the present study was to evaluate the therapeutic efficacy of π-π 
stacking stabilized polymeric micelles loaded with the chemotherapeutic drug 
paclitaxel in an A431 human xenograft tumor model in mice. An amphiphilic 
block copolymer, methoxy poly(ethylene glycol)-b-(N-(2-benzoyloxypropyl) 
methacrylamide)) (mPEG-b-p(HPMAm-Bz)), was used to prepare paclitaxel(PTX)-
loaded polymeric micelles, which showed a high loading capacity (23 wt%), 
small size (79-104 nm) and narrow size distribution as reflected by the low 
PDI (<0.15). The mPEG-b-p(HPMAm-Bz) micelles had excellent stability in the 
blood circulation, as evidenced from the measured half-life of PTX of 8.1 hours 
compared to that of PTX in Taxol® or thermosensitive micelles based on methoxy 
poly(ethylene glycol)-b-(N-(2-benzoyloxy/naphthoyloxypropyl) methacrylamide)-
co-(N-(2-lactoyloxypropyl) methacrylamide) (<10% injected dose was present 
in the circulation 2 minutes post injection). As a result of the long circulation of 
the PTX-loaded mPEG-b-p(HPMAm-Bz) micelles, their tumor accumulation was 
substantial (~8 ID%/g 24 hours post injection), whereas that of PTX in Taxol® 
or the thermosensitive micelles was < 0.4 ID%/g. The long circulation and high 
tumor accumulation of the mPEG-b-p(HPMAm-Bz) micelles were also confirmed 
by multimodal in vivo and ex vivo imaging studies. Mice that received the PTX-
loaded mPEG-b-p(HPMAm-Bz) micelles showed a inhibition of the tumor growth 
for ~28 days, whereas at an equal dose of Taxol® formulation (15 mg/kg PTX, 
twice a week), a poor efficacy was observed (tumor reaching ~1500 mm3 in 20 
days). Tumor regression was found after administration of PTX-loaded mPEG-b-
p(HPMAm-Bz) micelles at a PTX dose of 30 mg/kg (twice a week) for ~35 days. 
In conclusion, PTX-loaded mPEG-b-p(HPMAm-Bz) micelles have a significantly 
prolonged circulation time and enhanced tumor accumulation, which results in 
substantially improved anti-tumor efficacy.  

KEYWORDS: polymeric micelles, π-π stacking, circulation time, paclitaxel, in vivo 
imaging, tumor regression

1. INTRODUCTION

Polymeric micelles are an attractive class of carriers for hydrophobic drugs 
such as the anti-cancer agent paclitaxel (PTX).1-5 A decade ago, PTX-loaded 
monomethoxy poly(ethylene glycol)-block-poly(D,L-lactide) (mPEG-PDLLA) 
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based polymeric micelles (Genexol® PM) entered clinical trials and were thereafter 
approved for the treatment of various cancers in South Korea and several other 
counties.6, 7 Because of the good biocompatibility of mPEG-PDLLA, the Genexol® 

PM formulation showed a significantly decreased toxicity as compared to the 
Taxol® formulation.6, 8, 9 In recent years, also other polymeric micellar systems 
have been evaluated in (pre)clinical studies for cancer therapy.10, 11 However, it 
has been observed in many studies that the drug payloads in polymeric micelles 
have similar pharmacokinetics as that of the free drugs. For example, PTX loaded 
in several different polymeric micelles is eliminated after iv administration within 
minutes and with the same kinetics as that of PTX solubilized in Cremophor EL/
ethanol (Taxol®).12-14 The quick elimination of micellar PTX is most likely caused by 
destabilization of the micelles15, 16 and/or rapid PTX release from the micelles.12, 13 
Because of the poor pharmacokinetics of PTX loaded in polymeric micelles, the 
potential of these systems to increase therapeutic efficacy by making use of the 
enhanced permeability and retention (EPR) effect is not exploited .4, 17-22 

The quick elimination of drugs loaded in polymeric micelles from the blood 
circulation can be ascribed due the dissociation of polymeric micelles after injection 
and/or extraction of drug molecules from the micellar core. The dissociation of 
polymeric micelles can be prevented by chemical crosslinking,23-26 but this strategy 
does not necessarily improve the drug retention in the micelles, as revealed by a 
study showing that PTX loaded in core-crosslinked polymeric micelles was rapidly 
eliminated from the blood circulation, and with the same kinetics as that of the same 
drug loaded in non-crosslinked micelles.27 Chemical conjugation of drug molecules 
to polymeric micelles has been shown to be an effective method to increase the 
drug retention in polymeric micelles.28-31 However, chemical modification of drug 
molecules and their conjugation to polymeric micelles can be technically challenging 
and may adversely affect their pharmacological effect. For instance, amphiphilic 
micelle-forming polymers were synthesized by conjugation of doxorubicin to 
increase the hydrophobicity of one of the blocks the polymers.32, 33 However, it was 
found that chemically conjugated doxorubicin in poly(ethylene glycol)-poly(aspartic 
acid) block copolymer based micelles showed only negligible in vivo activity, while 
the physically entrapped doxorubicin resulted in good antitumor activity in a murine 
C26 xenograft model.33

Kataoka et al. have previously reported that poly(ethylene glycol)-poly(aspartate) 
block copolymers derived with 4-phenyl-1-butanol formed micelles that showed 
high PTX retention in vivo.34, 35 However, post-polymerization modifications of the 
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poly(aspartate) block with 4-phenyl-1-butanol was found to be essential to increase 
the stability of the formed polymeric micelles. In a recent study, we showed that the 
drug loading capacity and drug retention of PTX-loaded thermosensitive polymeric 
micelles were significantly improved by incorporating aromatic methacrylamide 
monomers in the hydrophobic block of thermosensitive polymers based on 
methoxy poly(ethylene glycol)-b-(N-(2-lactoyloxypropyl) methacrylamide) (mPEG-
b-p(HPMAm-Lac), which was attributed to π-π stacking interaction between PTX 
and the aromatic groups of the polymer chains.36 In the current study, we report on 
a simple and one-step synthesis of an amphiphilic polymer which forms micelles 
in aqueous solution that are stabilized by π-π stacking interactions. PTX was 
loaded in the micelles and the blood circulation kinetics and biodistribution of the 
PTX-loaded polymeric micelles in tumor-bearing mice were studied by multimodal 
imaging techniques and ultra performance liquid chromatography (UPLC) analysis. 
Finally, the therapeutic efficacy of PTX-loaded micelles was studied in a human 
tumor xenograft model in mice. 

2. MATERIALS AND METHODS

2.1 Materials.

The mPEG2-ABCPA macroinitiator (Mn of mPEG = 5000 g/mol) and HPMAm-Bz 
were synthesized as described previously.36, 37 N-(2-aminoethyl)methacrylamide 
hydrochloride (AEMAm) was purchased from Polysciences, Inc. Cyanine7 
(Cy7) NHS ester and Cyanine5.5 alkyne (Cy5) were ordered from Lumiprobe 
Corporation. Paclitaxel (PTX) was purchased from LC Laboratories (MA, USA). 
Acetonitrile (ACN), diethyl ether and N,N-dimethylformamide (DMF) were supplied 
by Biosolve Ltd (Valkenswaard, the Netherlands). PEGs for GPC calibration were 
obtained from Polymer Standards Service-USA Inc. Syringe filters with Nylon 
membrane (Acrodisc®, size of 0.45 µm) were ordered from Pall Corporation. Taxol® 
was purchased from Bristol-Myers Squibb. PBS pH 7.4 (8.2 g of NaCl, 3.1 g of 
Na2HPO4⋅12H2O, 0.3 g of NaH2PO4 ⋅2H2O per 0.5 L) was ordered from B. Braun 
Melsungen AG. A431 cells were purchased from American Type Culture Collection 
(ATCC, Manassas, VA, USA). 

2.2  Synthesis and characterizations of mPEG-b-p(HPMAm-Bz).

A block copolymer of methoxy poly(ethylene glycol)-b-(N-(2-benzoyloxypropyl) 
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methacrylamide)) (mPEG-b-p(HPMAm-Bz) was synthesized via a macroinitiator 
route36, 38 using mPEG2-ABCPA as macroinitiator and HPMAm-Bz as monomer 
(Scheme 1A). The monomer was dissolved at a concentration of 0.3 g/mL in ACN 
(dried on A4 molecular sieves) and the molar ratio of monomer-to-macroinitiator 
was 200/1. The solution was degassed by flushing with nitrogen for 30 minutes. 
The reaction was conducted at 70 °C for 24 hours under a nitrogen atmosphere. 
The polymer was purified by precipitation in diethyl ether and this dissolution/
precipitation procedure was repeated twice. The polymer was dried under vacuum 
at room temperature for 24 hours and collected as a white powder. The critical 
micelles concentration (CMC) of the polymer was measured according to a 
previously reported method using pyrene as the probe.36 Thermosensitive methoxy 
poly(ethylene glycol)-b-(N-(2-benzoyloxy30/naphthoyloxypropyl25) methacrylamide)-
co-(N-(2-lactoyloxypropyl) methacrylamide70/75) (mPEG-b-p(HPMAm-Bz30/Nt25-co-
HPMAm-Lac70/75) composed of 30/25 mol% of HPMAm-benzoate/naphthoate and 
70/75 mol% of HPMA-monolactate in the thermosensitive block were synthesized 
and characterized as previously reported.36 

The 1H NMR spectrum of mPEG-b-p(HPMAm-Bz) was recorded using a Gemini 
300 MHz spectrometer (Varian Associates Inc. NMR Instruments, Palo Alto, CA), 
using DMSO-d6 as the solvent. The DMSO peak at 2.5 ppm was used as the 
reference line. Chemical shifts of mPEG-b-p(HPMAm-Bz): 8.0 (b, 2H, aromatic 
CH), 7.55 (b, 1H, aromatic CH), 7.65 (b, 2H, aromatic CH), 7.35 (b, CO-NH-CH2), 
5.0 (b, NH-CH2-CH(CH3)-O-(Bz)), 3.40-3.60 (b, mPEG5000 methylene protons, 
O-CH2-CH2), 3.1 (b, NH-CH2-CH), 0.1-2.0 (b, the rest of the protons are from the 
methyl and backbone CH2 protons).

The number-average molecular weight (Mn) of mPEG-b-p(HPMAm-Bz) was 
determined by 1H NMR analysis as follows: (a) the value of the integral of the 
mPEG protons divided by 448 (the average number of protons per one mPEG 
chain, Mn = 5000) gives the integral value for one mPEG chain, and (b) the number 
of HPMAm-Bz units in the polymers was determined from the ratio of the integral 
of the aromatic protons of HPMAm-Bz (8.0 ppm, 2H, aromatic CH) to the integral 
of one mPEG chain. The Mn of the hydrophobic block was calculated from the 
resulting number of HPMAm-Bz units. 

GPC was conducted to measure the number average molecular weight (Mn), 
weight average molecular weight (Mw) and polydispersity (PDI, equal to Mw/Mn) of 
mPEG-b-p(HPMAm-Bz), using two serial Plgel 5 μm MIXED-D columns (Polymer 
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Laboratories) and PEGs of narrow molecular weights as calibration standards. 
The eluent was DMF containing 10 mM LiCl, the elution rate was 0.7 mL/min and 
the temperature was 40 °C.36

2.3  Synthesis of Cy7 labeled mPEG-b-p(HPMAm-Bz).

mPEG-b-p(HPMAm-Bz-co-AEMAm) was synthesized according to section 2.2 
with 2 mol% of AEMAm (N-(2-aminoethyl)methacrylamide hydrochloride, relative 
to HPMAm-Bz) copolymerized in the hydrophobic block of the polymer (Scheme 
1B). The primary amine side groups of mPEG-b-p(HPMAm-Bz-co-AEMAm) 
were subsequently reacted with Cy7 NHS ester under a previously established 
condition with slight modification (Scheme 1C).[Chapter 2] Briefly, Cy7 NHS ester 
was dissolved in DMSO (dried on 4 angstrom molecular sieves) at a concentration 
of 10 mg/mL. The polymer (31 mg) was transferred into dried flask and, 0.18 mL 
solution of the Cy7 NHS ester (10 mg/mL) and 1 µL of TEA (dried on 4 angstrom 
molecular sieves) were added and the reaction was conducted at 50 oC for 48 
hours. Uncoupled Cy7 was removed by dialysis against THF/water (1/1, v/v) 
with refreshing the dialysate after 24 hours for in total 5 times. The final product 
was collected after freeze drying and obtained as a dark green powder after 
lyophilization and the amount of Cy7 coupled to the polymer was analyzed by GPC 
(described in section 2.2) coupled with a UV detector (detection wavelength of 700 
nm) with a calibration curve of Cy7 standard solutions according to a previously 
reported method.39 

2.4 Preparation of empty and PTX/(Cy5.5)-loaded (Cy7-labeled) mPEG-b-
p(HPMAm-Bz) micelles, PTX-loaded thermosensitive mPEG-b-p(HPMAm-
Bz30/Nt25-co-HPMAm-Lac70/75) micelles.

Empty mPEG-b-p(HPMAm-Bz) micelles were prepared as follows. mPEG-
b-p(HPMAm-Bz) was dissolved in THF at a concentration of 27 mg/mL and 
subsequently, 1 mL of the polymer solution was added dropwise to 1 mL of reverse 
osmosis (RO) water while stirring. The mixture was incubated at room temperature 
for 48 hours to allow evaporation of THF. The resulting micellar dispersion was 
filtered through 0.45 µm nylon membrane (Acrodisc®). The Z-average (Zave) size 
of the micelles was measured by dynamic light scattering (DLS) using a Malvern 
4700 system (Malvern Ltd., Malvern, U.K.) consisting of an Autosizer 4700 
spectrometer, a pump/filter unit, a model 2013 air-cooler argon ion laser (75 mW, 
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488 nm, equipped with a model 2500 remote interface controller, Uniphase).36 The 
amount of residual THF after evaporation for 48 hours was measured as follows. 
THF (4H at 3.60 ppm) was mixed with D2O (containing 10 mg/mL sodium acetate 
as an internal standard), and the amount of THF left after evaporation for 48 hours 
at room temperature was calculated by comparing the integral of THF at 3.60 ppm 
to that of sodium acetate (CH3 at 1.76 ppm).   

PTX-loaded micelles were prepared similarly as the empty micelles, with PTX 
dissolved (concentration ranging from 3 to 12 mg/mL) in the polymer solution in 
THF. The PTX-loaded micelles were filtered through 0.45 µm nylon membrane 
(Acrodisc®) to remove non-encapsulated PTX. To assess the PTX loading content, 
the PTX-loaded polymeric micelles were diluted with ACN at least 10 times to 
destabilize the micelles and the dissolved PTX was subsequently quantified by 
UPLC analysis using Waters Acquity system. Eluent A: ACN/water = 45/55 (v/v) 
with 0.1% formic acid; eluent B: ACN/water = 90/10 (v/v) with 0.1% formic acid. A 
gradient was run with the volume fraction of eluent B increasing from 0 to 100% 
from 4.5 to 7 minutes and subsequently decreasing to 0% from 7.5 minutes to 
10 minutes. An ACQUITY UPLC HSS T3 column was used and the detection 
wavelength was 227 nm. Seven μL of the solution was injected and the PTX 
concentration in the different samples was calculated using a calibration curve of 
PTX standards prepared in ACN in a concentration range of 0.2 to 100 μg/mL.

The PTX-loaded thermosensitive mPEG-b-p(HPMAm-Bz30/Nt25-co-HPMAm-
Lac70/75) micelles were prepared using a fast heating method as previously 
described36 with 4.2 mg/mL of feed PTX concentration and 9 mg/mL of polymer 
concentration, and characterized by Zave (DLS) and PTX content (UPLC analysis). 

For multimodal in vivo and ex vivo imaging studies, mPEG-b-p(HPMAm-Bz) 
micelles chemically labeled with Cy7 and physically loaded with Cy5.5 were 
prepared similarly to the PTX-loaded mPEG-b-p(HPMAm-Bz) micelles. Briefly, 1 
mL THF solution of 26.6 mg of non-labeled mPEG-b-p(HPMAm-Bz), 0.4 mg of 
Cy7 labeled mPEG-b-p(HPMAm-Bz) and 0.02 mg of Cy5.5 (as a physically loaded 
modal drug) was added dropwise to 1 mL of water while stirring. The micellar 
dispersion was incubated at room temperature for 48 hours to allow evaporation 
of THF. Next, the resulting micellar dispersion was filtered through 0.45 µm nylon 
membrane (Acrodisc®). The Cy7 and Cy5.5 contents in the micellar dispersion were 
quantified by fluorometer as follows. The micellar dispersion was diluted in DMF 50 
times, and the contents of Cy7 and Cy5.5 were measured using calibration curves 
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of Cy7 and Cy5.5 solutions in DMF with concentrations ranging from 0.05 to 1 µg/
mL. The size of the micelles was measured by DLS. Zeta potential of the micelles 
was measured using a Malvern Zetasizer Nano-Z (Malvern Instruments, Malvern, 
UK) with universal ZEN 1002 ‘dip’ cells and DTS (Nano) software (version 4.20) 
at 25 °C. The micelles were dispersed in 20 mM HEPES pH 7.4 at a polymer 
concentration of 1 mg/mL.

2.5  PTX retention in mPEG-b-p(HPMAm-Bz) micelles.

PTX retention in the mPEG-b-p(HPMAm-Bz) micelles at pH 7.4 phosphate 
buffer at 37 oC was studied using a previously published method.36 PTX-loaded 
micelles were prepared as described in section 2.4 and diluted 5-fold with PBS pH 
7.4. The micellar dispersion was subsequently incubated at 37 oC with constant 
shaking, and aliquots, taken at different time points, were centrifuged at 5000 g for 
10 minutes to spin down the released and precipitated PTX. The concentration of 
PTX in the micellar dispersion was quantified by UPLC as described in section 2.4.

2.6 Circulation kinetics and biodistribution of Cy7-labeled mPEG-b-
p(HPMAm-Bz) micelles loaded with Cy5.5 by multimodal in vivo and ex vivo 
imaging.

A431 cells were cultured in Dulbecco’s Modified Eagle’s Medium (abbreviated 
as DMEM, PAA Laboratories GmbH, Pasching, Austria) containing 3.7 g/L sodium 
bicarbonate, 4.5 g/L l-glucose, 2 mM l-glutamine, and supplemented with 10% 
(v/v) fetal bovine serum (FBS). Cells were kept in culture at 37 °C in a humidified 
atmosphere containing 5% CO2.   

CD-1 nude female mice (n=5) were fed with chlorophyll-free food pellets and 
water ad libitum, and caged in ventilated cages and clinically controlled rooms and 
atmosphere. The animal studies were performed in compliance with guidelines 
set by national regulations and were approved by the local animal experiments 
ethical committee. CD-1 nude mice were inoculated with A431 tumor cells (4×106 
cells/100 μL PBS pH 7.4) subcutaneously into the right flank 15 days before the 
start of the experiment, which lead to the development of A431 tumor xenograft 
with an approximate size of 6-7 mm in width. 

In vivo imaging: Cy7-labeled mPEG-b-p(HPMAm-Bz) micelles loaded with 
Cy5.5 were studied for their blood circulation kinetics and biodistribution. The 
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mPEG-b-p(HPMAm-Bz) micelles (100 μL, 2.0 nmol Cy7 and 2.5 nmol of Cy5.5) 
were intravenously injected into mice under anesthesia using isoflurane. μCT 
(Tomoscope DUO; CT Imaging, Erlangen, Germany) and 3D FMT imaging 
(FMT2500; PerkinElmer) was performed immediately after injection according 
to the previously reported protocol40 The obtained μCT and FMT scans were 
fused. Based on the μCT data, tumor, kidneys, liver, heart, lungs and muscle 
were segmented, using an Imalytics Research Workstation software (Philips 
Technologie GmbH Innovative Technologies, Aachen, Germany). It should be noted 
that segmentation of spleen is technically unfeasible by μCT. FMT reconstructed 
signals were overlapped onto respective organ-segmented μCT images, and the 
amount of Cy7 and Cy5.5 accumulated in these organs was quantified. 

For the circulation kinetics study, blood samples were collected at 2 minutes, 
and at 4, 24 and 48 hours post injections, and the amount of Cy7 and Cy5.5 in the 
blood samples was quantified by 2D Fluorescence reflectance imaging (FRI).

Ex vivo imaging: The mice that received i.v. injections of Cy7-labeled mPEG-b-
p(HPMAm-Bz) micelles loaded with Cy5.5 were sacrificed 48 hours after injections. 
Organs were collected, weighted and analyzed by 2D FRI at the 680 and 750 nm 
channel.

2.7 Pharmacokinetics and biodistribution of PTX loaded in mPEG-b-
p(HPMAm-Bz), thermosensitive mPEG-b-p(HPMAm-Bz30/Nt25-co-HPMAm-
Lac70/75) micelles and Taxol® in a human tumor xenograft model.

Female Crl:NU-Foxnu1nu mice (22.5 ± 2.5 g) were purchased from Charles River 
International Laboratories, Inc. and had free access to water and food ad libitum. 
The animal studies were performed in compliance with guidelines set by national 
regulations and were approved by the local animal experiments ethical committee. 
Human A431 tumor Xenografts were established by subcutaneous inoculation of 
the mice in the right flank with 1 × 106 A431 cells suspended in 100 μL PBS pH 
7.4.41, 42 Tumors were measured using a digital caliper. The tumor volume V (in 
mm3) was calculated using the formula V = (π/6)LS2 where L is the largest and S is 
the smallest superficial diameter.

For the pharmacokinetics (PK) study of PTX loaded in mPEG-b-p(HPMAm-
Bz) micelles, three groups of mice (8 mice per group) were injected with 100 µL 
of the PTX-loaded micelles (3.2 mg/mL PTX and 27 mg/mL polymer) via the tail 
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vein. Blood samples (~80 µL) were collected in tubes with EDTA-anticoagulant 
via submandibular cheek puncture from mice at 0.03, 0.5, 1, 4, 8 and 24 hours, 
respectively, post injection. The plasma was separated from the cell fraction by 
centrifugation at 1.500 g for 10 minutes, and then one volume of plasma was mixed 
with two volumes of ACN and vortexed for one minute followed by centrifugation at 
12.000 g for 5 minutes. The PTX concentration in the supernatant was measured 
by UPLC analysis as described in section 2.4. Control formulations of Taxol® and 
PTX-loaded thermosensitive mPEG-b-p(HPMAm-Bz30/Nt25-co-HPMAm-Lac70/75) 
polymeric micelles prepared according to a previously reported method36 were 
injected at the same PTX dose and blood samples were taken at 0.03 and 24 
hours after injections. 

The biodistribution of PTX was studied by analyzing the PTX concentrations 
in different organs by UPLC at 24 hours after administration of all formulations. 
The animals were sacrificed and organs were removed and treated as follows. To 
100 mg of organ tissue, 250 µL of PBS pH 7.4 was added and the mixture was 
homogenized by a Bertin tissue grinder at speed of 6.000/s for 60 seconds. The 
homogenized mixture was mixed with 500 µL of ACN and vortexed for 1 minute. 
The mixture was then centrifuged at 12.000 g and the supernatant was collected. 
The PTX concentration in the supernatant was analyzed by UPLC as described in 
section 2.4. 

2.8 Therapeutic efficacy study of PTX-loaded mPEG-b-p(HPMAm-Bz) micelles 
in a human A431 tumor xenograft model. 

A431 cell culture conditions, mouse strain and housing conditions and 
inducement of the subcutaneous tumor are described in section 2.7. When the 
tumors reached a volume of 80-100 mm3, mice were included in the study. The 
mice received 100-200 μL i.v. injections in the tail vein 2 times per week for a total 
of 10 injections. Each injected dose corresponded with 15 mg/kg PTX in Taxol®, 
and 15 or 30 mg/kg PTX in mPEG-b-p(HPMAm-Bz) micelles (equivalent to 120 or 
240 mg/kg polymer). Control groups were injected with 200 µl of empty mPEG-b-
p(HPMAm-Bz) micelles (240 mg/kg polymer) and PBS pH 7.4 with the same dose 
regimen as the PTX formulations.

Statistical analyses were performed using GraphPad Prism 5.00 (GraphPad 
Software, Inc., La Jolla, CA, USA). Differences in tumor growth were analyzed 
using one-way ANOVA with Bonferroni post-test and survival times were analyzed 
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using the log rank test.

3 RESULTS AND DISCUSSIONS

3.1 Synthesis and characterizations of mPEG-b-p(HPMAm-Bz).

mPEG-b-p(HPMAm-Bz) was synthesized by free radical polymerization via a 
macroinitiator route.36, 38 The polymer was obtained in a high yield after dialysis 
and purification (70 %). GPC analysis showed that the Mn of the synthesized 
polymers was 20 kDa which is close to that calculated based on 1H NMR analysis 
(22 kDa), and the PDI (Mw/Mn) was 1.7. The critical micelle concentration (CMC) 
of the polymer was 1.3 µg/mL as measured according to a previously reported 
method using pyrene as the probe.38 The CMC of mPEG-b-p(HPMAm-Bz30/Nt25-
co-HPMAm-Lac70/75) was ~20 µg/mL.36 The substantially lower CMC of mPEG-b-
p(HPMAm-Bz) than mPEG-b-p(HPMAm-Bz30/Nt25-co-HPMAm-Lac70/75) suggests a 
better stability of mPEG-b-p(HPMAm-Bz) micelles than the latter ones and is likely 
due to stronger π-π stacking and hydrophobic interactions between the polymer 
chains. 

To label mPEG-b-p(HPMAm-Bz) with the near infrared (NIR) fluorophore Cy7 
for in vivo optical imaging study, an analogue of mPEG-p(HPMAm-Bz) with 2 mol% 
(relative to HPMA-Bz) of AEMAm was synthesized and reacted with Cy7 NHS 
ester via the amine-NHS reaction (scheme 1). After 48 hours of reaction, 84 % 
of primary amine groups of the polymer had reacted with Cy7 NHS ester (GPC 
analysis). After the coupling reactions, on average, one polymer chain carried one 
Cy7 label.
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Scheme 1. Synthesis (A) and Cy7 labeling of mPEG-b-p(HPMAm-Bz) (B and C).

3.2 Preparation of PTX-loaded mPEG-b-p(HPMAm-Bz) micelles.

Polymeric micelles of mPEG-b-p(HPMAm-Bz) were prepared by dropping 
a THF solution of polymer and PTX into water followed by evaporation of THF. 
The amount of THF left after evaporation for 48 hours was 3 wt% as measured 
by NMR analysis. Immediately after mixing the polymer solution with water, the 
Z-average particle size (Zave) of the particles was 120 nm (PDI of 0.11), which 
decreased to 71 nm (PDI of 0.08) after evaporation of THF as measured by DLS. 
Therefore, the micelles were already formed after mixing the polymer solution 
with water and the particles became smaller because HF gradually evaporated. 
The polymeric micelles showed a high encapsulation efficiency (>80%) at a PTX 
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feed concentration <10 mg/mL, and the highest observed loading capacity was 
23 wt% at a feed PTX concentration of 10 mg/mL (Figure 1, left). The PTX-loaded 
polymeric micelles, dependent on the PTX content, had a greater size than that 
of empty micelles, ranging from 79 nm to 104 nm with low PDI (<0.15) (Figure 1, 
right). 

Figure 1. Encapsulation efficiency, loading capacity (left), Zave and PDI (right) of the 
mPEG-b-p(HPMAm-Bz) micelles for PTX (n=3).

To enable micelles for an in vivo optical imaging study, they were prepared 
using Cy7 labeled mPEG-b-p(HPMAm-Bz) blended with non-labeled mPEG-b-
p(HPMAm-Bz) (98.5/1.5, w/w). Another NIR fluorophore Cy5.5 was physically 
loaded in the micelles to enable in vivo tracking of both the micelles and a model 
drug. The resulted micelles had a similar size (72 nm, PDI 0.07) as the non-labeled 
mPEG-b-p(HPMAm-Bz) micelles with a nearly neutral zeta potential (-0.5±0.2 mV). 
The concentrations of Cy5.5 and Cy7 in the micellar dispersion were 25 and 20 nM 
, respectively. 

3.3 PTX retention in micelles of mPEG-b-p(HPMAm-Bz).

PTX retention in the polymeric micelles of mPEG-b-p(HPMAm-Bz) was 
determined using a previously reported method.36 It was shown that only 30% of 
the loaded PTX was released in 10 days at 37 oC and pH 7.4 (Figure 2), which is 
substantially slower as compared to that of previously reported thermosensitive 
mPEG-p(HPMAm-Bz/Nt-co-HPMAm-Lac) micelles (~50% in 10 days).36 The 
slower PTX release shows that, by increasing the content of aromatic benzoyl 
groups in the polymeric micelles, the drug retention is enhanced, which can be 
explained by strong π-π stacking and hydrophobic interactions between PTX and 
the hydrophobic chains of the block copolymer.36 
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Figure 2. PTX release from the mPEG-b-p(HPMAm-Bz) micelles in PBS pH 7.4 
at 37 oC (n=3).

3.4 Circulation kinetics and biodistribution of Cy7-labeled mPEG-b-
p(HPMAm-Bz) micelles loaded with Cy5.5 by in vivo and ex vivo imaging.

The circulation kinetics and biodistribution of the Cy7-labeled mPEG-b-
p(HPMAm-Bz) micelles and also loaded with Cy5.5 after intravenously injection 
into mice bearing A431 tumors were assessed using 2D FRI and non-invasive 
3D μCT-FMT. Figure 3A shows a remarkably prolonged blood circulation of 
mPEG-b-p(HPMAm-Bz) micelle labeled with Cy7, compared to that of polymeric 
micelles with poor stability in the blood circulation (e.g., non-crosslinked mPEG-b-
p((20%HEMAm-Lac1)-co-(80%HEMAm-Lac2) micelles).43 Cy5.5 as a model drug 
had faster elimination kinetics than that of the micelles, which suggests insufficient 
retention in the micelles in the blood circulation. Figure 3B shows the principle of 
µCT-FMT imaging, by which the anatomical information of the organs obtained 
using µCT is used to assign the fluorescent signals of both fluorophores to specific 
organs or tissues of interest. Co-localization of the signals of both fluorophores in 
tumors was shown (Figure 3C), and both Cy7 and Cy 5.5 accumulated in the tumors 
in time. Figure 3D shows that tumor concentration of Cy7 gradually increased in 
time (up to 48 hours) while for Cy5.5 the tumor concentration increased in time  upto 
4 hours and then remained constant. As tumor accumulation of nanomedicines 
due to the EPR effect is dependent on the blood circulation time,44-46 the lower 
tumor accumulation of Cy5.5 can be explained by its low retention in the polymeric 
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micelles and faster elimination from the blood circulation. The biodistribution 
of both Cy7 (the micelles) and Cy5.5 (the payload) 48 hours post injection are 
shown in Figure 3E. As expected, the Cy7 labeled polymeric micelles showed high 
accumulation in the liver, in line with previous studies43, 47, 48. Figure 5E shows that 
the tumor accumulation of Cy7 in the tumors was relatively high (~12 ID%/cm3 
48 hours post injection). Cy7 also accumulated in kidneys 48 hour after injection, 
which can be ascribed by fact that Cy7 molecules or polymer chains labeled with 
Cy7 liberated from the micelles due to in vivo dissociation of the micelles.49, 50 For 
Cy5.5, the accumulations were lower than that of Cy7 in tumor, liver, heart and 
lung, which is due to the faster elimination of Cy5.5 than that of Cy7 from the 
blood circulation. The relatively high kidney disposition of Cy5.5 can be explained 
by its rapid blood elimination (Figure 3D), which has been observed in several 
other studies of biodistribution of hydrophobic compounds loaded in polymeric 
micelles.51, 52
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Figure 3. Circulation kinetics and in vivo biodistribution of the Cy7-labeled mPEG-
b-p(HPMAm-Bz) micelles loaded with Cy5.5 (n=5). Blood samples taken at different 
scan time-points were used to quantify the %ID present in the circulation via 
2D-FRI measurements (A). Representative images over time, showing segmented 
organs and the respective FMT reconstructions of the Cy7-labeled micelle and 
the Cy5.5 model payload (B). Transversal slice through the tumor showing the 
accumulation of Cy7-labeled micelles and Cy5.5 model payload over time (C). The 
respective quantification of the %ID/cm³ tumor is shown in (D). Furthermore, the 
accumulation of Cy7-labeled micelle and Cy5.5 model payload in tumor, kidneys, 
liver, heart, lung and muscle 48 h post injection are shown in (E).

The ex vivo FRI imaging shows prominent accumulation of the Cy7-labeled 
polymeric micelles in liver, tumor, kidneys and spleen (Figure 4A and B), which is 
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in line with the biodistribution of Cy7-labeld polymeric micelles by in vivo imaging 
(Figure 3E). The high accumulation of the polymeric micelles in spleen is consistent 
with previous studies.43 Similar to in vivo imaging data, the accumulation of Cy5.5 
in these organs was lower than that of Cy7, which can be ascribed to the faster 
elimination of Cy5.5 from the blood circulation.

Figure 4. 2D-FRI of ex vivo organs. Representative image of ex vivo organs (tumor, 
liver, kidneys, spleen, heart, lungs, stomach and muscle) scanned at wavelengths 
of 750 nm or 680 nm (A). The respective ex vivo quantification of excised organs 
(B).

3.5 Pharmacokinetics (PK) and biodistribution of PTX-loaded mPEG-b-
p(HPMAm-Bz), thermosensitive mPEG-b-p(HPMAm-Bz30/Nt25-co-HPMAm-
Lac70/75) micelles and Taxol® in a human tumor xenograft model.

The PK profiles of PTX administered in micellar formulations based on mPEG-
b-p(HPMAm-Bz), thermosensitive mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) 
and the clinically used Taxol® were studied in human A431 tumor-bearing mice. 
Figure 5 shows that after i.v. injection of the Taxol® formulation, PTX was quickly 
eliminated from the blood circulation and less than 10% of the injected dose was 
detected in blood 2 minutes post injection, which is in agreement with previously 
reported data.14 A comparably rapid elimination of PTX was also observed after 
administration of the thermosensitive mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) 
micelle formulations, in line with previous data of PTX loaded in unstable micelles 
based on mPEG-b-p((20%HEMAm-Lac1)-co-(80%HEMAm-Lac2) and mPEG-
PDLLA.14, 23 Importantly, the half-life of PTX administered as formulation with the 
mPEG-b-p(HPMAm-Bz) micelles was substantially increased (~8.1 hours), and 
is close to that of the Cy7-labeled polymeric micelles (Figure 3A). Overall, these 
data point to an excellent stability and retention of PTX in these micelles. A similar 
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long half-life of PTX has been reported by Kataoka et al. for micelles based on 
poly(ethylene glycol)-poly(aspartate) block copolymers modified with 4-phenyl-1-
butanol (6.8 hours).35 The AUC0-inf of the PTX loaded in the mPEG-b-p(HPMAm-
Bz) micelles in the blood circulation was 1799 μg⋅h/mL, which is in the high range 
reported in literature for drug-loaded polymeric micelles,12, 53, 54 and substantially 
higher than that of the Taxol® formulation (77 μg⋅h/mL at a dose of 20 mg/kg)14 and 
comparable to that of PTX-loaded long circulating micelles reported by Kataoka et 
al. (7862 μg⋅h/mL at around a 4 times higher dose of PTX (50 mg/kg)).35

After i.v. injection, quick elimination of PTX loaded in polymeric micelles or 
other nano-sized particulate formulations, e.g., PEGylated liposomes, in the blood 
circulation hampers tumor-targeted drug delivery exploiting the EPR effect.14, 55, 56 
One reason is that polymeric micelles quickly dissociate in the blood circulation 
due to disturbance of the unimer-micelle equilibrium by plasma proteins that bind 
unimers.43 However, even by using stable polymeric micelles (MePEG114-b-PCL104 
or core-crosslinked mPEG-b-p((20%HEMAm-Lac1)-co-(80%HEMAm-Lac2)) with 
long circulation time in the blood stream, it was found that physically-loaded 
PTX had an elimination time similar as that of PTX solubilized in Taxol®, which is 
ascribed to a low PTX retention in those micelles due to the high protein binding of 
the drug.12, 27 We previously reported that by incorporating aromatic monomers in 
thermosensitive mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) polymeric micelles, 
the stability and drug retention were significantly improved as compared to 
thermosensitive polymeric micelles without aromatic monomers.36 However, Figure 
5 shows that the circulation time of PTX in the thermosensitive polymeric micelles 
was still rather short, and similar to that of thermosensitive polymeric micelles 
without aromatic groups and the Taxol® formulation.14, 27 Interestingly, the stability 
of the mPEG-b-p(HPMAm-Bz) micelles in the blood circulation was substantially 
enhanced, which can be explained by the very low CMC as compared to that of 
mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) (20 and 50 µg/mL, respectively). The 
excellent PTX retention in the mPEG-b-p(HPMAm-Bz) micelles is likely due to π-π 
stacking and hydrophobic interactions between the polymer chains and PTX.
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Figure 5. Plasma concentrations of PTX after i.v. injections of different formulations 
in A431 tumor-bearing mice (n=7-8). PTX concentrations in blood samples from 
mice received Taxol® or thermosensitive mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-
Lac) micelles were below detection limit (<0.6 µg/mL plasma) 24 hours post 
injection.

The biodistribution of PTX in different organs 24 hours after i.v. injection of the 
different formulations in tumor-bearing mice was investigated. It is noted that PTX 
could not be detected in any of the organs of mice that received PTX formulated in 
the thermosensitive mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) micelles or Taxol®, 
which suggests a highly unspecific biodistribution and large volume of distribution of 
PTX after i.v. injection of these formulations.14, 57 In contrast, high concentrations of 
PTX in organs of mice that received PTX-loaded mPEG-b-p(HPMAm-Bz) micelles 
were detected (Figure 6). The highest ID%/g of PTX was found in liver and spleen, 
in agreement with the imaging data of Cy7 labeled micelles (Figure 3 and 4) and 
this suggests the clearance of the micelles by hepatosplenic macrophages.58 
Importantly, a high amount of PTX was detected in the tumor (~8 ID%/g 24 hours 
post injection), which is in the high range of PTX accumulation in A431 tumors 
mediated by nanoparticulate drug delivery systems.59-61 The significantly increased 
disposition of PTX in tumors is attributed to the long circulation of the micelles 
(Figure 3A) and high PTX retention in the micelles (Figure 5), which results in high 
tumor accumulation of the drug due to the EPR effect.21, 62
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Figure 6. ID%/g organ of PTX in mice 24 hours after i.v. injection of PTX-loaded 
mPEG-b-p(HPMAm-Bz) micelles. PTX concentrations in organs (tumor, lungs, 
heart, liver, kidneys and spleen) of mice that received Taxol® and PTX-loaded 
thermosensitive mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) micelles was below 
detection limit (< 0.4 ID%/g organ) (n=8). 

3.6 Anti-tumor efficacy of PTX-loaded mPEG-b-p(HPMAm-Bz) micelles.

The therapeutic efficacy of the PTX-loaded mPEG-b-p(HPMAm-Bz) micelles 
was studied in human A431 tumor-bearing mice. The animals that received PBS 
or empty mPEG-b-p(HPMAm-Bz) micelles showed a rapid tumor growth and the 
tumors reached a size of ~1500 mm3 in 20 days (Figure 7). This figure also shows 
that the tumor growth in the mice treated with Taxol® formulation (15 mg/kg of 
PTX) was not significantly retarded compared to that of mice treated with empty 
micelles or PBS (p>0.05), which can be ascribed to the low tumor accumulation 
of PTX, in combination with modest response of the tumor model to PTX42 and 
relatively low dose of PTX injected (15 mg/kg/day; MTD for i.v administered Taxol® 
PTX in nude mice is 20 mg/kg/day63). Interestingly, at an equal dose of PTX (15 
mg/kg) loaded in the mPEG-b-p(HPMAm-Bz) micelles, the growth of A431 tumors 
was fully inhibited for 28 days. Moreover, for tumor-bearing mice injected with 
30 mg/kg of PTX-loaded in mPEG-b-p(HPMAm-Bz) micelles, tumor regression 
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was observed for around ~35 days. Overall, mPEG-b-p(HPMAm-Bz) micelles 
significantly enhanced the therapeutic efficacy of PTX which can be ascribed to 
the very low CMC, enhanced PTX retention and lon circulation kinetics.

Figure 7. A431 tumor growth in mice. Treatment consisted of i.v. injections of 
PBS, empty mPEG-b-p(HPMAm-Bz) micelles, Taxol® (15 mg/kg PTX) and PTX-
loaded mPEG-b-p(HPMAm-Bz) micelles (15 and 30 mg/kg PTX) (upper) (n=12). 
Data are presented as mean ± SEM. Data were statistically analyzed by one-way 
ANOVA with Bonferroni post-test. *, p-value < 0.01 Taxol® (15 mg/kg PTX) versus 
micelles (30 or 15 mg/kg PTX), p-value < 0.01 micelles (30 or 15 mg/kg PTX) 
versus PBS or empty micelles. Photographs of tumor-bearing mice treated with 
different formulations at day 15 after the first injection (lower). Arrows represent i.v. 
injections.

The survival of mice treated with the different PTX formulations is shown in Figure 
8. This figure shows that the survival of mice treated with PTX-loaded mPEG-b-
p(HPMAm-Bz) micelles (30 or 15 mg/kg) was significantly higher as compared to 
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that of mice treated with the Taxol® formulation (p<0.01). 

Figure 8. Kaplan-Meier survival curves of A431 tumor-bearing mice treated with 
PTX formulations or negative control (n=12).

4. CONCLUSION

In this study, an amphiphilic polymer mPEG-b-p(HPMAm-Bz) bearing aromatic 
benzoyl groups was synthesized via free radical polymerization. In aqueous 
solution, this polymer forms micelles that have a high loading capacity and 
retention for PTX. After i.v. injection, the mPEG-b-p(HPMAm-Bz) micelles showed 
remarkably long blood circulation kinetics, which is attributed to π-π stacking 
interactions between the polymer chains and PTX. As a result of the prolonged 
blood circulation kinetics of the micelles, high accumulation of PTX in the tumors 
was observed . The PTX-loaded mPEG-b-p(HPMAm-Bz) micelles showed full 
inhibition and complete regression of human A431 xenograft tumors in mice, while 
the Taxol® formulation only had modest therapeutic effects. As a consequence, the 
survival of mice treated with PTX-loaded mPEG-b-p(HPMAm-Bz) micelles was 
substantially better than that of tumor-bearing mice treated with Taxol®. In vivo anti-
tumor efficacy of PTX-loaded mPEG-b-p(HPMAm-Bz) micelles in different tumor 
models is currently under investigation and toxicity of the micellar formulation will 
be further assessed by histological study of the organs of mice. 
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1. SUMMARY

Polymeric micelles as first proposed by Ringsdorf et al1, 2 have been investigated 
for three decades as drug delivery systems. Polymeric micelles are composed 
of amphiphilic block copolymers and they possess a hydrophilic corona and 
hydrophobic core. They are attractive systems for solubilization and delivery 
of hydrophobic anti-cancer drugs. Apart from the high number of academic 
publications on this topic, encouragingly, several micellar formulations have 
entered clinical trials (Table 1, Chapter 1). In this thesis, data from studies done on 
micelles based on different polymers are reported with the aim to develop suitable 
micellar systems for tumor targeted drug delivery with emphasis on drug loading 
capacity, blood circulation kinetics, tumor accumulation and anti-tumor efficacy. 
Research was also done to broaden the possibility of using polymeric micelles and 
to exploit these systems for in vivo imaging and photodynamic therapy. 

Chapter 1 provides a brief introduction of polymeric micelles for tumor targeted 
drug delivery and the aims of this thesis are outlined.

Chapter 2 describes core-crosslinked micelles based on mPEG-b-p(HPMAm-
Lac-co-ANHS), which were labeled with two fluorophores and therefore used for 
monitoring their in vivo biodistribution by multimodal imaging techniques. The 
mPEG-b-p(HPMAm-Lac-co-ANHS) polymeric micelles were core-crosslinked 
via reduction sensitive cystamine and covalently labeled with two fluorophores 
(Dy-676/488). Upon intravenous injection, the core-crosslinked polymer micelles 
(CCPM) accumulated in CT26 tumors reasonably efficiently, with values reaching 
~4 %ID/g tumor at 24 hours. Ex vivo two photon laser scanning microscopy (TPLSM) 
confirmed efficient extravasation of labeled core-crosslinked polymeric micelles 
and deep penetration into the tumor interstitium. The chapter demonstrates that 
the combination of different in vivo and ex vivo optical imaging techniques is highly 
useful for analyzing the biodistribution and tumor accumulation of nanomedicines.

Although frequently used in previous studies and also in this thesis, free 
radical polymerization encounters drawbacks such as limited control of the 
polymer chain length and molecular weight distribution, and limited possibilities 
to synthesize complex polymer architectures. Reversible addition-fragmentation 
chain transfer (RAFT) polymerization, which is one type of controlled/living radical 
polymerizations, has been utilized for the synthesis of micelle-forming amphiphilic 
polymers. In Chapter 3, the synthesis of a diblock copolymer composed of N-(2-
hydroxy propyl) methacrylamide (HPMAm) as hydrophilic block and N-(2-hydroxy 
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propyl) methacrylamide dilactate (HPMAm-Lac2) as thermosensitive block by 
RAFT polymerization is described. The synthesized diblock copolymer showed 
reversible thermosensitivity in aqueous solution and self-assembled into micelles 
with a size of 58 nm (PDI 0.13) above its critical micelle temperature (CMT, 2.1 °C) 
and concentration (CMC, 0.044 mg/mL), but was soluble below the CMT. Paclitaxel 
(PTX), a hydrophobic chemotherapeutic drug, was encapsulated in the micelles 
with a loading capacity of 16.1 ± 1.2 wt%. Interestingly, hydrolysis of the dilactate 
side groups of the p(HPMAm-Lac2) block converted the copolymer into the fully 
water-soluble p(HPMAm) homopolymer, resulting in dissociation of the micelles. 
Although not studied in this chapter, the resulting p(HPMAm) can potentially be 
eliminated by renal filtration given its low molecular weight (<45 kDa). This study 
may provide a new methodology for the synthesis of PEG-free, biodegradable 
polymeric micelles.

As stated in Chapter 1, the stability of polymeric micelles and the drug retention 
in the micelles are essential for improved pharmacokinetics and therapeutic efficacy. 
In Chapter 4, it is reported that π-π stacking can significantly increase the loading 
capacity and drug retention of PTX and docetaxel (DTX) in thermosensitive polymeric 
micelles. Amphiphilic thermosensitive polymers were synthesized using a PEG-
macroinitiator and HPMAm-monolactate and N-(2-benzoyl/naphthoyoxypropyl) 
methacrylamide (HPMAm-Bz/Nt) as comonomers. It was observed that the critical 
micelle temperature and critical micelle concentration decreased with increasing 
content of the aromatic comonomers HPMAm-Bz/Nt. PTX and DTX were loaded 
in the polymeric micelles using a fast heating method. The micelles showed an 
excellent drug loading capacity (up to 34 wt % for DTX) which is among the highest 
loadings reported for polymeric micelles. The micelles without aromatic groups 
almost completely released the loaded PTX in 10 days, whereas the HPMAm-Bz/
Nt containing micelles released only 50% of the PTX loading in the same time. 
1H solid-state NMR spectroscopy data demonstrate that π−π stacking between 
aromatic groups in the core of the micelles indeed occurred. 

In Chapter 5, the thermosensitive polymeric micelles described in Chapter 
4 were utilized for encapsulation of a hydrophobic photosensitizer Si(sol)2Pc.
The aromatic polymeric micelles showed enhanced encapsulation efficiency (82-
90% versus 68-82%), loading capacity (9.5% versus 7.6%), smaller size (~80-
110 nm, versus ~90-130 nm) for Si(sol)2Pc as compared to those of non-aromatic 
thermosensitive micelles. The retention of Si(sol)2Pc was also significantly 
improved in the aromatic micelles. Interestingly, Si(sol)2Pc was much less prone 
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to aggregation in the aromatic micelles than in the non-aromatic micelles: the 
concentration of Si(sol)2Pc at which aggregation occurred was 330 times higher in 
the aromatic polymeric micelles than in the non-aromatic micelles. It was further 
shown that Si(sol)2Pc encapsulated in the aromatic micelles in a molecularly 
dissolved (non-aggregated) form displayed three times higher singlet oxygen 
production than Si(sol)2Pc loaded in non-aromatic micelles in its aggregated form. 
As a consequence, the Si(sol)2Pc loaded in aromatic micelles displayed higher 
cytotoxicity towards B16F10 cells under light irradiation compared to htat in non-
aromatic micelles, while no significant cytotoxicity was shown in the dark. 

Although the aromatic π−π stacking interaction increases the loading 
capacity and drug retention of thermosensitive polymeric micelles, the stability of 
thermosensitive polymeric micelles after intravenous administration can be further 
enhanced by chemical crosslinking. Therefore, in Chapter 6, chemical crosslinking 
of thermosensitive polymeric micelles by a Diels-Alder reaction, in particular 
anthracene dimerization, was introduced. Thermosensitive polymeric micelles 
with anthracene groups were efficiently crosslinked under a mild UV illumination, 
which was shown to be compatible with micellar-loaded PTX. Crosslinking also 
increased the PTX retention in the micelles. 

In Chapter 7, interfacially crosslinkable thermosensitive micelles were prepared 
based on a novel triblock block copolymer that was synthesized by sequential RAFT 
polymerization. This triblock copolymer is composed of p(HPMAm) as hydrophilic 
block, p(HPMAm-Bz-co-HPMAm-Lac as thermosensitive block and a midblock 
of p(AMPO) (=poly(1-(acetonylamino)-2-methyl-2-propen-1-one)). The triblock 
copolymer self-assembled into polymeric micelles with a size of 52 nm (PDI of 0.03) 
by increasing the temperature of an aqueous polymer solution above its critical 
micelle temperature (CMT) (3 oC). The micelles were subsequently crosslinked 
with adipic acid dihydrazide, which reacts with the ketone groups of p(AMPO) 
located at the interface between the hydrophobic core and hydrophilic shell of the 
micelles. This results in  micelles crosslinked with pH-sensitive hydrazone bonds. 
It was shown that the crosslinked micelles displayed substantially increased 
thermal and hydrolytic stabilities as compared to non-crosslinked micelles. As 
anticipated, the hydrazone bonds in the crosslinks were prone to hydrolysis at mild 
acidic condition (pH 5.0). A chemotherapeutic drug, PTX, was encapsulated in the 
polymeric micelles with a high loading capacity (29 wt%). The retention of PTX in 
the micelles at pH 7.4 was substantially increased by interfacial crosslinking, while 
the release of the drug was accelerated at acidic condition (pH 5.0;  the pH of late 
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endosomes and lysosomes).

In Chapter 8, polymeric micelles based on mPEG-b-p(HPMAm-Bz) were 
prepared and studied in vivo as a tumor-targeted drug delivery system. It was 
found that the blood circulation time of PTX loaded in the polymeric micelles was 
substantially increased (half-life of ~8 hours), which is in the high range of blood 
circulation of PTX in nanomedicines as reported in the literature. As a result of 
the long circulation time, the tumor accumulation of PTX was also substantially 
increased. Due to the high PTX accumulation in the tumor, the PTX-loaded mPEG-
b-p(HPMAm-Bz) micelles showed excellent therapeutic efficacy. Repeated doses 
of 15 mg/kg PTX loaded polymeric micelles showed full inhibition of the growth of 
xenograft tumors while the same dose of PTX as Taxol® formulation only displayed 
modest efficacy. Furthermore, a dose of 30 mg/kg micellar PTX showed complete 
tumor regression after 5 injections. Further studies with these PTX-loaded micelles 
using another tumor model are currently ongoing. 

2. PERSPECTIVES

Several micellar systems are reported in this thesis, not only for tumor-targeted 
drug delivery, but also for in vivo imaging and photodynamic therapy. Chapter 
2 report thermosensitive polymeric micelles which can easily be labeled with 
fluorophores and crosslinked. Compared to previous polymeric micelles that were 
core-crosslinked by radical polymerizations,3 in this chapter the thermosensitive 
polymeric micelles were crosslinked under mild conditions. Importantly, unlike 
micelles crosslinked by radical polymerization, no degradation of the fluorophores 
was observed. Multiple labeling of the micelles with different fluorophores 
enables multimodal imaging studies. However, one notification is that there was a 
relatively high fluorescence signal in the kidneys of mice that were intravenously 
injected with the fluorophore-labeled and core-crosslinked micelles, which was 
explained by the presence of free polymer chains in the micellar dispersion. This 
problem was ascribed to the poor control of the polymerization by free radical 
polymerization. Therefore, controlled polymerization techniques for synthesis of 
amphiphilic polymers were used. In Chapter 3, a novel diblock micelle-forming 
polymer, composed a hydrophilic block of p(HPMAm) and a thermosensitive block 
of p(HPMAm-Lac2), was synthesized by RAFT polymerization.4 The commonly 
used PEG hydrophilic micellar shell is replaced by p(HPMAm), which may be a 
strategy to avoid the unfavorable ABC (accelerated blood clearance) effect that 
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is associated with PEGylated nanoparticles.5, 6 However, these thermosensitive 
micelles have a core composed of p(HPMAm-Lac2) and previous research has 
shown that drug loaded micelles with a core of (HPMam-Lac2) have poor stability 
and low drug retention in the blood circulation. Therefore, crosslinking is needed 
in order to make this system suitable for targeted drug delivery. 

In Chapter 4, the research was concentrated on enhancing the stability and 
drug retention of polymeric micelles. Previous studies have shown that drug 
retention in polymeric micelles can be improved by covalently coupling drugs 
to the core of crosslinked micelles. However, drug conjugation can result in a 
decreased therapeutic activity as shown for DOX conjugated via a stable amide 
bond to PEG-p(aspartic acid).7 Therefore, in this thesis, non-covalent interactions 
between loaded drugs and the (crosslinked) polymer micelles were exploited to 
increase the drug loading and retention. Among different physical interactions, 
π-π stacking 8-10 was chosen since many of the commonly used anti-cancer 
drugs (e.g., PTX, docetaxel and DOX) bear aromatic groups. The first study 
was done on thermosensitive polymeric micelles based on mPEG-b-p(HPMAm-
Lac). Interestingly, by incorporating 5-30 mol % of benzoyl or naphthoyl groups 
in the thermosensitive block of the polymers, the CMC and CMT of the polymers 
were significantly decreased, which suggests a better stability of the micelles 
modified with aromatic groups. Two hydrophobic anti-cancer drugs, paclitaxel 
and docetaxel, were encapsulated in aromatic thermosensitive polymeric 
micelles and they showed a highly increased loading capacity compared to that 
of thermosensitive polymeric micelles lacking aromatic groups. Additionally, the 
drug retention in the aromatic thermosensitive polymeric micelles in pH 7.4 buffer 
was also significantly increased.11 In Chapter 5, a hydrophobic photosensitizer, 
Si(sol)2Pc was encapsulated in the aromatic thermosensitive polymeric micelles 
reported in Chapter 4. The loading capacity and retention of Si(sol)2Pc in the 
aromatic thermosensitive polymeric micelles were enhanced compared to that 
loaded in non-aromatic thermosensitive polymeric micelles. More interestingly, it 
was found that the tendency of molecular aggregation of Si(sol)2Pc in the micelles 
was significantly decreased by aromatic π-π stacking interaction in the micellar 
core. This was translated into a higher efficiency of singlet oxygen production of 
Si(sol)2Pc in the aromatic thermosensitive polymeric micelles and an enhanced 
cytotoxicity upon illumination.

Chapter 4 and 5 show that π-π stacking interaction increases the retention 
of loaded hydrophobic aromatic compounds in micelles, but to achieve a 
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prolonged blood circulation of drug-loaded polymeric micelles, the micelles also 
have to be sufficiently stable. Chemical crosslinking has shown to be effective 
to stabilize polymeric micelles. Therefore two different crosslinking strategies for 
thermosensitive polymeric micelles were developed. One crosslinking method was 
based on using anthracene groups which can be crosslinked by UV illumination 
(Chapter 6) and another method was based on interfacial crosslinking with pH-
sensitive hydrazone bonds that can be rapidly cleaved at low pH (Chapter 7). 

Apart from the crosslinked polymeric micelles, a micellar forming block 
copolymer of mPEG-b-p(HPMAm-Bz) was synthesized (Chapter 8). This polymer 
is not thermosensitive and micelles with a very low CMC (and thus high stability) 
were formed by dropping a solution of this polymer in THF in an aqueous phase. 
Importantly, it was found that the blood circulation and retention of PTX in the 
micelles were substantially increased compared to that of aromatic thermosensitive 
micelles. The tumor accumulation of PTX was significantly increased and very 
good therapeutic efficacy in a xenograft tumor model was observed.

The promising results of Chapter 8 prove that a prolonged blood circulation 
time of PTX loaded in polymeric micelles results in substantially higher tumor 
accumulation of the drug, which in turn translates into a very good therapeutic 
efficacy. Moreover, the synthesis of mPEG-b-p(HPMAm-Bz) as well as preparation 
of drug-loaded micelles are relatively simple. Therefore, this system is the most 
promising one described in this thesis and an attractive system for further preclinical 
studies. However, several characteristics of the micelles can be further improved. 
The benzoyl groups are connected to the polymer backbone via ester groups, 
which however show very slow hydrolytic degradation (Chapter 4). Thus, mPEG-
b-p(HPMAm-Bz) polymers with e.g. pH sensitive hydrazone linkers between the 
benzyl group and the polymer backbone are attractive candidates for micelles that 
degrade and give site-specific drug release in tumor tissues. This degradation can 
occur either in the tumor tissue due to the lower pH or in endosomes after cellular 
binding and internalization of the drug-loaded micelles. 

Recently, Kataoka et al. reported that micelles with a small size (30 nm) can 
penetrate deeper than micelles with a greater size (50-100 nm) in poorly permeable 
pancreatic tumours, which translates in better therapeutic efficacy for smaller 
micelles.12 Therefore, it is worth investigating the preparation of stable polymeric 
micelles with smaller sizes, which may be achieved by varying e.g., the polymer 
molecular weight and the preparation method.  
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Besides, as discussed in Chapter 1, active targeting may increase the 
therapeutic response of drug-loaded and long circulating polymeric micelles. As 
previously established, nanobodies are an interesting option as the targeting 
ligand.13, 14

Finally, the polymeric micelles are likely suitable to load (chemotherapeutic) 
drugs that are characterized by a high hydrophobicity and have aromatic groups. 
On one hand, it would be possible to load multiple chemotherapeutic hydrophobic 
drugs/compounds (e.g., photosensitizers) in the micelles to achieve synergistic 
effect for cancer treatment. Also, the polymeric micelles can be applied for other 
types of hydrophobic drugs/therapeutic compounds that can potentially benefit 
from encapsulation in polymeric micelles, e.g. dexamethasone for treatment of 
arthritis.15, 16  

For clinical translation of the polymeric micelles, more research has to be done 
on (at least) the following aspects: 1) detailed in vitro and in vivo toxicity studies. 
Because of the high stability of the ester bonds connecting the aromatic groups 
and the polymer backbone, the degradation of the polymeric micelles will likely 
also be relatively slow in vivo; 2) more cancer therapeutic efficacy studies should 
be carried out using different tumor models with different treatment regimens to 
further prove the efficacy of the drug-loaded mPEG-b-p(HPMAm-Bz) micelles. 

In conclusion, this thesis demonstrates that by chemically tailoring the 
compositions and architectures of amphiphilic polymers, pharmaceutical 
formulations of polymeric micelles with improved therapeutic performance are 
feasible. The promising results from these studies encourage further research of 
the systems for targeted cancer therapy.   
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SAMENVATTING 

Polymere micellen zijn, sinds het onderzoek van Ringsdorf, al drie decennia 
in ontwikkeling als afgiftesysteem voor geneesmiddelen. Polymere micellen zijn 
samengesteld uit amfifiele blok-copolymeren en bestaan uit een hydrofiel omhulsel 
en hydrofobe kern. Deze micellen zijn veelbelovende systemen voor verbetering 
van de oplosbaarheid en het afgeven van hydrofobe farmaca. Er is met name uit-
gebreid onderzoek gedaan naar de toepassing van polymere micellen voor de af-
gifte van hydrofobe anti-kanker farmaca. Naast het grote aantal academische pub-
licaties betreffende dit onderwerp, is het bemoedigend dat verschillende micellen 
toegelaten zijn in klinische studies (Tabel 1, Hoofdstuk 1). In dit proefschrift worden 
studies over micellen bestaande uit verschillende polymeren gerapporteerd, met 
als doel de ontwikkeling van geschikte micelsystemen voor doelgerichte tumor-
behandeling. De nadruk in dit proefschrift ligt op verbetering van de insluitingsef-
ficiëntie van farmaca in de micellen, van de bloedcirculatietijd, tumor-accumulatie 
en anti-tumor effect. Verder is er onderzoek gedaan naar de mogelijkheid van het 
gebruik van polymere micellen buiten het gebied van geneesmiddelafgifte, zoals in 
vivo beeldverwerking en fotodynamische therapie. 

Hoofdstuk 1 geeft een korte introductie over polymere micellen voor gerichte 
tumorbehandeling en een beschrijving van de doelen van dit proefschrift.

Hoofdstuk 2 beschrijft de ontwikkeling van micellen met een gecrosslinkte 
kern, gebaseerd op mPEG-b-p(HPMAm-Lac-co-ANHS). Deze micellen kunnen 
gelabeld worden met meerdere fluorescente stoffen en hierdoor gebruikt worden 
om de in vivo biodistributie met multimodale beeldvormende technieken te volgen. 
De kern van deze mPEG-b-p(HPMAm-Lac-co-ANHS) polymere micellen werd ver-
net met reductie-gevoelige cystamine verbindingen en covalent gelabeld met twee 
fluorescente stoffen (Dy-676/488). Na intraveneuze injectie accumuleerden deze 
polymere micellen (afgekort als CCPM) in CT26 tumoren redelijk efficiënt, waa-
rbij waarden bereikt werden van ~4 %ID/g tumor na 24 uur. Ex vivo two photon 
laser scanning microscopie (TPLSM) bevestigde de efficiënte extravasatie van de 
beeld-gestuurde CCPM (iCCPM) en de diepe doordringing in het tumor-intersti-
tium. Het succesvolle gebruik van multimodale beeldvormende technieken voor 
het volgen van polymere micellen in vivo benadrukt dat een combinatie van ver-
schillende in vivo en ex vivo optische beeldvormende technieken erg bruikbaar is 
voor het analyseren van de biodistrubutie en tumor-accumulatie van nanomedici-
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jnen.

Hoewel vrije radicaalpolymerisatie een veelgebruikte methode die in eerdere 
studies als ook in dit proefschrift toegepast is, heeft het ook nadelen zoals een 
beperkte controle over de ketenlengte en molecuulgewichtsverdeling, en beperkte 
mogelijkheden tot het synthetiseren van complexe polymeerstructuren. Reversible 
addition-fragmentation chain transfer (RAFT) polymerisatie is een gecontroleerde/
levende radicaalpolymerisatietechniek dat door andere groepen is gebruikt voor 
de synthese van amfifiele polymeren om hiermee micellen te vervaardigen. In 
Hoofdstuk 3 wordt de synthese beschreven van een diblok copolymeer besta-
ande uit N-(2-hydroxy propyl) methacrylamide (HPMAm) als hydrofiel blok en 
N-(2-hydroxy propyl) methacrylamide dilactaat (HPMAm-Lac2) als temperatuur-
gevoelig blok, gebruik makend van RAFT polymerisatie. Het diblok copolymeer liet 
omkeerbare thermosensitiviteit in een waterige oplossing zien en vormde sponta-
an micellen met een grootte van 58 nm boven de kritische miceltemperatuur (KMT, 
2.1 °C) en -concentratie (KMC, 0.044 mg/mL) en waren oplosbaar beneden de 
KMT. Paclitaxel (PTX), een hydrofoob chemotherapeutisch farmacon, werd belad-
en in de micellen met een insluitingscapaciteit van 16.1 ± 1.2 wt%. Nog belangri-
jker, hydrolyse van de dilactaat zijgroepen van het p(HPMAm-Lac2) blok zorgde 
voor een omzetting van het copolymeer naar het volledig water-oplosbare p(HP-
MAm) homopolymeer, hetgeen dissociatie van de micellen tot gevolg had. Hoewel 
dit niet onderzocht was in dit hoofdstuk, kan het  overgebleven p(HPMAm) door 
zijn lage molecuulgewicht (<45 kDa) waarschijnlijk door de nieren uitgescheiden 
worden. Deze studie biedt een mogelijke en nieuwe methode voor de synthese 
van biocompatibele en biodegradeerbare polymere micellen.

Zoals beschreven in Hoofdstuk 1 is de stabiliteit en de vasthouding van het 
farmacon in polymere micellen essentieel voor een verbeterde farmacokinetiek 
en therapeutische werking. In Hoofdstuk 4 staat beschreven dat  π-π stacking 
kan zorgen voor een significante toename in beladingscapaciteit en behoud van 
PTX en docetaxel (DTX) in temperatuurgevoelige polymere micellen. Amfifiele 
temperatuurgevoelige polymeren werden gesynthetiseerd gebruik makend van 
een PEG-macroinitiator en HPMAm-monolactaat en N-(2-benzoyl/naphthoyoxy-
propyl) methacrylamide (HPMAm-Bz/Nt) als co-monomeren. De kritische micel-
temperatuur en kritische micelconcentratie van de polymere micellen namen af 
met een toenemend gehalte van de aromatische co-monomeren HPMAm-Bz/Nt. 
PTX en DTX werden ingesloten in de polymere micellen door een snelle verwarm-
ingsmethode, die zorgde voor een uitstekende beladingscapaciteit van het genee-
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smiddel tot 34 wt % voor DTX, wat behoort tot the hoogste beladingen die gerap-
porteerd zijn voor polymere micellen. De micellen zonder aromatische groepen 
vertoonden een bijna volledige afgifte van PTX in 10 dagen, terwijl de afgifte van 
dit farmacon uit micellen bestaande uit HPMAm-Bz/Nt in dezelfde tijd maar 50% 
was. 1H vaste-stof NMR spectroscopisch onderzoek liet zien dat er inderdaad π−π 
stacking tussen de aromatische groepen in de kern van de micellen plaatsvond. 

In Hoofdstuk 5, worden thermosensitieve polymere micellen met aromatische 
π−π stacking interactie in de kern van de micellen (zoals beschreven in hoofdstuk 
4) gebruikt voor insluiting van een hydrofobe photosensitizer Si(sol)2Pc. De aroma-
tische polymere micellen met Si(sol)2Pc lieten een verhoogde insluitingsefficiëntie 
(82-90% versus 68-82%) en beladingscapaciteit (9,5% versus 7,6%) zien en war-
en kleiner (~80-110 nm, versus ~90-130 nm), vergeleken met die van niet-aroma-
tische en temperatuurgevoelige micellen. Het behoud van Si(sol)2Pc was ook sig-
nificant verbeterd in de aromatische micellen. Interessant was ook dat Si(sol)2Pc 
veel minder vatbaar was voor aggregatie in de aromatische micellen dan in de 
niet-aromatische micellen, en dat de concentratie waarbij Si(sol)2Pc aggregeerde 
was 330 keer hoger in de aromatische polymere micellen vergeleken met de ni-
et-aromatische. Bovendien vertoonde ingesloten Si(sol)2Pc in de aromatische 
micellen, in een moleculair opgeloste (niet-geaggregeerde) vorm, een drie keer 
hogere singlet zuurstof productie dan Si(sol)2Pc ingesloten in niet-aromatische mi-
cellen en in de geaggregeerde vorm. Voor de Si(sol)2Pc-beladen aromatische mi-
cellen werd een hogere cytotoxiciteit na lichtbestraling waargenomen voor B16F10 
cellen vergeleken met de niet-aromatische micellen, terwijl geen significante cyto-
toxiciteit in het donker werd gevonden. 

Hoewel de aromatische π−π stacking interactie zorgt voor een toename in 
beladingscapaciteit en behoud van het geneesmiddel in temperatuurgevoelige  
polymere micellen, kan de stabiliteit van deze micellen na intraveneuze toediening 
verder verhoogd worden door chemische crosslinking. Daarom werd in Hoofdstuk 
6 een mogelijkheid tot chemisch crosslinken van temperatuurgevoelige polymere 
micellen door middel van een Diels-Alder reactie geïntroduceerd, in het bijzonder 
anthraceen dimerisering. De temperatuurgevoelige polymere micellen werden ge-
functionaliseerd met aromatische anthraceen groepen, die efficiënt gedimeriseerd 
werden onder milde UV belichting, waarbij aangetoond werd dat dit compatibel 
was met PTX dat aanwezig was in de kern van de micellen. Crosslinking van de 
polymere micellen zorgde ook voor een toename in behoud van PTX in de mi-
cellen. In Hoofdstuk 7, zijn temperatuurgevoelige micellen ontwikkeld die op het 
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grensvlak vernet kunnen worden. Deze micellen zijn gebaseerd op een nieuw 
triblok copolymeer dat gesynthetiseerd is met sequentiële  RAFT polymerisatie. 
Dit triblok copolymeer bestaat uit p(HPMAm) als hydrofiel blok, p(HPMAm-Bz-co-
HPMAm-Lac als het temperatuurgevoelige blok en een middenblok van AMPO 
(=1-(acetonylamino)-2-methyl-2-propen-1-one). Dit triblok copolymeer vormde 
spontaan polymere micellen met een grootte van 52 nm wanneer de temperat-
uur van een waterige polymeeroplossing werd verhoogd tot boven zijn kritische 
miceltemperatuur (KMT) (3°C). De micellen werden vervolgens gecrosslinkt met 
adipohydrazide, dat reageert met de keton groepen van p(AMPO) die aanwezig 
zijn op het grensvlak van de hydrofobe kern en hydrofiele omhulsel van de micel-
len. De crosslinks bestaan uit pH-gevoelige hydrazon bindingen. De gecrosslinkte 
micellen lieten een duidelijke toename in thermische en hydrolytische stabiliteit 
zien vergeleken met de niet-gecrosslinkte micellen. Zoals verwacht konden de 
hydrazon bindingen in de crosslinks gehydrolyseerd worden onder mild-zure om-
standigheden (pH 5.0). Een chemotherapeutisch farmacon, PTX, werd beladen 
in de polymere micellen met een hoge insluitingsefficiëntie (29 wt%). Het behoud 
van PTX in de micellen bij pH 7.4 was duidelijk toegenomen voor de micellen die 
gecrosslinkt waren op het grensvlak, terwijl de afgifte van het farmacon versneld 
werd onder zure omstandigheden (pH 5.0, de pH van late endosomen en lyso-
somen).

In Hoofdstuk 8 werden polymere micellen, gebaseerd op mPEG-b-p(HPMAm-
Bz), in vivo onderzocht voor doelgerichte antitumoractiviteit. De resultaten lieten 
zien dat de bloedcirculatietijd van PTX, beladen in de polymere micellen, duideli-
jk was toegenomen (halfwaardetijd van ~8 uur). Deze bloedcirculatietijd is hoog 
vergeleken met literatuurgegevens betreffende de bloedcirculatietijd van PTX-be-
laden nanomedicijnen. Als gevolg van de lange circulatietijd nam ook de tumor-
accumulatie van PTX duidelijk toe. Door de hoge PTX accumulatie in de tumor 
werd er een uitstekend therapeutisch effect waargenomen voor de PTX-beladen 
mPEG-b-p(HPMAm-Bz) micellen. Herhaalde doseringen  van 15 mg/kg PTX in de 
polymere micellen lieten volledige remming van de xenograft tumoren zien, terwijl 
dezelfde dosis PTX als Taxol toediening een gering effect vertoonde. Bovendien 
zorgde een dosis van 30 mg/kg PTX-micellen voor een complete tumorregressie 
na 5 injecties. Momenteel worden deze PTX-beladen micellen in andere tumor-
modelen getest.
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