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A series of synthetic polymer bioconjugate hybrid materials consisting of 
poly(2-hydroxyethyl methacrylate) (p(HEMA)) and poly(l-histidine) (p(His)) 
are synthesized by combining atom transfer radical polymerization of HEMA 
with ring opening polymerization of benzyl-N-carboxy-l-histidine anhydride. 
The resulting biocompatible and membranolytic p(HEMA)25-b-p(His)n (n = 15, 
25, 35, and 45) polymers are investigated for their use as pH-sensitive drug-
carrier for tumor targeting. Doxorubicin (Dox) is encapsulated in nanosized 
micelles fabricated by a self-assembly process and delivered under different 
pH conditions. Micelle size is characterized by dynamic light scattering (DLS) 
and transmission electron microscopy (TEM) observations. Dox release is 
investigated according to pH, demonstrating the release is sensitive to pH. 
Antitumor activity of the released Dox is assessed using the HCT 116 human 
colon carcinoma cell line. Dox released from the p(HEMA)-b-p(His) micelles 
remains biologically active and has the dose-dependent capability to kill 
cancer cells at acidic pH. The p(HEMA)-b-p(His) hybrid materials are capable 
of self-assembling into nanomicelles and effectively encapsulating the chemo-
therapeutic agent Dox, which allows them to serve as suitable carriers of drug 
molecules for tumor targeting.
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1. Introduction

The creation of bioconjugates by com-
bining polymers with peptides and pro-
teins is an emerging multidisciplinary 
field of research that has been attracting 
increasing attention within the scientific 
community. These chimera molecules 
combine the precise chemical structures 
and functionalities of biomolecules with 
the stability and processibility of synthetic 
polymers. Importantly, block copolymers 
composed of polypeptide segments have 
shown significant advantages in control-
ling the functional and supramolecular 
structures of bioinspired self-assemblies 
in aqueous solution.[1] The amphiphilic 
character of these peptide–polymer con-
jugates may enable them to self-assemble 
into functional, bimolecular materials, and 
they have been developed as drug-delivery 
systems[2] in biotechnology[3] and as sen-
sors.[4] Moreover, these “smart” materials 
can change their physiochemical proper-
ties in response to variations in tempera-
ture,[5] pH,[6] or ionic strength.[7]

Polymer bioconjugates can generally be defined as syn-
thetic macromolecules covalently linked to biological moie-
ties. Usually, block co-polypeptides are synthesized in one 
of two ways: 1) the ring-opening polymerization (ROP) of 
N-carboxyanhydride (NCA) initiated by an amino-terminated 
polymer chain or by a transition metal based catalyst or  
2) solid- or solution-phase peptide synthesis and subsequent 
coupling to a carboxyl-terminated polymer. Nowadays, con-
trolled radical polymerization techniques are successfully com-
bined with ROP to obtain block copolymers containing peptide 
blocks.[8] The most common homo-polypeptides are based on 
glutamic acid and lysine as these are known to provide the 
best-controlled products, but several other kinds of polypeptides 
have also been reported.[9] Studies carried out on the synthesis 
of peptide-based block copolymers, special focus was given 
to the evaluation of the influence of non-peptide block chem-
istry on peptide block organization.[10] For non-peptide block, 
semicrystalline, amorphous, hydrophilic, hydrophobic, and 
π-conjugated polymers, for example, poly(ethylene oxide)[11] 
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poly(N-isopropylacrylamide),[12] poly(dimethylsiloxane),[13] 
poly(styrene),[14] poly(butadiene),[15] poly(isoprene),[16] and 
poly(fluorine)[17] have been used as macroinitiators.

The interesting properties of poly(2-hydroxyethyl methacr-
ylate) (p(HEMA)) make it an important system. The p(HEMA) 
structure permits a water content similar to that of living tissue, 
and p(HEMA)-based systems exhibit excellent biocompatibility 
and good blood compatibility.[18] Other biomedical applications 
for HEMA-based materials include embedding substrates for 
the examination of cells using light microscopy[19] and inert 
matrices for the slow release of drugs.[20] Incorporation of 
poly(l-histidine) (p(His)) as a peptide block has also attracted 
considerable attention because of its nontoxic nature, bio-
compatibility, nutritional functions, and pharmacological effi-
ciency as drug carriers. p(His) is known to show endosomal 
membrane-disruption activity, which is induced by the “proton 
sponge” mechanism of the imidazole groups.[21] Furthermore, 
the imidazole group in the histidine residue can be easily pro-
tonated to yield a positively charged residue and can also form 
stable polyion complexes with negatively charged polymers 
such as DNA oligodeoxynucleotide or enzymes. Biodegradable 
polyion complexes of this type have been studied as carriers 
for genetic material.[22] Thus, the polymeric micelle system 
with a p(His) core could be an effective mode for the controlled 
delivery of drug molecules. In general, drugs are physically 
loaded within the cores of polymeric micelles or chemically 
conjugated with poly(amino acid)s with subsequent polymeric 
micelle formation.[23]

Here, we focus on a new bioconjugate hybrid materials based 
on a hydrophilic corona-forming p(HEMA) as the synthetic 
polymer segment and pH-sensitive p(His) as the core-forming 
biopolymer block. Recently, we reported both the aspect of 
molecular architecture control of chain growth and the pattern 
of chain growth by the utilization of a trifunctional initiator 
for the sequential polymerization of styrene and γ-benzyl-l-
glutamate-NCA.[24] To the best of our knowledge, the use of end-
functionalized p(HEMA) as a macroinitiator for the controlled 
ROP of NCAs has not been reported yet. In this contribution, 
we propose a synthetic protocol of a new series of bioconjugate 
diblock copolymers using end-functionalized p(HEMA) as a 
macroinitiator, which permits the silazane-mediated controlled 
polymerization of benzyl-N-carboxy-l-histidine anhydride (His-
NCA). We fabricated nanosized micelles by the self-assembly 
of these block polymers and encapsulated doxorubicin (Dox) 
for the evaluation of the drug-loading and drug-release behav-
iors in various pH conditions. Cytotoxicity of the micelles were 
tested with embryonic kidney 293T cells and HCT116 cell lines. 
The pH- and dose-dependent antitumor effect of released Dox 
has also been investigated in vivo using HCT 116 human colon 
carcinoma cells.

2. Results and Discussion

2.1. Polymerization of HEMA

Hydrophilic p(HEMA) is one of the most widely using bio-
compatible polymer in various biomedical applications, such 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1058–1068
as tissue engineering, soft contact lenses, and drug delivery 
systems.[25] The main criterion for selection of p(HEMA) as 
the basic component is its biocompatibility. p(HEMA) contains 
hydroxyl groups on its surfaces. Its hydrophilic surface has a 
low interfacial free energy in contact with body fluids, which 
results in a low tendency of proteins and cells to adhere to 
these surfaces. HEMA cannot be polymerized by anionic or 
group-transfer polymerization because of the labile proton on 
the hydroxyl group. There have been several reports on the 
synthesis of HEMA-based block copolymers by anionic poly
merization, but this approach requires the protection of the 
alcohol functionality.[26] Such a synthesis involves many steps, 
including protection, polymerization, and subsequent removal 
of the protecting groups. Since its discovery,[27] atom transfer 
radical polymerization (ATRP) has been shown to be a versatile 
technique for the controlled polymerization of many classes of 
monomers including acrylates, methacrylates, and styrenics.[28] 
Weaver et al.[29] reported the synthesis of a range of p(HEMA)s  
and HEMA-based copolymers with controlled structure using 
ATRP in methanol. Because of its high molecular weight (MW), 
p(HEMA) is not very soluble in aqueous media and a reduction 
of its MW is needed to render it soluble in aqueous environ-
ments. Consequently, in this work we focus on ways to synthe-
size p(HEMA)s with discrete MW and low polydispersity index 
(PDI).

HEMA was polymerized using ethyl 2-bromoisobutyrate 
(BriB) as an ATRP initiator. Polymerization was conducted at 
a HEMA: methanol ratio of 1:2 (w/w) with the 2,2′-bipyridine 
(bpy) ligand, and CuBr was used to form the catalyst complex. 
The polymerization data are summarized in Table S1 (Sup-
porting Information). p(HEMA)s of low MW could be pro-
duced by simply tuning the monomer to initiator ratio in high 
yield within a short period of polymerization. Thus, the well-
controlled polymerization of HEMA is possible under mild and 
industrially attractive conditions. A value of MW was obtained 
by gel permeation chromatography (GPC), indicating an overes-
timation, which is typically rationalized on the basis of different 
hydrodynamic radii of p(HEMA) and PS standards used in 
GPC. Beers et al. also reported significant differences between 
their GPC data and their target molecular weights.[30] This dis-
crepancy was presumably due to calibration errors in the GPC 
analysis because PS standards are not likely to be reliable for  
the analysis of p(HEMA). On the basis of a single methyl 
methacrylate-HEMA diblock copolymer synthesis Beers et al. 
estimated that their GPC protocol overestimated the true molec-
ular weight by a factor of 2. Unfortunately, insufficient details 
were provided to enable us to make a close comparison with 
our own GPC protocol. However, based on the NMR-derived 
number average molecular weight (Mn) data presented in  
Table S1 (Supporting Information), which is almost in line with 
theoretical values, GPC analysis appears to overestimate the true 
MW of p(HEMA) by a factor of about 3. We chose p(HEMA)25 
as a representative sample for further chemistry.

2.2. End-Capping of p(HEMA)25-Br

For the synthesis of p(HEMA)-b-p(His) by the ROP of His-NCA, 
the bromine-terminated p(HEMA) should first be functionalized 
mbH & Co. KGaA, Weinheim 1059wileyonlinelibrary.com
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Scheme 1.  Synthesis procedures of p(HEMA)-b-p(His) by combining ATRP of HEMA with ROP of Bz-His-NCA, followed by deprotection: i) ethyl 
2-bromoisobutyrate, Cu(I)Br, bpy; ii) phthalimide potassium salt, DMF, reflux; iii) KOH, tBuOH, reflux; iv) N,O-bis(trimethylsilyl)acetamide, DMF, 
room temperature (r.t.); v) PCl5, 1,4-dioxane; vi) DMF, r.t.; and vii) HBr/AcOH, TFA; 0 °C.
to amine groups, since amine functionalized polymer can utilized 
as a macroinitiator for the synthesis of polypeptide-containing  
block co-polymers. Gabriel’s reaction was found to be an effi-
cient method for the conversion of halogen end groups to 
amino groups of polyacrylates without using toxic chemicals 
such as sodium azide. In the first step, the terminal bromine 
is displaced by nucleophilic substitution using the phthalimide 
potassium salt in refluxing N,N-dimethylformamide (DMF) 
(Scheme 1). The primary amine is then isolated after hydrolysis 
with potassium hydroxide in refluxing t-BuOH. All the products 
were characterized by 1H NMR and Fourier transform infrared 
(FTIR) spectroscopy (Figure S1,S2, Supporting Information). 
The phthalimide end-capped p(HEMA) shows characteristic 
signals at 7.5–7.7 ppm that are attributable to the phthalimide 
group. The primary amine shows a characteristic signal at 
4.5 ppm. Note that the Mn of the polymer was determined 
from the intensity ratios of the p(HEMA) methylene protons (at 
3.81 ppm) and the phthalimide protons (at 7.5–7.7 ppm). The 
© 2012 WILEY-VCH Verlagwileyonlinelibrary.com
infrared (IR) spectra indicate the presence of amide carbonyl 
groups with peaks at 1776 cm−1 and 1725 cm−1 that are absent 
in p(HEMA)25-Br. Finally, the spectrum of the primary-amine-
terminated p(HEMA) shows the appearance of a strong band 
at around 3000 cm−1 corresponding to the amine, whereas the 
amide carbonyl band at 1776 and 1725 cm−1 has disappeared.

In recent decades, several NCA polymerizations have 
been reported using different initiators such as conventional 
amines and/or transition metal complexes.[31] On the basis 
of the previous work on NCA polymerizations, it was con-
cluded that certain weak points exist. The syntheses of homo 
and block polypeptides with low polydispersities were unsuc-
cessful because of unwanted side reactions. Transition-metal-
mediated NCA polymerizations led to polypeptides with low 
PDIs; however, tedious synthesis procedures and the separa-
tion of the transition metal from the polymer are drawbacks. 
Ammonium-mediated polymerizations[32] and the applica-
tion of high-vacuum techniques[33] allow the preparation of 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1058–1068
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Table 1.  Results of ring opening polymerization of Bn-His-NCA by using p(HEMA)-N-TMS-amine as a macroinitiator for the synthesis of p(HEMA)-b-
p(His). Polymerization conditions: p(HEMA)-N-TMS-amine = 0.45 g (0.15 mmol), DMF = 10 mL, temperature = 20 °C, and time = 48 h.

Theoretical composition Bn-His-NCA  
[mmol]

Yield  
[%]

Mn
a) × 10−3 [g mol−1] NMR composition PDIc)

Theoreticalb) NMR GPC

p(HEMA)25-b-p(His)15 2.25 62 5.05 4.80 11.0 p(HEMA)25-b-p(His)13 1.20

p(HEMA)25-b- (His)25 3.75 59 6.42 6.22 16.0 p(HEMA)25-b- p(His)23 1.21

p(HEMA)25-b-p(His)35 5.25 63 7.79 7.24 20.0 p(HEMA)25-b- p(His)30 1.26

p(HEMA)25-b-p(His)45 6.75 66 9.16 8.72 24.7 p(HEMA)25-b- p(His)41 1.28

a)Number average molecular weight measured after deprotecting benzyl groups; b)Mn (theoretical) = {([Bn-His-NCA]0/[p(HEMA)-N-TMS-amine]0) × (MW of repeating unit 
after deprotecting benzyl group) + (MW of initiator)}. Conversion was assumed to be 100%; c)Polydispersity index measured by GPC.
polypeptides with low PDI; however, again, tedious prepara-
tion and workup procedures are needed. Recently, Lu et al.[34] 
showed the highly effective silazane-mediated polymerization 
of α-amino acid NCA with different N-trimethylsilylamine 
(N-TMS-amine) functionalized initiators. In order to employ  
this protocol, p(HEMA)25-NH2 was further modified to a sec-
ondary amine moiety by reaction with N,O-bis(trimethylsilyl)
acetamide (BSA) in DMF (see Scheme 1). The obtained 
p(HEMA)25-N-TMS-amine shows the characteristic signal at 
0.01 ppm attributable to the N-TMS group, and other signals 
specific to polymer main-chain protons. In addition, the IR 
spectrum of p(HEMA)25-N-TMS amine show a Si–N band at 
850 cm−1, and the presence of a N–H band at 3000 cm−1 con-
firms the complete terminal functionalization of the initiator 
(also see Supporting Information).

2.3. Synthesis of p(HEMA)25-b-p(His)n (n = 15, 25, 35, 45)

The ROP of Bn-His-NCA (Bn = benzyl) was performed using 
the p(HEMA)25-N-TMS macroinitiator (see Scheme 1). These 
polymerizations progress via the TMS carbamate propagating 
group and involve cleavage of the Si–N bond of the initiator 
during the initiation step. When N-TMS-amine is used as the 
initiator, polypeptide chain transfer through the “activated 
monomer mechanism” is eliminated; chain propagation can 
only proceed through the ring-opening reaction at the CO-5 
position of NCA, resembling ammonium-mediated NCA 
polymerization but occurring much more quickly. N-TMS-
amine mediated polymerizations result in quantitative mon-
omer conversion and do not require any catalysts or activators to 
facilitate the reactions. All the polymerizations were completed 
within 48 h at mild conditions to yield p(HEMA)25-b-p(Bn-His)n 
(n = 15, 25, 35, and 45).

The benzyl protective side chains were removed by treating 
p(HEMA)25-b-p(Bn-His)n with HBr/AcOH in trifluoroacetic 
acid, and the resulting block copolymer was characterized by 
1H, 13CNMR and FTIR spectroscopy (see Figure S4,S5, and 
S9 in the Supporting Information). After the deprotection of 
Bn moiety, the peak integral ratio of the methylene proton 
of p(HEMA) (δ = 3.8 ppm) and (O=C–CH–) in the peptide 
block (δ = 4.95 ppm) was used to calculate Mn, confirming 
that there was neither loss of the histidine repeating units 
by backbone scission nor cleavage of the peptide segments 
during deprotection. Therefore, we can ascertain that the 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1058–1068
polymerization of Bn-His-NCA and deprotection of benzyl 
groups are successfully accomplished by using the N-TMS-
amine functionalized p(HEMA). The polydispersity of the 
block copolymers is around 1.20, and the Mn value is close 
to that predicted from the initial monomer/macroinitiator 
ratio (Table 1). The differences between the GPC data and 
the target MWs were also observed for the block copolymers 
presumably due to calibration errors in the GPC analysis.[30] 
GPC curves of p(HEMA)-b-p(His) are shown in Figure S3 of 
the Supporting Information.

2.4. Self-Assembly of p(HEMA)-b-p(His) in Aqueous Solution

It is well known that in certain solvents, that is, thermodynami-
cally favorable solvents for one block and precipitants for the 
other block copolymers associate and form micellar aggre-
gates.[35] Polymeric micelles hold a significant potential as drug 
delivery vehicles for a wide array of anticancer drugs due to their 
unique properties, such as high solubility, high drug loading 
capacity, and low toxicity. The micelles consist of a rather 
swollen core of insoluble blocks surrounded by a protective 
corona of soluble blocks. Recent studies on the self-assembly 
of polypeptides in aqueous environments have concentrated 
on determining the influences of various parameters such as 
molecular weight, solvent, temperature, salt, pH, and amino 
acid composition.[35] These parameters affect the aggregation 
behavior and lead to a variety of micellar morphologies. To 
confirm their self-arrangement and encapsulation capabilities, 
all four samples of diblock copolymers shown in Table 2 were 
evaluated for micelle formation via a self-assembly process. The 
formation of micellar nanoparticles was confirmed by dynamic 
light-scattering (DLS) and finally by transmission electron 
microscopy (TEM) observations. Furthermore the self-assembly 
was also monitored by 1H NMR spectroscopy. 1H NMR spec-
tras were recorded in a deuterated form of dimethyl sulfoxide 
(DMSO-d6) and DMSO-d6/D2O mixtures (Figure S10, Sup-
porting Information). The intensity of the signals assigned to 
the p(His) block decreases by gradually increasing the amount 
of D2O, indicating the micelles consist of the hydrophobic 
p(His) core and the hydrophilic p(HEMA) corona. As shown 
in Figure 1, the micelles formed were well dispersed and dis-
played spherical morphology. They were uniform in size, with 
an average diameter of approximately 100–120 nm. The pre-
pared micelles were found to be stable over the temperature 
mbH & Co. KGaA, Weinheim 1061wileyonlinelibrary.com
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Table 2.  Average diameter and its distribution of p(HEMA)-b-p(His) micelles fabricated by self-assembly before and after Dox encapsulation, and the 
resulting drug loading content (DLC) and drug loading efficiency (DLE).

Sample pH Blank micelles Dox-loaded micelles at 20:1 (w/w)a)

Cumulant diameter Particle size distribution Cumulant diameter Particle size distribution DLC [%] DLE [%]

p(HEMA)25-b-p(His)15 7.4 110.1 ± 0.9 0.21 ± 0.01 123.8 ± 3.2 0.29 ± 0.03 7.8 31

6.8 132.4 ± 0.7 0.46 ± 0.04 165.2 ± 1.6 0.38 ± 0.09

6.5 166.5 ± 0.4 0.73 ± 0.07 214.1 ± 1.9 0.41 ± 0.06

6 289.1 ± 0.5 0.65 ± 0.06 544.3 ± 2.2 0.58 ± 0.05

p(HEMA)25-b-p(His)25 7.4 98.9 ± 1.4 0.23 ± 0.01 118.1 ± 3.2 0.16 ± 0.04 8.5 34

6.8 121.5 ± 0.9 0.19 ± 0.03 151.5 ± 2.1 0.25 ± 0.09

6.5 180.3 ± 2.1 0.31 ± 0.07 210.2 ± 1.3 0.62 ± 0.02

6 324.1 ± 1.6 0.92 ± 0.06 513.3 ± 4.9 0.73 ± 0.01

p(HEMA)25-b-p(His)35 7.4 128.8 ± 1.8 0.16 ± 0.06 155.1 ± 2.4 0.21 ± 0.03 10.4 41

6.8 152.3 ± 2.2 0.18 ± 0.02 234.1 ± 3.2 0.32 ± 0.08

6.5 254.0 ± 2.6 0.26 ± 0.07 317.0 ± 2.8 0.45 ± 0.09

6 382.1 ± 3.8 0.45 ± 0.06 528.0 ± 6.9 0.58 ± 0.05

p(HEMA)25-b-p(His)45 7.4 152.3 ± 0.9 0.21 ± 0.06 194.1 ± 0.9 0.16 ± 0.03 11 44

6.8 174.1 ± 1.9 0.38 ± 0.05 331.3 ± 1.6 0.26 ± 0.09

6.5 214.0 ± 1.3 0.47 ± 0.46 387.4 ± 4.2 0.39 ± 0.89

6 416.1 ± 1.7 0.52 ± 0.06 634.3 ± 5.1 0.48 ± 0.59

a)Feed ratio of polymer to Dox. All measurements were performed in triplicate at 37 °C.
range 20–50 °C and showed no appreciable change in their size 
distributions (evaluated from the DLS measurements).

2.5. Loading and Release of Dox

To completely understand the potential of the self-assembled 
micelles of p(HEMA)-b-p(His) for use in drug-delivery systems, 
we used Dox, a chemotherapeutic drug| that is given to treat 
many different types of cancer. To determine their drug loading 
and release properties, Dox was encapsulated in the copolymer 
micelles by the dialysis method. As summarized in Table 2, 
the size and size distributions of the Dox-loaded micelles were 
larger than those of the blank micelles. Highly uniform overall 
and textual morphologies remained basically unchanged after 
Dox encapsulation (Figure 1e,f). The drug-loading capacity of 
the micelles increases slightly with increasing length of the 
peptide block. For linear polymers the hydrophobic drug is sur-
rounded in the core by individual polymer chains. However, 
both inter-and intramolecular hydrophobic interactions may 
contribute to the drug encapsulation leads to improved drug 
loading capacity and efficiency.

Release of Dox from the micelles was observed for 100 h, and 
the release performance of Dox was traced using a UV-vis spec-
trometer. The Dox release profiles are illustrated in Figure 2. 
The influence of pH on the release rate was investigated by per-
forming a set of experiments on the micelles formed from the 
polymers. Micelles obtained through the dialysis method were 
stable above pH = 7.4; when the pH was decreased below 7, 
the degree of ionization of p(His) block of p(HEMA)-b-p(His) 
increased, and at a critical degree of ionization, the hydrophobic 
© 2012 WILEY-VCH Verlag G1062 wileyonlinelibrary.com
interactions weakened, favoring the drug release. Moreover, 
the enhanced solubility of the p(HEMA) corona also increases 
under acidic conditions, which helps to diffuse the drug to the 
external medium.

The drug-release profiles under different pH conditions are 
compared in Figure 2, realizing the release performance is 
sensitive to pH and block length of p(His). At lower pH 5.5, 
the initial release rate is faster than higher pH 7.4, and the 
total amount of release after 100 h is also found to be faster at 
pH 5.5 than at pH 7.4. In addition they decrease monotonously 
in order of p(HEMA)25-b-p(His)45 > p(HEMA)25-b-p(His)35 > 
p(HEMA)25-b-p(His)25 > p(HEMA)25-b-p(His)15, demonstrating 
the chain length of His block plays an important role in con-
trolling the release property. p(His) block is an ionizable basic 
polymer, so its swelling behavior greatly depends on the pH 
due to the ionization–deionization of the imidazole ring on the 
p(His) block. At acidic pH values, the p(His) blocks is ionized 
and the charged imidazole groups repel each other such that 
this leads to high swelling. The stability of the Dox molecules 
also is enhanced due its ionization at the low pH environment 
and results in an increased diffusivity averting all nonbonding 
interactions with the polymer walls. Our results revealed the 
pH dependency of the block copolymer can be tailored within 
certain range by variations of the block size, especially p(His) 
block, of the copolymers.

2.6. Cytotoxicity of p(HEMA)-b-p(His) Micelles

The cytotoxicity of the nanosized micelles of p(HEMA)-b-p(His) 
at various concentrations towards 293T cells and HCT-116 cells 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1058–1068
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Figure 1.  TEM images of the spherical micelles of p(HEMA)-b-p(His) obtained from DMSO/DMF-H2O solution mixture after dialysis: a) p(HEMA)25-b- 
p(His)15, b) p(HEMA)25-b-p(His)25, c) p(HEMA)25-b-p(His)35, and d) p(HEMA)25-b-p(His)45, and SEM images (e,f) of the Dox-encapsulated spherical 
micelles fabricated by p(HEMA)25-b-p(His)35. DLS spectra are also shown in inset of TEM images.

Figure 2.  The time-dependent release of Dox from the p(HEMA)-b-p(His) micelles fabricated by self-assembly in phosphate-buffered saline (PBS) at 37 °C.

Adv. Funct. Mater. 2012, 22, 1058–1068
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Figure 3.  Cytotoxicity of the nano-sized micelles of p(HEMA)-b-p(His) at various concentra-
tions towards a) 293T cells and b) to HCT116 normal cells. The cell viability percent was 
average absorbance of polymer micelles group at different concentrations divided by that of 
corresponding control (cell-only) group. The absorbance was similar among eight parallel 
experiments.
were determined by thiazolyl blue tetrazolium 
bromide (MTT) cell proliferation assay. The 
absorbance of a formazan crystal at 560 nm 
could reflect the number of living cells. It 
showed a direct proportion relation between 
absorbance and cell numbers in a reason-
able linear range. The cell viability percent 
was average absorbance of polymer micelles 
group at different concentrations divided by 
that of corresponding control group. In this 
study, the cell-only group was used as control 
in each experiment, the absorbance of which 
was similar among eight parallel experi-
ments. Compared to control, the viability 
of 293T and HCT-116 cells was higher than 
80% in a wide concentration range from 1 
to 50 μg mL−1 (Figure 3). At a micelle con-
centration of 1 μg mL−1, the viability of cells 
decreases in order of p(HEMA)25-b-p(His)45 >  
p(HEMA)25-b-p(His)35 > p(HEMA)25-b-

p(His)15 > p(HEMA)25-b-p(His)25; however, the order changes to 
p(HEMA)25-b-p(His)35 > p(HEMA)25-b-p(His)45 > p(HEMA)25-b-
p(His)25 > p(HEMA)25-b-p(His)15 at 50 μg mL−1, demonstrating 
no significant differences among polymer micelles with dif-
ferent lengths of p(His) are found in cytotoxicity against both 
cells. These results show that p(HEMA)-b-p(His) micelles fab-
ricated by self-assembly have no acute and intrinsic cytotoxicity 
against normal cells.

2.7. Cellular Uptake and Cytotoxicity of Dox-Loaded  
p(HEMA)-b-p(His) Micelles

To investigate the effect of block copolymer micelles carrying 
Dox in the cellular level, we incubated the four different Dox-
loaded p(HEMA)-b-p(His) micelles fabricated by self-assembly 
with HCT-116 human colon carcinoma cells for 48 h. Dox-
loaded micelles showed dose-dependent cytotoxicity at all treat-
ments (Figure 4). It is interesting to note that the Dox-loaded 
p(HEMA)-b-p(His) micelles have obvious pH sensitivity and 
tumor cell survivability by Dox, according to the tests per-
formed by Dox-loaded micelles under various pH conditions 
(pH 6.0–7.4).

As clearly shown in Figure 4e, the free Dox molecule itself 
shows decreased antitumor activity at acidic pH 6.0 rather than 
pH 7.4. The Dox-loaded p(HEMA)-b-p(His) micelles showed 
relatively higher growth inhibition at acidic pH than basic pH 
at all treatments. Espeicially, at 1 and 10 μg mL−1 of Dox con-
centration, the pH-sensitive cytotoxicity against tumor cells are 
consistently obtained at all treatment of Dox-loaded p(HEMA)-
b-p(His) micelles. Comparing the tumor cell survivability at pH 
6, the effect of the length of p(His) block on antitumor activity 
is not conspicuous.

The cells were then observed by confocal laser scanning 
microscopy (CLSM) in order to get further insight on the pH 
sensitive endocytosis of the Dox-loaded micelles (Figure 5). As 
expected, stronger fluorescence in cell is clearly observed at 
acidic pH than basic conditions. For further confirmation, Dox 
or Dox-loaded micelles treated HCT-116 cells were analyzed 
© 2012 WILEY-VCH Verlag Gmwileyonlinelibrary.com
using flow cytometer. As shown in Figure 6, fluorescence inten-
sity of the Dox-loaded micelles is greatly enhanced at acidic 
conditions.

Considering the extracellular pH of tumor tissue is acidic 
(around pH 6.8), pH-sensitive polymeric micelles, specifically at 
acidic pH have advantages to release the drug into tumor cells. 
The pH of the tissue and blood stream is about 7.4, Dox-loaded 
micelles can selectively kill the tumor cells due to the pH-
induced destabilization of the micelle and subsequent delivery 
of the anticancer drug at pH 6.0–6.8.[36] Fluorescence analysis of 
tumor cells reveled that Dox-loaded micelles showed increased 
fluorescence intensity at acidic pH while pure Dox showed con-
trary results, indicating that the Dox-loaded p(HEMA)-b-p(His) 
micelles have tumor-extracellular pH-sensitive targetability. The 
detailed study on this matter is a facinating topic to be studied 
in detail and is still on going.

3. Conclusions

We have developed a series of novel biocompatible p(HEMA)-
b-p(His) hybrid materials by combining ATRP with ROP of 
His-NCA and evaluated them as pH-sensitive drug-carrier 
for tumor targeting. Dox can be efficiently loaded into self-
assembled micelles of nanoscale and we demonstrated that 
Dox was released from the micelles in a controlled and sus-
tained manner and that the release rate of Dox was accelerated 
at low pH 5.5 compared to pH 7.4. The nanosized micelles of 
p(HEMA)-b-p(His) could be effectively internalized by human 
embryonic kidney 293T cells and HCT116 cells and the via-
bility of both cells was higher than 80% at a micelle concen-
tration range 1 to 50 μg mL−1. The similar nanosized micelles 
of p(HEMA)-b-p(His) bearing Dox molecules could also be 
effectively internalized by HCT116 carcinoma cells and they 
slowly released the encapsulated Dox molcules, showing effec-
tive cell proliferation inhibition compared to free Dox spe-
cifically at an acidic environment. These results suggest that 
p(HEMA)-b-p(His) micelles are promising vehicles to deliver 
Dox for improved cancer therapy. This work demonstrates 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1058–1068
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Figure 4.  Dose-dependent antitumor activity of Dox-loaded micelles to HCT-116 cells after 
48 h incubation: a) p(HEMA)25-b-p(His)15 micelles, b) p(HEMA)25-b-p(His)25 micelles,  
c) p(HEMA)25-b-p(His)35 micelles, and d) p(HEMA)25-b-p(His)45 micelles. Antitumor activity of 
free Dox (10 μg Dox mL−1) according to pH at the same incubation time is given in (e). Clear 
pH-sensitivity of p(HEMA)-b-p(His) micelles to antitumor activity can be observed.
that the synthesis of pH-sensitive synthetic polymer biocon-
jugate hybrid materials is truly biocompatible and they are 
able to self-assemble in to nanomicelles, which make the new 
p(HEMA)-b-p(His) polymers have a great potential as encapsu-
lants in biomedical domains.

4. Experimental Section
Synthesis of p(HEMA)-Br: p(HEMA) bearing bromide end groups 

(p(HEMA)-Br) was synthesized by ATRP employing the literature 
method.[30] Polymerization procedure is described in detail in the 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 1058–1068
Supporting Information. The modification of 
p(HEMA)-Br to phthalimide end-capped p(HEMA) 
(p(HEMA)-PI) was carried out according to the 
literature procedure[37] (also see Scheme 1). 
p(HEMA) (1.0 g, 0.95 mmol) and phthalimide 
potassium salt (0.21 g, 1.15 mmol) were heated 
in refluxing DMF (5 mL) for 8 h. The solvent 
was removed under high vacuum, washed, and 
subsequently dried under vacuum at 60 °C for one 
day. p(HEMA)-PI was obtained in 65% yield.

p(HEMA)-PI (0.30 g, 0.28 mmol) and potassium 
hydroxide (157 mg, 2.80 mmol) were heated in 
refluxing tert-butyl alcohol (10 mL) for 12 h. After 
evaporation of the solvent, 10 mL of water was 
added. The obtained aqueous phase was acidified 
to pH = 2, extracted with dichloromethane 
(4 × 5 mL) and then lyophilized, to produce 
p(HEMA)-NH2 in 70% yield. For the conversion 
of p(HEMA)-NH2 to p(HEMA)-N-TMS-amine, 
p(HEMA)-NH2 (0.216 g, 0.15 mmol) was dissolved 
in anhydrous DMF (3 mL) in a 25-mL Schlenk 
flask, and then BSA (1 mL, 4 mmol) was added. 
The reaction mixture was stirred for two days. 
Anhydrous hexane (10 mL) was added to the 
reaction mixture to precipitate the product. The 
product was washed with anhydrous hexane and 
dried under vacuum to produce p(HEMA)-N-TMS-
amine in a quantitative yield.

The ROP of Bn-His-NCA and Deprotection: 
Bn-His-NCA was first synthesized for the ROP 
(see Scheme 1). Boc-l-His(Bn)-OH (2.5 g) was 
suspended in anhydrous 1,4-dioxane (10 mL), 
to which a solution of PCl5 (1.8 g) in 1,4-dioxane 
(20 mL) was added to form the Bn-His-NCA at 
25 °C under stirring. Within a few minutes, a clear 
solution was obtained, which was then filtered 
through a glass filter. Crystals of Bn-His-NCA were 
obtained after the addition of the filtrate to an excess 
of diethyl ether. The product was subsequently 
washed and dried under vacuum. For the ROP of 
Bn-His-NCA by using p(HEMA)25-N-TMS-amine 
as a macroinitiator, the p(HEMA)25-N-TMS-amine  
(0.45 g, 0.15 mmol) and prescribed amount of 
Bn-His-NCA were dissolved in DMF in two separate 
Schlenk flasks and subsequently combined using 
a transfer needle under nitrogen. The reaction 
mixture was stirred for 48 h at room temperature 
under a nitrogen atmosphere. After polymerization, 
the solvent was concentrated under high vacuum. 
The concentrated DMF solution was precipitated 
in anhydrous diethyl ether and dried under vacuum  
to yield p(HEMA)25-b-p(Bn-His)n (n = 15, 25,  
35, 45).

For the deprotection of the benzyl groups, a 
round-bottomed flask was charged with a solution 
of the p(HEMA)25-b-p(Bn-His)n in trifluoroacetic acid (100 mg, 3 mL). 
Then, a four-fold molar excess of a 33 wt% solution of HBr in acetic acid 
was added, and the reaction mixture was stirred for 2 h at 0 °C. Finally, 
the reaction mixture was precipitated in anhydrous diethyl ether, and the 
product was subsequently dried under vacuum to yield p(HEMA)25-b-
p(His)n (n = 15, 25, 35, 45).

Characterization: 1H NMR spectra were recorded on a Varian Unity 
Plus-300 spectrometer. Ultraviolet-visible (UV-vis) spectroscopic 
analysis was performed on a Shimadzu UV-1650 PC, and FTIR spectra 
were recorded on a Shimadzu IR prestige 21 spectrometer at room 
temperature. The spectra were taken in KBr discs in the range of 3500–
500 cm−1. The MW and PDI of the polymers were determined by GPC 
with two Styragel columns (HT3 and HT4, Waters Co.) at 40 °C. DMF 
eim 1065wileyonlinelibrary.com
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Figure 5.  CLSM images of HCT-116 cells after 3 h incubation taken at different pH conditions with Dox loaded p(HEMA)25-b-p(His)15 micelles (a-a3), 
p(HEMA)25-b-p(His)25 (b-b3), p(HEMA)25-b-p(His)35 (c-c3), p(HEMA)25-b-p(His)45 (d-d3), and free Dox (e-e3) (Dox = 10 μg mL−1). Scale bar = 50 μm.
containing 0.1 n LiBr was used as a carrier solvent at a flow rate of  
1.0 mL min−1. A Waters 1515 pump and a Waters 2414 differential 
refractive index detector were used. Monodispersed PS polymers 
were used as calibration standards. The micelle particle size was 
measured by static light scattering (SLS) on a Zetasizer Nano ZS90 
(Malvern Instruments, Ltd., U.K.) with a He-Ne laser (633 nm) and 90° 
collecting optics. The polymeric micelle samples were filtered through 
a 0.45-μm aqueous membrane filter prior to measurements. Particle 
size and morphology determination were performed by using electron 
microscopy. TEM was performed using a JEOL-1299EX TEM with an 
accelerating voltage of 80 keV. Samples were prepared by pipetting a 
drop of micelle solution onto a 230-mesh copper grid covered with a 
Formvar support film that had been pre-coated with a thin film of carbon. 
After 1 min, the excess solution was blotted away using a strip of filter 
paper. The samples were left to dry at room temperature for 3 h prior 
to observation. The SEM images of the nanomicelles were taken with a 
JEOL-FESEM (JSM-6700F).

Preparation of the Micelles: Micelles were prepared by combining 
self-assembly with the dialysis method. p(HEMA)-b-p(His) (10 mg) was 
dissolved in DMSO and DMF [5 mL (4/1 v/v)] and stirred for 24 h at 
50 °C. Deionized water was then added to the polymer solution at the 
rate of one drop every 10 s with vigorous stirring until water content 
© 2012 WILEY-VCH Verlag G6 wileyonlinelibrary.com
reached 25% of the original solution by volume and was heated to 
110  °C for 2 h. The clear solution mixture was then allowed to cool 
down slowly at a rate of 1  °C min−1 in an automated thermal-cycler. 
The slightly turbid solution was transferred into dialysis membrane 
tubing (MEMBRA-CEL MD34-7, MW cutoff = 1000) and dialyzed 
for 48 h against NaOH/Na2B4O7 buffer (pH 7.4, 20 mm) to remove 
organic solvents. The outer phase was replaced at 6 h intervals with 
fresh buffer. The solution was subsequently lyophilized after filtering 
through a 0.8-μm syringe filter in order to remove any impurities and 
non-micellar aggregates. The preparation of Dox-loaded micelles was 
similar to that of the p(HEMA)-b-p(His) micelles except the addition 
of a predetermined amount of Dox in DMSO and DMF (4/1 v/v) 
solution.

Determination of Drug Loading Content (DLC) and Efficiency (DLE) 
and In Vitro Drug Release: For the quantification of the amount of 
drug encapsulated, aliquots of the drug-loaded micelle solution were 
lyophilized and broken up by adding 2 mL of DMSO. The obtained 
solution was analyzed using the UV-vis spectroscopy. The characteristic 
absorbance of Dox (485 nm) was recorded and compared with a 
standard curve generated in DMF of drug concentrations varying from 
0–100 mg mL−1. The percentages of DLC and DLE were calculated 
according to the following equations: DLC [%] = (weight of drug in the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1058–1068
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Figure 6.  Flow cytometric analysis of HCT-116 cells after the exposure to Dox-loaded micelles 
of p(HEMA)25-b-p(His)35 (a–d) and free Dox (10 μg mL−1) (e–h) at different pH conditions for 
3 h. The controls were plotted in (i) and (j). 1.0 × 106 Cells were used for FACS scan analysis.
micelle/weight of drug loaded micelle) × 100 and DLE [%] = (weight of 
drug in the micelle/weight of drug for drug loaded micelle preparation)  
× 100.

For in vitro drug release, a fixed amount of Dox-loaded micelle solution 
suspended in dialysis bags was placed into buffer solution (PBS, 20 mL) 
with the required pH value. Then, the samples were placed in a shaking 
bath at 70 rpm and at the required temperature. The buffer solution was 
periodically replaced with a fresh solution and the amount of released 
drug was measured by UV-vis spectroscopy. The drug concentration was 
determined according to the standard curves for the drug solution at 
different pH values.

Cell Culture and Confocal Laser Scanning Microscopy (CLSM): HCT-
116 human colon carcinoma cells were cultured in RPMI-1640 medium 
supplemented with 10% fetal bovine serum, at 37  °C and 5% CO2 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 1058–1068
atmosphere. HCT116 cells were seeded in a 6-well 
plates with 1000 μL of medium and then incubated 
overnight in a CO2 incubator (5% CO2) at 37  °C. 
Twenty four hours later, free Dox or Dox-loaded 
micelles were added to the cells and incubated 
for 3 h. Cells were then washed with PBS (pH 7.4, 
0.1 m) and treated with 4% paraformaldehyde and 
fixed by immobilization solution (IMMU-MOUNT, 
Thermo Electron Corporation). These cells were 
observed with a CLSM (Leica TCS-SP2).

Cytotoxicity Studies and Flow Cytometer Analysis: 
Human embryonic kidney 293T (293T) cells 
and HCT-116 normal cells were used to confirm 
cytotoxicity of the nanosized micelles of p(HEMA)-
b-p(His). Both cells were maintained in RPMI-
1640 medium supplemented with 10% fetal 
bovine serum (5% CO2 at 37  °C). Viability of the 
cells were evaluated by thiazolyl blue tetrazolium 
bromide (MTT) cell proliferation assay. 2 × 104 cells 
seeded in 96-well plates with 100 μL of medium 
were incubated overnight in a CO2 incubator (5% 
CO2 at 37  °C) and then media was exchanged 
with 100 μL of serum-free RPMI1640 media. For 
cytotoxicity test, p(HEMA)-b-p(His) micelles were 
distributed in serum-free RPMI1640 media and 
diluted to appropriate concentrations. After 2 day of 
incubation, 30 μL of MTT (5 mg mL−1) was added to 
96-well plates and incubated for 4 h. The formazan 
crystals formed were solubilized in DMSO, and the 
absorbance (560 nm-test/630 nm-reference) was 
determined using an automated computer-linked 
microplate reader (Molecular Device Co. U.S.A.). 
The results were expressed as a percentage of 
absorbance compared to that in the control cells. 
Each measurement was obtained as the mean value 
of eight wells and all experiments were conducted 
in triplicate.

The cytotoxicity of Dox-loaded micelles and 
free Dox were measured aginst HCT-116 colon 
carcinoma cells by MTT cell proliferation assay. 
The cells were seeded in a 96-well plates at the 
density of 5 × 103 cells per well and incubated in 
100 μL of medium at 37  °C in 5% CO2 for 24 h. 
Then the medium was removed and replaced with 
(100 μL) free Dox or Dox-loaded micelles 
containing medium. Controls were treated 
with 0.5% v/v of DMSO. After 48 h incubation, 
30 μL of MTT (5 mg mL−1 in PBS) was added to 
96-well plates, followed by incubation for 4 h. The 
formazan crystals formed were solubilized with 
100 μL DMSO, and the absorbance (560 nm-test/ 
630 nm-reference) was determined using an 
automated computer-linked microplate reader 
(Molecular Device Co.) and the relative cell viability 
was calculated.
For flow cytometer analysis, Dox or Dox-loaded micelles treated HCT 

116 cells were seeded at a density of 1 × 106 cells in 6-well plates and 
incubated overnight. Dox or Dox-loaded micelles (10 μg Dox mL−1) 
were added and incubated for 3 h. Cells were harvested and analyzed 
with a flow cytometer (FACScan). An excitation wavelength at 488 nm 
and emission wavelength at 522 nm were used to observe the Dox 
fluorescence intensity.
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