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Hyaluronic acid (HA) forms pericellular coats in many cell types that are involved in the early stages of cell

adhesion by interacting with the CD44 receptor. Based on the largely recognized overexpression of the

CD44 receptor in tumor tissues, a polybenzofulvene molecular brush has been enveloped into hyaluro-

nan shells to obtain a tri-component polymer brush (TCPB) composed of intrinsically fluorescent back-

bones bearing nona(ethylene glycol) arms terminated with low molecular weight HA macromolecules.

The nanoaggregates obtained in TCPB water dispersions were characterized on the basis of dimensions,

zeta potential, and in vitro cell toxicity. This biomimetic multifunctional material bearing HA on the

surface of its cylindrical brush architecture showed promising prerequisites for the preparation of nano-

structured drug delivery systems.

Introduction

Hyaluronic acid (HA), also called hyaluronan, is a glycosamino-
glycan involved in many important physiological functions in
the human body. For example, HA has been proposed to form a
continuous and relatively thick layer covering the surface of
many cells in suspension. Thus, the pericellular HA coat has
been proposed to play a pivotal role in the early stages of cell
adhesion1 by interacting with the CD44 receptor.2,3 This recep-
tor is an ubiquitous protein composed of 177 amino acid resi-

dues, which forms four domains and among them the extra-
cellular one is called Hyaluronan Binding Domain (HBD) and
has been reported to be overexpressed in several tumor tissues.4

A large number of different Drug Delivery Systems (DDS)
have been developed in order to obtain a modified release of
the pharmaceutically active ingredient (API) capable of main-
taining the optimal blood level trends.5,6 Most of these non-
conventional dosage forms are based on polymeric materials
able to interact with API by means of non-covalent (drug–
polymer complexes)7,8 or covalent attachments to the poly-
meric backbone (drug–polymer conjugates),9 and are designed
to deliver the API on the basis of their technological features
rather than the API chemical and physical ones as it occurs in
conventional pharmaceutical forms.5,6

Benzofulvene derivatives were shown to polymerize in the
apparent absence of catalysts or initiators by a simple removal of
solvents to give polybenzofulvene derivatives, which are charac-
terized by intriguing features including susceptibility to mole-
cular manipulation, tunable solubility in different solvents and
aggregation behavior in water, and propensity to generate nano-
structured aggregates.10–20 In studying this interesting polymer
family, we explored the insertion of oligo(ethylene glycol) (OEG)
side chains to obtain the polybenzofulvene molecular brushes
(PBFMBs) reported in Fig. 1. These studies suggested that click
chemistry reactions such as the copper(I)-catalyzed alkyne–azide
1,3-dipolar cycloaddition (CuAAC) could be used to introduce a
large variety of side chains into the polybenzofulvene backbone
to design PBFMBs tailored for specific applications.21

Furthermore, the ability of PBFMBs to complex bioactive mole-
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cules, such as immunoglobulin G (IgG)22 or the anticancer
peptide leuprolide,23 was investigated in a strong physical hydro-
gel obtained with poly-2-MOEG-9-BF1 or in the nanoaggregates
obtained with poly-6-MOEG-9-BF3k, respectively. In these
systems, the protein–polymer interaction was assumed to occur
by non-specific interactions with the hydrogel particles. Finally,
PBFMBs bearing synthetic dynamic receptors have been pre-
viously used to deliver doxorubicin (DOXO) to cancer cells.21

In the present paper, a tri-component polymer brush
(TCPB) was designed by functionalizing the polybenzofulvene
backbone with nona(ethylene glycol) (NEG) arms terminated
with low molecular weight hyaluronic acid (HA) macro-
molecules (Fig. 1). This work was aimed at developing new
advanced functional materials capable of forming biocompati-
ble biomimetic aggregates for biomedical applications.

Experimental section
Synthesis

Melting points were determined in open capillaries in a
Gallenkamp apparatus and are uncorrected. Merck silica gel

60 (230–400 mesh) was used for column chromatography.
Merck TLC aluminum sheets and silica gel 60 F254 were used
for TLC. NMR spectra were recorded with a Bruker DRX-400
AVANCE or a Bruker DRX-500 AVANCE spectrometer in the
indicated solvents (TMS as internal standard): the values of
the chemical shifts are expressed in ppm and the coupling
constants ( J) in Hz. An Agilent 1100 LC/MSD operating with an
electrospray source was used in mass spectrometry
experiments.

Ethyl 6-[2-(tert-butoxy)-2-oxoethoxy]-1-oxo-3-phenyl-1H-
indene-2-carboxylate (2). A mixture of indenone 1 19 (0.28 g,
0.95 mmol), K2CO3 (0.39 g, 2.82 mmol), and NaI (0.21 g,
1.40 mmol) in DMF (15 mL) was stirred at room temperature
for 10 min, and then tert-butyl 2-bromoacetate (0.17 mL,
1.14 mmol) was added. After stirring at room temperature for
18 h, the reaction mixture was treated with a saturated solution
of NH4Cl and extracted with ethyl acetate. The organic layer
was dried over Na2SO4 and concentrated under reduced
pressure. The residue was purified by flash chromatography
with petroleum ether–ethyl acetate (7 : 3) as the eluent to
afford compound 2 as a red solid (0.37 g, yield 95%, mp
121–122 °C). 1H NMR (400 MHz, CDCl3): 1.14 (t, J = 7.1, 3H),

Fig. 1 Development of polybenzofulvene molecular brushes.
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1.48 (s, 9H), 4.17 (q, J = 7.1, 2H), 4.56 (s, 2H), 6.85 (dd, J = 8.1,
2.4, 1H), 7.08 (d, J = 8.1, 1H), 7.14 (d, J = 2.4, 1H), 7.49 (s, 5H).
MS (ESI): m/z 431 (M + Na+).

2-[[2-(Ethoxycarbonyl)-1-oxo-3-phenyl-1H-inden-6-yl]oxy]acetic
acid (3). A mixture of compound 2 (0.39 g, 0.955 mmol) in
formic acid (15 mL) was stirred at room temperature for 1 h.
The reaction mixture was then concentrated under reduced
pressure and the residue was washed with diethyl ether to
afford compound 3 as an orange solid (0.32 g, yield 95%, mp
194–195 °C). 1H NMR (400 MHz, DMSO-d6): 1.04 (t, J = 7.0,
3H), 4.07 (q, J = 7.0, 2H), 4.81 (s, 2H), 7.00 (d, J = 8.0, 1H), 7.12
(s, 1H), 7.16 (d, J = 8.1, 1H), 7.55 (s, 5H), 13.14 (br s, 1H). MS
(ESI): m/z 375 (M + Na+).

Ethyl 6-[(29-azido-2-oxo-6,9,12,15,18,21,24,27-octaoxa-3-aza-
nonacosyl)oxy]-1-oxo-3-phenyl-1H-indene-2-carboxylate (4). A
solution of 3 (0.14 g, 0.40 mmol) in SOCl2 (5.0 mL) was heated
to reflux for 1.5 h and then concentrated under reduced
pressure. The residue was dissolved in dry dichloromethane
(3.0 mL) and the resulting solution was added to a mixture of
O-(2-aminoethyl)-O′-(2-azidoethyl)heptaethylene glycol (0.27 g,
0.62 mmol) and TEA (0.14 mL) in dry dichloromethane
(3.0 mL). The reaction mixture was stirred at room temperature
for 1.5 h and then washed in sequence with a saturated solu-
tion of NaHCO3 and with brine. The organic layer was dried
over Na2SO4 and concentrated under reduced pressure.
Purification of the residue by flash chromatography with ethyl
acetate–methanol (9 : 1) as the eluent gave compound 4 as a
red oil (0.22 g, yield 71%). 1H NMR (400 MHz, CDCl3): 1.15 (t,
J = 7.1, 3H), 3.37 (t, J = 5.0, 2H), 3.50–3.68 (m, 34H), 4.18 (q, J =
7.0, 2H), 4.53 (s, 2H), 6.86 (dd, J = 8.1, 2.3, 1H), 7.08 (br s, 1H),
7.12 (d, J = 8.1, 1H), 7.22 (d, J = 2.3, 1H), 7.50 (s, 5H). MS (ESI):
m/z 795 (M + Na+).

Ethyl 6-[(29-azido-2-oxo-6,9,12,15,18,21,24,27-octaoxa-3-
azanonacosyl)oxy]-1-hydroxy-1-methyl-3-phenyl-1H-indene-2-
carboxylate (5). To a solution of 4 (0.25 g, 0.323 mmol) in di-
chloromethane (15 mL) was added a 2 M solution of Al(CH3)3
in toluene (0.65 mL, 1.30 mmol) and the resulting mixture was
stirred under a nitrogen atmosphere at room temperature for
30 min and then diluted with ethyl acetate (30 mL). The excess
of Al(CH3)3 was cautiously decomposed by the addition of a 1
N solution of NaOH until the gas evolution ceased. The result-
ing mixture was washed with water, dried over sodium sulfate,
and concentrated under reduced pressure. The residue was
purified by flash chromatography with ethyl acetate–methanol
(9 : 1) as the eluent to obtain compound 5 as a pale yellow oil
(0.22 g, yield 86%). 1H NMR (400 MHz, CDCl3): 1.04 (t, J = 7.1,
3H), 1.76 (s, 3H), 3.33–3.40 (m, 2H), 3.49–3.69 (m, 35H),
4.02–4.19 (m, 2H), 4.54 (s, 2H), 6.82 (d, J = 8.3, 1H), 7.02 (br s,
1H), 7.08 (d, J = 8.3, 1H), 7.16 (s, 1H), 7.32–7.42 (m, 5H). MS
(ESI): m/z 811 (M + Na+).

Ethyl 6-[(29-azido-2-oxo-6,9,12,15,18,21,24,27-octaoxa-3-aza-
nonacosyl)oxy]-1-methylene-3-phenyl-1H-indene-2-carboxylate
(6-ANEGA-CMO-BF3k). A mixture of indenol derivative 5
(10 mg, 0.0127 mmol) in CDCl3 (2.0 mL) with p-toluenesulfo-
nic acid monohydrate (PTSA, 2.0 mg, 0.0105 mmol) was
heated to reflux for 1 h. The reaction mixture was then cooled

at room temperature and washed with a saturated solution of
NaHCO3. The organic layer was dried over sodium sulfate to
obtain a solution of the corresponding monomer
6-ANEGA-CMO-BF3k, which was used in the NMR studies. 1H
NMR (500 MHz, CDCl3): 1.04 (t, J = 7.1, 3H), 3.33–3.41 (m, 2H),
3.52–3.68 (m, 34H), 4.11 (q, J = 7.1, 2H), 4.56 (s, 2H), 6.36 (s,
1H), 6.63 (s, 1H), 6.85 (dd, J = 8.4, 2.3, 1H), 7.14 (d, J = 8.4, 1H),
7.16 (br s, 1H), 7.29 (d, J = 2.3, 1H), 7.37–7.46 (s, 5H); see also
Fig. S1.† 13C NMR (125 MHz, CDCl3): 13.8, 38.8, 50.7, 60.1,
67.7, 69.7, 70.0, 70.3, 70.5, 70.6, 70.7, 106.9, 114.7, 117.5,
123.4, 124.2, 128.0, 128.3, 128.6, 134.4, 135.7, 139.1, 143.6,
153.0, 158.3, 164.8, 168.0; see also Fig. 3. MS (ESI): m/z 793
(M + Na+).

Poly-[ethyl 6-[(29-azido-2-oxo-6,9,12,15,18,21,24,27-octaoxa-3-
azanonacosyl)oxy]-1-methylene-3-phenyl-1H-indene-2-carboxy-
late] (poly-6-ANEGA-CMO-BF3k-GT). A mixture of indenol
derivative 5 (0.37 g, 0.469 mmol) in CDCl3 (20 mL) with PTSA
(59 mg, 0.31 mmol) was heated under reflux for 1 h. The reac-
tion mixture was then cooled at room temperature and washed
with a saturated solution of NaHCO3. The organic layer was
dried over sodium sulfate and concentrated under reduced
pressure to give a viscous oil, which was dissolved in chloro-
form (5.0 mL) and newly evaporated (this procedure of dis-
solution/evaporation was repeated five times). The final
residue was dissolved in CHCl3 (3.0 mL) and added dropwise
to diethyl ether (10 mL). The resulting dispersion was kept
overnight at room temperature. The precipitate was gently sep-
arated from the solution and dried under reduced pressure to
afford poly-6-ANEGA-CMO-BF3k-GT as a brown sticky solid
(0.22 g, yield 61%). 1H NMR (500 MHz, CDCl3): see Fig. S1;†
13C NMR (125 MHz, CDCl3): see Fig. 3.

Ethyl 6-(2-tert-butoxy-2-oxoethoxy)-1-hydroxy-1-methyl-3-
phenyl-1H-indene-2-carboxylate (6). To a solution of indenone
derivative 2 (0.37 g, 0.906 mmol) in dry dichloromethane
(20 mL) cooled at 0–5 °C was added a solution of 2 M Al(CH3)3
in toluene (0.91 mL, 1.82 mmol) and the resulting mixture was
stirred under a nitrogen atmosphere at the same temperature
for 5 min. The excess of Al(CH3)3 was cautiously decomposed
by the addition of a 1 N solution of NaOH until the gas evolu-
tion ceased. The reaction mixture was partitioned between
ethyl acetate and water and the organic layer was dried over
sodium sulfate and concentrated under reduced pressure. The
residue was purified by flash chromatography with petroleum
ether–ethyl acetate–dichloromethane (7 : 2 : 1) as the eluent to
afford compound 6 as a pale yellow oil (0.36 g, yield 94%). 1H
NMR (400 MHz, CDCl3): 1.04 (t, J = 7.1, 3H), 1.49 (s, 9H), 1.74
(s, 3H), 3.65 (br s, 1H), 4.01–4.21 (m, 2H), 4.57 (s, 2H), 6.81
(dd, J = 8.4, 2.4, 1H), 7.05 (d, J = 8.4, 1H), 7.11 (d, J = 2.4, 1H),
7.30–7.46 (m, 5H). MS (ESI): m/z 447 (M + Na+).

2-[[2-(Ethoxycarbonyl)-1-methylene-3-phenyl-1H-inden-6-yl]
oxy]acetic acid (6-CMO-BF3k). A mixture of indenol derivative
6 (10 mg, 0.0236 mmol) in CDCl3 (3.0 mL) with PTSA (18 mg,
0.0946 mmol) and sodium sulfate (0.80 g, 5.63 mmol) was
heated to reflux for 1 h. The reaction mixture was then cooled
at room temperature and washed with 1 N HCl. The organic
layer was dried over sodium sulfate to obtain a solution of the
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corresponding monomer 6-CMO-BF3k, which was used in the
NMR studies. 1H NMR (500 MHz, CDCl3): 1.04 (t, J = 7.1, 3H,
A), 4.11 (q, J = 7.1, 2H, B), 4.74 (s, 2H, E), 6.34 (s, 1H, Dx), 6.62
(s, 1H, Dy), 6.85 (dd, J = 8.4, 2.4, 1H, 5), 7.14 (d, J = 8.4, 1H, 4),
7.29 (d, J = 2.4, 1H, 7), 7.36–7.47 (s, 5H, Ph). 13C NMR
(125 MHz, CDCl3): 13.8 (A), 60.1 (B), 65.1 (E), 106.9 (7), 114.5
(5), 117.5 (D), 123.4 (4), 124.3 (2), 128.0 (3′/5′), 128.3 (4′), 128.6
(2′/6′), 134.4 (1′), 135.9 (3a), 139.1 (7a), 143.5 (1), 153.1 (3),
158.3 (6), 164.9 (C), 171.3 (F); see also Fig. 2. MS (ESI): m/z 373
(M + Na+).

Poly-[2-[[2-(ethoxycarbonyl)-1-methylene-3-phenyl-1H-inden-
6-yl]oxy]acetic acid] (poly-6-CMO-BF3k). A mixture of indenol
derivative 6 (0.28 g, 0.66 mmol) in CDCl3 (80 mL) with PTSA
(0.50 g, 2.63 mmol) and sodium sulfate (22 g, 155 mmol) was
heated to reflux for 1 h. The reaction mixture was then cooled
at room temperature and washed with 1 N HCl. The organic
layer was dried over sodium sulfate to obtain a solution of the
corresponding monomer 6-CMO-BF3k, which was concen-
trated under reduced pressure to give a glassy solid, which was
treated with chloroform (15 mL) and newly evaporated (this
procedure of treatment/evaporation was repeated five times).
The final residue was purified by washing with dichloro-

methane and dried under reduced pressure to afford poly-6-
CMO-BF3k as a pale yellow glassy solid (0.14 g, yield 61%). 13C
NMR (125 MHz, DMSO-d6): see Fig. 2.

Poly-[ethyl 6-[(29-azido-2-oxo-6,9,12,15,18,21,24,27-octaoxa-3-
azanonacosyl)oxy]-1-methylene-3-phenyl-1H-indene-2-carboxy-
late] (poly-6-ANEGA-CMO-BF3k-GO). A mixture of poly-6-
CMO-BF3k (50 mg, 0.143 mmol) in SOCl2 (5.0 mL) was
refluxed for 1.5 h and then concentrated under reduced
pressure. The residue was dissolved in dry dichloromethane
(5.0 mL) and the resulting solution was treated with a solu-
tion of O-(2-aminoethyl)-O′-(2-azidoethyl)heptaethylene glycol
(120 mg, 0.274 mmol) and TEA (0.10 mL) in dry dichloro-
methane (3.0 mL). The reaction mixture was stirred overnight
at room temperature and then partitioned between dichloro-
methane and a saturated NaHCO3 solution. The organic
layer was washed with brine, dried over Na2SO4 and concen-
trated under reduced pressure. Purification of the residue by
precipitation with diethyl ether (15 mL) from a dichloro-
methane solution (3.0 mL) gave poly-6-ANEGA-CMO-BF3k-GO
as a brown sticky solid (64 mg, yield 58%). 1H NMR
(500 MHz, CDCl3): see Fig. S1;† 13C NMR (125 MHz, CDCl3):
see Fig. 3.

Fig. 2 13C NMR spectrum (DMSO-d6) of poly-6-CMO-BF3k compared with that of the corresponding monomer 6-CMO-BF3k.
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Procedure for the synthesis of the hyaluronan synthon
HA-FA-Pg

A mixture of low molecular weight HA (1.0 g, 2.64 mmol in
monomeric units) in formamide (10 mL) was heated at about
50 °C until complete dissolution was achieved. The resulting
solution was then cooled to room temperature and TEA
(0.37 mL, 2.66 mmol) and 7 (0.186 g, 0.659 mmol) were
sequentially added. The reaction mixture was stirred overnight
at room temperature and then diluted with a 5% NaCl solution
(5.0 mL). The resulting mixture was stirred at room temp-
erature for 10–15 min. Finally, the polymer was obtained
by treatment of the mixture with acetone (40 mL) and purified
by washing four times with the same solvent. The final solid
was dried under reduced pressure to afford the expected
HA-FA-Pg graft copolymer as a white solid (1.05 g). 1H NMR
(500 MHz, D2O): see Fig. S3;† 13C NMR (125 MHz, D2O): see
Fig. 6.

Preparation of the tri-component polybenzofulvene molecular
brush TCPB

A round bottom 10 mL flask was charged under an inert atmo-
sphere with tert-butanol (2.0 mL), water (2.0 mL), and a solu-

tion of CuSO4 pentahydrate (12.5 mg, 0.050 mmol) in 0.50 mL
of water. Then, a 1 M solution of sodium ascorbate in water
(0.50 mL) was added and 1.0 mL of the resulting mixture was
used as the catalyst. A mixture of poly-6-ANEGA-CMO-BF3k
(50 mg) and HA-FA-Pg-3F (50 mg) in 10 mL of tert-butanol–
water (1 : 1) was treated with the catalyst solution (1.0 mL) and
the reaction mixture was stirred overnight at room temperature
and then concentrated under reduced pressure. The residue
was dissolved in 25 mL of ethanol–water (2 : 1) and
QUADRASIL MP (200 mg) was added. After filtration the solu-
tion was concentrated under reduced pressure. The residue
was dissolved in 5.0 mL of ethanol–water (2 : 1) and the solu-
tion was added dropwise into acetone (45 mL). The resulting
suspension was decanted overnight to furnish a fine precipi-
tate, which was gently separated from the solution and dried
under reduced pressure to obtain TCPB as a brown glassy solid
(94 mg). 13C NMR (125 MHz, D2O): see Fig. 7.

SEC-MALS

The molecular characterization was performed by using a
multi-angle laser light scattering (MALS) photometer on line to
a size exclusion chromatography (SEC) system. The SEC-MALS
system consisted of an Alliance 2695 chromatograph from

Fig. 3 13C NMR spectra (CDCl3) of newly-synthesized poly-6-ANEGA-CMO-BF3k-GT and poly-6-ANEGA-CMO-BF3k-GO compared with that of
macromonomer 6-ANEGA-CMO-BF3k.

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2016 Polym. Chem., 2016, 7, 6529–6544 | 6533

Pu
bl

is
he

d 
on

 0
5 

O
ct

ob
er

 2
01

6.
 D

ow
nl

oa
de

d 
by

 C
N

R
 o

n 
25

/0
1/

20
17

 1
1:

14
:5

5.
 

View Article Online

http://dx.doi.org/10.1039/c6py01644h


Waters (USA), a MALS Dawn DSP-F photometer from Wyatt
(USA), and a 410 differential refractometer from Waters as a
concentration detector. In detail, the experimental conditions
were the following: 0.2 M NaCl + DMSO (50/50 w/w), 35 °C of
temperature, 0.5 mL min−1 of flow rate, and two Polargel (M-L)
columns from Polymers Laboratories (UK).

The MALS photometer used a vertically polarized He–Ne
laser (λ = 632.8 nm) and simultaneously measured the inten-
sity of the scattered light at 18 angular locations ranging from
14.7° to 151.7°. The calibration constant was calculated using
toluene as a standard assuming a Rayleigh factor of 1.406 ×
10−5 cm−1. The angular normalization was performed by
measuring the scattering intensity of a concentrated solution
of a pullulan standard showing a narrow MWD (Mp = 12 kg per
mole, Mw/Mn < 1.03, Rg = 2.1 nm) assumed to act as an iso-
tropic scatterer. It is known that the on-line MALS detector
measures, for each polymeric fraction eluted from the
columns, the molecular weight (M) and when the angular
dependence of the scattered light is experimentally measur-
able, also the molecular size generally known as the gyration
radius (Rg). The SEC-MALS system is described in detail
elsewhere.24,25

The differential refractive index increment for the polymers
with respect to the mixed solvent was measured off-line by
using a Chromatix KMX-16 differential refractometer. The dn/
dc value was 0.116 mL g−1 for HA and 0.122 mL g−1 for
HA-FA-Pg.

MALDI-TOF MS

MALDI TOF MS (matrix assisted laser desorption/ionization
time of flight mass spectrometry) mass spectra were recorded
using a 4800 Proteomic Analyzer (Applied Biosystems)
MALDI-TOF/TOF instrument equipped with a Nd:YAG laser at
a wavelength of 355 nm with <500 ps pulse and 200 Hz firing
rate, and the acceleration voltage was set at 20 kV. The irradi-
ance was maintained slightly above the threshold, to obtain a
mass resolution of about 1000–2000 fwhm; isotopic resolution
was observed throughout the entire mass range detected (from
m/z 1000 up to m/z 6000). External calibration was performed
using an Applied Biosystems calibration mixture consisting of
polypeptides with different molecular weight values. Mass accu-
racy was about 150–200 ppm. All measurements were performed
in negative ion mode; approximately 1500 laser shots were accu-
mulated for each mass spectrum. The best spectra were
recorded using 2,5-DHB as a matrix (0.1 M in CH3CN/CH3OH 1/
1 v/v). Polymer samples were solubilized in the CH3CN/CH3OH
(1 : 1 v/v) solvent mixture with a concentration of about 2 mg
mL−1. Samples for MALDI analysis were prepared by the dried-
droplet method, in which a mixture of matrix and sample
(0.3 µL) was deposited onto the target plate and dried at room
temperature under an inert atmosphere (N2 flow).

Preparation of TCPB nanoparticles

25 mg of TCPB were dissolved in 4.0 mL of DMSO and the
obtained mixture was sonicated for 30 min and dialyzed for

48 h against double distilled water using Spectra Por Dialysis
with a molecular weight cut-off (MWCO) of 25 000 Da. After
48 h, the nanoparticle dispersion was filtered through a 5 μm
cellulose membrane filter, frozen by immersion in liquid nitro-
gen and freeze-dried from water.

Dynamic light scattering (DLS) analysis and ζ potential
measurements

The mean diameter, width of distribution (polydispersity
index, PDI), and ζ potential of the nanoparticles were
measured at 25 °C using a Zetasizer NanoZS instrument fitted
with a 532 nm laser at a fixed scattering angle of 173°. The
intensity-average hydrodynamic diameter (size in nm) and PDI
of TCPB nanosystems (0.2 mg mL−1) were measured in double
distilled water. The ζ potential (mV) was calculated from the
electrophoretic mobility using the Smoluchowski relationship
and assuming that Ka ≫ 1 (where K and a are the Debye–
Hückel parameter and particle radius, respectively). Each
experiment was performed in triplicate.

Cytotoxicity evaluation

The cytotoxicity was assessed by the tetrazolium salt (MTS)
assay on three cell lines; human colon cancer (HCT116),
human breast adenocarcinoma (MCF-7), and human bron-
chial epithelial (16HBE) cell lines (purchased from Istituto
Zooprofilattico Sperimentale della Lombardia e dell’Emilia
Romagna, Italy) using a commercially available kit (Cell Titer
96 Aqueous One Solution Cell Proliferation assay, Promega).
Cells were seeded in 96 well plates at a density of 2.5 × 104

cells per well and grown in Dulbecco’s Minimum Essential
Medium (DMEM) with 10% FBS (foetal bovine serum) and
1% of penicillin/streptomycin (10 000 U mL−1 penicillin and
10 mg mL−1 streptomycin) at 37 °C in a 5% CO2 humidified
atmosphere. After 24 h of cell growth the medium was
replaced with 200 μL of fresh culture medium containing
TCPB nanoparticles at concentrations corresponding to 20,
40, 80 and 200 μg mL−1. After 24 and 48 h of incubation
time, DMEM was replaced with 100 μL of fresh medium and
20 μL of a MTS solution was added to each well. The plates
were incubated for an additional 2 h at 37 °C. Then, the
absorbance at 490 nm was measured using a microplate
reader (Multiskan, Thermo, UK). Pure cell medium was used
as a negative control. Results were expressed as percentage
reduction of the control cells. All culture experiments were
performed in triplicate.

Statistical analysis

A one way analysis of variance (ANOVA) was applied to
compare different groups. Data were considered statistically
significant with a value of P < 0.05 and differences between
different groups were compared using a posteriori Bonferroni
t-test. All values are expressed as the average of three experi-
ments ± standard deviation.
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Results and discussion
Synthesis of the tri-component polybenzofulvene molecular
brush (TCPB)

The preparation of the tri-component polybenzofulvene mole-
cular brush TCPB was carried out by means of a convergent
approach consisting of three different steps: the preparation of
the polybenzofulvene backbone bearing nona(ethylene glycol)
(NEG) arms terminated with clickable azido groups (Schemes
1 and 2), the functionalization of low molecular weight hya-
luronic acid (HA) macromolecules with ferulic acid (FA)
bearing clickable propargyl groups (Scheme 3), and the coup-
ling between the two macromolecular synthons by copper(I)-

catalyzed azide–alkyne 1,3-dipolar cycloaddition (CuAAC,
Scheme 4).

The polybenzofulvene synthon was firstly synthesized by
means of a “grafting through” approach (Scheme 1) in order to
obtain a structurally homogeneous cylindrical brush showing
the maximum grafting degree (GD, i.e. each monomeric unity
bears its NEG side chain).

The phenol group of indenone derivative 1 19 was alkylated
with tert-butyl 2-bromoacetate in the presence of potassium
carbonate as the base and sodium iodide as the catalyst in
N,N-dimethylformamide to afford diester 2. The tert-butyl ester
group of 2 was cleaved under acidic conditions to obtain acetic
acid derivative 3, which was activated with thionyl chloride

Scheme 1 “Grafting through” approach to the preparation of the polybenzofulvene synthon. Reagents: (i) tert-butyl 2-bromoacetate, K2CO3, NaI,
DMF; (ii) HCOOH; (iii) SOCl2; (iv) N3(CH2CH2O)8CH2CH2NH2, TEA, CH2Cl2; (v) Al(CH3)3, CH2Cl2; (vi) PTSA, CDCl3; (vii) solvent elimination.
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and transformed into acetamide derivative 4 by reaction with
alpha-azido-omega-amino nona(ethylene glycol) (azido-NEG-
amine) in the presence of TEA as the base. Amide 4 was used
in the usual methylation/dehydration procedure to obtain
benzofulvene macromonomer 6-ANEGA-CMO-BF3k, which was
thoroughly characterized by NMR spectroscopy and allowed to
polymerize spontaneously by solvent removal to afford the
corresponding polymer poly-6-ANEGA-CMO-BF3k-GT. Then,
the polybenzofulvene synthon was prepared by means of a
“grafting onto” approach (poly-6-ANEGA-CMO-BF3k-GO,
Scheme 2) and compared with poly-6-ANEGA-CMO-BF3k-GT.

In particular, diester 2 was used as the starting material in
the classical multistep sequence used in the preparation of
polybenzofulvene derivatives (i.e. the methylation/dehydration
procedure followed by the spontaneous polymerization) in
order to obtain poly-6-CMO-BF3k. The optimization of the de-
hydration reaction leading to acid monomer 6-CMO-BF3k
required hard work, and after several attempts, this compound
was isolated in sufficient purity to be used in a careful struc-
tural characterization by NMR spectroscopy and allowed to
polymerize spontaneously by solvent removal to afford the
corresponding polymer poly-6-CMO-BF3k. After confirming its
structure by 13C NMR spectroscopy (Fig. 2), the polymer was

Scheme 2 “Grafting onto” approach to the preparation of the polybenzofulvene synthon. Reagents: (i) Al(CH3)3, CH2Cl2; (ii) PTSA, Na2SO4, CDCl3;
(iii) solvent elimination; (iv) SOCl2; (v) N3(CH2CH2O)8CH2CH2NH2, TEA, CH2Cl2.

Scheme 3 Preparation of the hyaluronan synthon HA-FA-Pg. Reagents:
(i) HCONH2, TEA. Substituents: R = H or C2H5.
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solubilized in refluxing thionyl chloride and, after the removal
of excess thionyl chloride, it was reacted with azido-NEG-
amine in the presence of TEA as the base to give poly-6-
ANEGA-CMO-BF3k-GO.

Both polybenzofulvene brushes poly-6-ANEGA-CMO-BF3k-
GT and poly-6-ANEGA-CMO-BF3k-GO were obtained as light
brown sticky solids showing a good solubility in chloroform,
but they were only partially soluble in water as shown by the
presence of the appropriate signals in their 1H NMR spectra
performed with water dispersions (data not shown). The solu-
bility of polybenzofulvene brushes poly-6-ANEGA-CMO-BF3k-
GT and poly-6-ANEGA-CMO-BF3k-GO in chloroform allowed
the characterization of their NMR spectra to be easily recorded
and compared with those of the corresponding macro-
monomer 6-ANEGA-CMO-BF3k. In particular, the 1H and 13C
NMR spectra of the latter were carefully assigned by means of
2D correlation experiments and used as references in order to
evaluate the retention of the original vinyl (1,2) polymerization
mechanism. However, the 1H NMR spectra of both poly-6-

ANEGA-CMO-BF3k-GT and poly-6-ANEGA-CMO-BF3k-GO
(Fig. S1, see the ESI†) are dominated by the very intense
signals of the NEG side chains that appeared quite sharp with
respect to the ones of the polybenzofulvene backbone that
were very broad. This result is consistent with the higher mobi-
lity shown by the NEG side chain with respect to the slow
dynamics of the polymer main chain, but the comparison
failed in providing further structural information.

On the other hand, the corresponding 13C NMR spectra of
the polybenzofulvene brushes poly-6-ANEGA-CMO-BF3k-GT
and poly-6-ANEGA-CMO-BF3k-GO were sufficiently resolved to
be compared with the corresponding spectrum of the macro-
monomer 6-ANEGA-CMO-BF3k (Fig. 3). Thus, the enchain-
ment of the polybenzofulvene derivatives was confirmed on
the basis of the chemical shift values of the previously defined
diagnostic peaks.11,13,14,20 These include: the peak of the ali-
phatic quaternary carbon (C-1) of the 1,2-repeating indene unit
(at around 57 ppm), the peak of the carbon (C–D) of the
methylene bridge linking the monomeric units along the poly-

Scheme 4 Click chemistry functionalization of poly-6-ANEGA-CMO-BF3k with hyaluronan synthon HA-FA-Pg. Reagents: (i) CuSO4, sodium ascor-
bate, tert-BuOH, H2O. Substituents: R = H or C2H5.
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benzofulvene backbone (at around 45–48 ppm), and the peaks
of the indene carbon atoms (C-1′ and C-3), which may be
affected by the competing 1,4-polymerization.

Unfortunately, the apparent broadness of the signals attribu-
ted to the polybenzofulvene backbone was superior to the one
previously observed in some other polymers belonging to the
same family, but it was absolutely consistent with the broaden-
ing effect generated by the introduction of the NEG side chain in
polybenzofulvene derivatives. We assume that the architecture of
the PBFMB led to self-aggregating features, which limit the pres-
ence of isolated macromolecules under the conditions used
in NMR studies (i.e. polymer concentration in the order of
20 mg mL−1) and drastically decrease the resolution of carbon
atoms belonging to the polymeric backbone. Even taking into
account these limitations, the presence of the above-defined
diagnostic peaks suggested the 1,2-enchainment as the funda-
mental structural motif also for the backbones of these PBFMBs.

The comparison of the spectroscopic features of poly-6-
ANEGA-CMO-BF3k-GO with those of poly-6-ANEGA-CMO-BF3k-
GT confirmed the viability of the “grafting onto” approach in
the preparation of this polybenzofulvene cylindrical brush and
paves the way to the synthesis of molecular brushes tailored
for specific applications. The better resolution observed in the
13C NMR spectra of poly-6-ANEGA-CMO-BF3k-GT, the polymer
obtained by the grafting through approach, with respect to the
corresponding one obtained by the grafting onto approach,
could be related to possible differences in molecular weight
and aggregation liability.

The hyaluronan synthon was prepared by functionalization
of hyaluronic acid macromolecule with ferulic acid bearing a
clickable propargyl group as shown in Scheme 3.

In particular, the reaction of imidazolide 7 (see the ESI† for
the preparation) with low molecular weight hyaluronic acid in
the presence of TEA as the base in formamide as the solvent
gave the expected graft copolymer HA-FA-Pg, which was
obtained as a white solid by precipitation with acetone. The
graft copolymer showed good water solubility and was charac-
terized by means of a multi-angle laser light scattering (MALS)
detector on-line to a size exclusion chromatography (SEC)
apparatus, by MALDI-TOF mass spectrometry and NMR spec-
troscopy in order to assess the molecular weight distribution
(MWD) features and the grafting degree (GD, i.e. the number
of the clickable propargyl-FA moieties in each low molecular
weight HA macromolecule).

The SEC-MALS results summarized in Table 1 suggest that
the mild conditions used in the grafting reaction produced

only negligible changes in the apparent MWD of the graft
copolymer.

Both unfunctionalized HA and functionalized
HA-FA-Pg samples were characterized by MALDI-TOF MS in
negative-ion mode, using DHB as the matrix. The mass spec-
trum of neat oligosaccharide HA (Fig. 4) shows, in the mass
range m/z 2500–10 000 Da, a series of clusters corresponding
to the even-numbered HA oligosaccharides (7- to 23-mers,
species An).

The first peak of each cluster corresponds to the [M − H]−

ions of the HA oligosaccharides corresponding to the species
An (i.e. peak at m/z 4347 in the inset of Fig. 4). Within each
cluster, peaks differ by 28 Da matching the mass of ethyl ester
groups as can be observed in the inset reported in Fig. 4.
Indeed, the ions at m/z 4375, 4403, 4431, 4459 and 4487 corres-
pond to the esterified oligosaccharide chains bearing one, two,
three, four, and five ethyl ester groups along the chains,
respectively (species A′n, where the apex indicates the number
of ethyl esters). Considering the relative intensity of the peak
corresponding to unesterified chains ([M − H]− ions) and
those of different esterified oligosaccharides we have estimated
that of about 32–35% mol of the initial HA sample present
ethyl esterified carboxyl groups. Complex mass spectra were
recorded in the case of the hyaluronan graft copolymer
HA-FA-Pg (Fig. S2, see the ESI†), which shows a series of
cluster of peaks in the mass range m/z 3500–10 000. An
enlarged section of this mass spectrum is reported in Fig. 5
together with the structural assignment.

The spectrum shows that the most intense peaks belong to
the expected graft copolymer chains (species Ax,y). In parti-
cular, it suggests that most of the copolymer chains present 4
or 5 clickable propargyl groups along the backbone.
The corresponding copolymer chains containing ethyl ester
groups (species A′x,y) were also revealed in accord to the mass
spectrum of the initial HA sample (Fig. 4). The mass
spectrum also reveals the presence of unfunctionalized
oligosaccharides (species An and A′n, i.e. peaks 4347, 4375,
4403 and 4431 in Fig. 5). Thus, the MALDI mass spectra con-
firmed the formation of the reactive functionalized
oligosaccharides.

A further confirmation was obtained also by the NMR
studies. In fact, when the 1H NMR spectrum of HA-FA-Pg was
compared with that of the starting low weight HA (Fig. S3, see
the ESI†), the presence of a well recognized signal pattern in
the aromatic region suggested the occurrence of the designed
functionalization.

As expected, the comparison of the corresponding 13C NMR
spectra (Fig. 6) was again more informative because of the
more resolved spectral lines. The assignment of the 13C NMR
spectrum of the starting low molecular HA was performed by
integrating the results of the NMR studies performed in our
laboratories with those reported in the literature.26 It is note-
worthy that the 13C NMR spectrum of the hyaluronan synthon
HA-FA-Pg showed a well resolved set of signals that were
assigned to the ferulate moiety on the basis of the results of
the NMR studies performed with methyl ferulate intermediate

Table 1 Comparison of the macromolecular features of graft copoly-
mer HA-FA-Pg with those of starting low molecular weight HA

Polymer Mp (kg mol−1) Mw
a (kg mol−1) Mw/Mn

b

HA-FA-Pg 6.8 6.5 1.45
HA 8.5 8.7 1.53

a Mw: weight-average molecular weight. bDispersity where Mn denotes
the numeric-average molecular weight.
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10. Moreover, the shoulder shown by the signal attributed to
the anomeric C-a carbon atom of HA was interpreted in terms
of interaction with the ferulate residue.

Finally, the coupling between the two macromolecular syn-
thons by CuAAC reaction was performed as depicted in
Scheme 4.

Fig. 5 MALDI-TOF mass spectrum (negative-ion mode) of HA-FA-Pg.

Fig. 4 MALDI-TOF mass spectrum (negative-ion mode) of starting low molecular weight HA.
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The use of CuSO4/sodium ascorbate allowed the catalytic
system to be generated in situ and TCPB to be effectively gener-
ated under very mild conditions. In order to evaluate the repro-
ducibility of the properties of the TCPB material, the coupling
reaction was repeated several times by using the same amounts
of the two macromolecular synthons (i.e. 50 mg of poly-6-
ANEGA-CMO-BF3k-GT or poly-6-ANEGA-CMO-BF3k-GO and
50 mg of HA-FA-Pg showing a grafting degree of about 20%
corresponding to four propargyl groups per HA macromolecule).
Because of the large excess of azido groups with respect to the
propargyl groups we assumed the almost complete reaction of
the latter and the presence in the TCPB material of a consider-
able number of azide moieties to be used for further
functionalization by click chemistry. From a structural point of
view, the reaction of the randomly alkyne modified hyaluronic
acid (bearing at least about 4 clickable units) was assumed to
occur with several brush ends, really coating the cylindrical
brush-like macromolecules. Thus, the TCPB material represents
a third-generation polybenzofulvene molecular brush posses-
sing the architecture of a hyaluronan-coated cylindrical brush.

Characterization of the tri-component polymer brush

The TCPB material was obtained as a light brown glassy solid
by precipitation with acetone from a solution of the copolymer

in ethanol–water (2 : 1) and showed an appreciable solubility
in water. In fact, when 5 mg of this material were added to
0.5 mL of water, we observed the formation of a transparent
gel, which was disrupted by sonication (4 cycles of 15 min at
room temperature). The DLS analysis of the water dispersions
showed the presence of objects showing colloidal size (DLS
data are summarized in Table 2) but, as expected, a great size
distribution value was observed because of self-aggregation
phenomena.

The 13C NMR spectrum of the TCPB material (Fig. 7) was
dominated by the signals attributed to NEG side chains and to
the low molecular weight HA ribbons, whereas the ones
belonging to the aromatic carbon atoms of both the polyben-
zofulvene and ferulate components were lost in the baseline
modulations because of line broadening due to the reduced

Fig. 6 13C NMR spectrum (D2O) of HA-FA-Pg compared with that of starting low weight HA (D2O). In the spectrum of HA, Et labels indicate the
signals of ethyl groups of the monomeric units showing R = C2H5.

Table 2 Mean diameter (Z-average), polydispersity index (PDI) and zeta
potential values of TCPB dispersions in ultrapure water

TCPB sample Za (nm) PDI Zp (mV)

TCPB-1 266 0.39 −33.9 ± 7.52
TCPB-2 207 0.35 −32.4 ± 5.56
TCPB-3 209 0.19 −35.3 ± 6.6
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mobility. However, the persistence of a signal at about 56 ppm
(attributed to the ferulate methoxy carbon atom, C–A) and the
shifting of the ones at about 57 ppm (attributed to the ferulate
propargyl carbon C–B) and at about 67 ppm (attributed to the
ferulate propargyl carbons C–D and C–C) confirmed the occur-
rence of the CuAAC coupling reaction between the two macro-
molecular synthons, which are covalently bound to each other
in the TCPB material.

Finally, the absorption/emission features (see the ESI†) of
the polybenzofulvene backbone of TCPB are compatible with
its detection in a fluorescence microscopy apparatus with stan-
dard filters.17,21 Thus, the fate and the interactions of TCPB
could be investigated by fluorescence microscopy.

Preparation and characterization of TCPB nanoparticles

The tri-component polymer brush TCPB shows peculiar struc-
tural characteristics that make it significant among smart
copolymers for drug delivery. Some of these features were
already reported for other polybenzofulvene molecular
brushes, regarding their ability to complex high molecular
weight bioactive molecules, such as immunoglobulin G
(IgG),22 in which the protein–polymer interaction was assumed

to occur by non-specific adsorption onto the surface of the
hydrogel particles. Moreover, in another recent paper, PBFMBs
bearing synthetic dynamic receptors were used to deliver doxo-
rubicin to cancer cells.21 Actually, the smart features of
PBFMBs are closely related to the structure and composition of
the resulting material; thus, variations of these characteristics
should modify its self-assembling properties, loading capacity
and targeting properties. In TCPB, for example, the presence
of side-chain arms terminated with low molecular weight hya-
luronic acid (HA) macromolecules conferred to the resulting
nanoaggregates a potential CD44 receptor mediated targetabil-
ity by a receptor mediated uptake in CD44 positive cancer
cells. Therefore, TCPB nanocarriers were prepared from TCPB-3,
the material with a lower polydispersity among those syn-
thesized (see Table 2). The ability of TCPB to form supramole-
cular carriers spontaneously, was investigated by means of
dynamic light scattering analysis and zeta potential measure-
ments (see Table 3).

Interestingly, the results showed that the TCPB nanoparticle
sample was formed by a heterogeneous population showing a
mean diameter lower than that observed in the nanoaggre-
gates obtained by sonication of the TCPB-3 sample in water.

Fig. 7 13C NMR spectrum (D2O) of TCPB compared with those of polybenzofulvene synthon poly-6-ANEGA-CMO-BF3k-GT (CDCl3) and hyaluro-
nan synthon HA-FA-Pg (D2O). In the spectrum of HA-FA-Pg, Et labels indicate the signals of ethyl groups of the monomeric units showing R = C2H5.
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Thus, the dimensions of TCPB nanosystems can be modulated
by using different solvent systems. DLS size distribution histo-
grams of TCPB nanoparticles are shown in Fig. 8.

Biocompatibility of TCPB nanoparticles

The potential biocompatibility of TCPB nanoparticles here pre-
pared was assessed by evaluating their potential cytotoxicity on

three different cell lines, namely HCT116 (human colon
adenocarcinoma cell lines), MCF-7 (human breast cancer cell
lines), and 16HBE (human bronchial epidermal cell lines)
after incubation for 24 and 48 h. HCT116 and MCF-7 are two
human cancer cell lines with high expression of the CD44
receptor,4,27 on the contrary 16HBE is a human normal cell
used as a CD44-negative cell line. Several concentrations of
TCPB nanoaggregates were tested on the three cell lines at 24
and 48 h of incubation. Fig. 9 shows that, for both incubation
times, 24 h (a) and 48 h (b), nanosystems were clearly cyto-
compatible in the whole concentration range tested, as the cell
viability was always comparable to the control. These data
suggest that TCPB nanoparticles do not exhibit any selective
cytotoxicity, independently by cell line type, pointing out that
the TCPB nanosystem may be potentially useful as a nano-
carrier for the specific delivery of antineoplastic molecules to
CD44-overexpressing cancer cells.

Conclusions

On the basis of the pivotal role played by the pericellular HA
coat in cell adhesion and the largely recognized overexpression
of the CD44 receptor in tumor tissues, the family of the poly-
benzofulvene molecular brushes was enriched by the tri-
component molecular brush TCPB bearing hyaluronic acid
ribbons. This biomimetic material was designed by functiona-
lizing the polybenzofulvene backbone with nona(ethylene
glycol) arms terminated with low molecular weight hyaluronic
acid macromolecules. TCPB was easily synthesized by means
of a convergent approach involving three different steps: the
preparation of the polybenzofulvene backbone bearing nona
(ethylene glycol) side chains terminated with clickable azido
groups, the functionalization of low molecular weight hyaluro-

Table 3 DLS results of TCPB measured in double distilled water at
25 °C

Sample N distribution (nm) PDI Zp (mV)

TCPB-nanoparticles 123.5 0.19 −30.4 ± 3.8

Fig. 8 DLS size distribution histograms of TCPB nanoparticle disper-
sions in ultrapure water.

Fig. 9 Cell viability % (MTS assay) of TCPB nanoparticles on 16HBE (yellow), MCF-7 (red) and HCT116 (blue) cell lines after 24 h (a) and 48 h (b) of
incubation.
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nic acid macromolecules with ferulic acid bearing clickable
propargyl groups, and the coupling between the two macro-
molecular synthons by copper(I)-catalyzed azide–alkyne 1,3-
dipolar cycloaddition. The TCPB material was found to gene-
rate colloidal water dispersions containing nanoaggregates in
the form of nanoparticles showing a dimension around
120 nm that were devoid of cytotoxicity when tested on three
different cell lines with different expression levels of CD44.
The tri-component biomimetic architecture together with the
interesting preliminary properties of self-organization and the
absence of cytotoxicity push TCPB toward biomedical appli-
cations such as in nanocarriers for drug delivery or materials
for tissue engineering.
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