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Abstract: Acid functional hydrogels are a type of materials

with many advantages. Over the last years, increasing atten-

tion for the synthesis of dendronized polymers has been

drawn due to their unique properties of high multivalence in

the same surface as compared with conventional polymers. In

this study, we report the preparation of novel acid dendron-

ized hydrogels using a dendritic monomer obtained from

Behera’s amine. The swelling and rheological performance,

the non-toxicity over fibroblast cells and the drug encapsula-

tion capacity of the novel hydrogels suggests that the new

materials can achieve great potential as carrier for drug deliv-

ery and other potential biomedical applications. VC 2013 Wiley

Periodicals, Inc. J Biomed Mater Res Part A: 101A: 3372–3381, 2013.
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INTRODUCTION

Hydrogels are three-dimensional structures containing highly
polar groups with the ability to retain large amounts of fluid.
Normally, hydrogel networks are insoluble due to the pres-
ence of physical and chemical crosslinks of elastic nature.
These properties grant the hydrogel the ability to swell in
water or biological fluids without dissolution. Hydrogels are
extremely suitable for a variety of applications in the pharma-
ceutical and medical industry since they are capable of
retaining large amounts of water and because their soft and
rubbery consistence closely resembles that of living tissues.
Moreover, the high water content also contributes to their
excellent biocompatibility. Thus, hydrogels have proved to be
particularly useful for drug delivery of active agents,1-4 cell
support in tissue engineering,5,6 among other biomedical
applications. Novel non-toxic and biocompatible hydrogels
with improved properties are always extensively required for
drug delivery applications. Hydrogels containing acid func-
tional groups are a type of materials with many additional
advantages for drug delivery. They have the ‘‘smart’’ property
of changing the macroscopic volume of their network struc-
ture with a change in pH.7,8 In addition, the acid groups offer
functionality in order to incorporate active ingredients such

as drugs, dyes and peptides into the hydrogel structures
through ionic or chemical interaction. The acid groups also
provide materials with both good water swelling and mucous
adhesive properties which are important from the view point
of drug delivery applications. The most simple and industri-
ally used monomer for the synthesis of anionic based hydro-
gels is the acrylic acid. This monomer is used to prepare
CarbomerVR products, which are slightly crosslinked polymeric
materials widely accepted in the pharmaceutical industry to
prepare gel formulations for drug vehiculization. However,
over the last years, special attention has been directed to
the synthesis of new high functionalized or dendronized
polymers due their unique properties of high multivalence in
the same surface, as compared with conventional poly-
mers.9,10 The high functionality and architecture of dendron-
ized hydrogels could bring advantages in drug delivery appli-
cations with respect to the normal hydrogels. So, the high
functionality of dendronized hydrogels could exhibit the
capacity to load the same amount of drug using less amount
of vehicle polymer. Further, these gel formulations can pres-
ent the same viscosity and mechanical properties using lower
polymer amounts as those prepared with conventional poly-
mers. Physical or chemical crosslinking reactions of
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functionalized dendritic or dendrimer monomers,11,12 in
addition to the dendronization of existing polymers,13 are
convenient strategies for the synthesis of this new kind of
materials.

Behera’s amine (BA) is a commercially available dendri-
tic amine developed by Raijani Behera in Newkome’s
group.14 This material was recently used for the synthesis
of multifunctional dendrimers for drug delivery applica-
tions15,16 and theranostics.17 In a previous work, we also
reported the preparation of linear dendronized polymers
derived from BA and their efficient interaction with a cati-
onic surfactant was shown by rheology.18 However, the
preparation of hydrogel materials using BA as a precursor
is yet unexplored. The preparation of this kind of material
could exhibit interesting applications in biomedical fields
such as drug delivery or cell support. In this report we
present, for the first time, the synthesis of new dendronized
hydrogels with a high acid functionality using the traditional
vinyl free radical polymerization of a special vinyl monomer
prepared from BA. The chemical characterization, swelling
behavior, rheology, fibroblast cytotoxicity and ionic drug
load-release capacity of the new materials were studied in
order to analyze the properties and the possibilities of bio-
medical application in drug delivery formulations.

MATERIALS AND METHODS

Materials
The following chemicals were used as purchased: Behera’s
amine (BA, Frontier Scientific); dichloromethane (CH2Cl2,
Anedra); triethylamine (TEA, Aldrich); formic acid (FA, 85%
Cicarelli); ammonium persulphate (APS, Aldrich); tetrame-
thylenethylendiamine (TEMED, Aldrich); N,N0-diallyltartar-
diamide (DAT, Aldrich); azithromycin (AZI, Parafarm);
Carbomer 934 (Parafarm, Mw ¼ 3�106 g mol�1); glacial
acetic acid (CH3COOH, Cicarelli); phosphoric acid (H3PO4,
Cicarelli); boric acid (H3BO3, Cicarelli); sodium hydroxide
(NaOH, Cicarelli); and 3-(4,5-dimethylthiazol-2yl)-2,5, di-
phenyl tetrazolium bromide (MTT, Sigma). The dendritic

monomer (DM) 4-acryloylamine-4-(carboxyethyl) heptane-
dioic acid was synthesized according to a previous work.18

Britton Robinson (BR) buffers were prepared dissolving 2.3
mL of glacial CH3COOH, 2.7 mL of H3PO4, and 2.4720 g of
H3BO3 in 1000 mL of distilled water. Aliquots of 100mL
were taken and the pH of each solution was adjusted at pH
3.02, pH 5.01, and pH 7.00 with 2M NaOH solution.

Synthesis of the dendritic monomer and the hydrogels
The dendritic monomer (DM) was synthesized by reaction
of amidation between BA and acryloyl chloride. Tert-butyl
ester groups were then hydrolyzed with formic acid for 12
h at 45�C to yield the tri-acidic dendritic monomer DM.18

The general procedure for the synthesis of the hydrogels
was as follows: the DM, the crosslinking agent, DAT and APS
as initiator were dissolved in 2 mL of distilled water in a
tube with a septum. The solution was then bubbled using
N2 for 2 min in order to eliminate the oxygen of the system;
the corresponding volume of 0.32M aqueous solution of
TEMED was added. Immediately, the reaction mixture was
transferred to a 5 mL disposable hypodermic syringe of
poly(propylene) which served as reactor. The syringe was
placed in a bath at 25�C and allowed to react for 24 h. After
reaction, the product was extracted from the syringe and
the polymer was cut in regular tablets of 1 cm diameter
and 3 mm thick. The discs were exhaustively washed with
distilled water for 48 h for removal of unreacted monomers,
dried at room temperature for 3 days and in an oven at
30�C until constant weight. Table I describes the experimen-
tal reaction conditions.

NMR characterization
A nuclear magnetic resonance spectrometer BRUKER 400
MHz NMR was used for the acquisitions. For the 1H-NMR
measurements, approximately 5 mg of fine powder polymer
was swelled in 0.8 mL of D2O for 24 h before each measure-
ment in order to allow water incorporation.

Network parameter
The Archimedes’ principle was used to measure the volume
of the dry polymer (Vp). The mass of the disc was deter-
mined in air and in heptane used as non-solvent; Eq. (1)
was used for Vp determination:19

Vp ¼
Wa �Wh

dheptane
(1)

where Wa and Wh are the weights of dry polymer in air
and heptane, respectively, and dheptane is the density of hep-
tane (0.684 g mL�1) at 25�C. The density of each disc, dpolymer,
was determined using the mass and Vp of the dry polymer.

The volume fraction of polymer after swelling equilib-
rium (v2s) was calculated from Eq. (2):

v2s ¼ 1þ
ms
md
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TABLE I. Experimental Reaction Conditions and Parameters

Determined for Hydrogels

Hydrogela Polymer Mass Recoveredb (%) v2s %ESRc

HG 0.60/4 65 d d

HG 0.80/4 68 0.010 9805
HG 1.00/2 75 0.011 8546
HG 1.00/4 73 0.012 7456
HG 1.00/6 77 0.027 2300
HG 1.20/4 75 0.013 5201
HG 1.40/4 75 0.020 3748
HG 1.60/4 74 0.024 2592
HG 1.80/4 72 0.026 1952

a In the HG 0.60/4 nomenclature, HG means hydrogel, 0.60 and 4 indi-

cate that the hydrogel was prepared using 0.6M of DM and 4% mol ratio

of DAT with respect to the total DM moles. A 2% mol ratio of APS with

respect to DM was used for the preparation of all hydrogels.
b Determined from the dry weight of the final product after

purification.
c Determined in water from hydrogel discs at 25�C.
d Not determined since HG did not maintain the solid consistence.
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where ms is the mass of the disc swollen in the swelling sol-
vent, md is the mass of the dry disc and dsolvent is the den-
sity of the solvent used.

Dynamic and equilibrium swelling studies
Dry discs were placed in 50 mL of milli-Q water or buffer
(Britton-Robinson) at 25�C. The gels were removed from
the solution at different time intervals, weighted (mt), and
then returned back into the corresponding solution. This
procedure was repeated until constant swelling weight was
achieved. Then, the percentage of swelling ratio [% SR, Eq.
(3)] versus time was plotted as an average of the determina-
tions by triplicate.

%SR ¼ mt �md

md

� �
� 100 (3)

The equilibrium swelling ratio (%ESR) is the %SR meas-
ured at equilibrium.

To determine the process of diffusion of water into the
matrices at 25�C, the Fick’s law model was used as shown
in Eq. (4):20–22

F ¼ Mt=M1 ¼ k tn (4)

where Mt is the amount of water diffused into the matrix at
time t, M1 is the amount of water diffused into the matrix
at equilibrium, k is a constant related to the structure of the
network, and exponent n is a number that determines the
type of water diffusion. Equation (4) is applied to the initial
swelling stages (60%). Plots of ln F versus ln t were drawn
using the swelling kinetic data, and n and k values were cal-
culated from the slopes and intercepts of the lines,
respectively.

Rheological characterization
The rheological characterization of the hydrogels was car-
ried out using an Anton Paar Physica MCR 301 controlled-
strain rheometer. A 25 mm plate-plate (PP25) geometry and
1.5 to 1.8 mm gap were used for all the experiments. Ampli-
tude sweep studies (strain 0.01%–100% at constant fre-
quency of 10 Hz) on each hydrogel disc swollen in milli-Q
water at 25�C were performed to establish the linear visco-
elastic region (LVR) profiles and the critical strain (CS)
region of each material. Then, frequency sweep from 0.1 to
100 Hz at a fixed strain within the LVR (0.3–0.7% depend-
ing on each hydrogel) was also performed to determine the
storage moduli (G’) and the loss moduli (G’’) in the LVR. All
the determinations were made by triplicate.

Cytotoxicity studies
The cytotoxicity evaluation of the hydrogels was carried out
by direct contact assay with a monolayer of skin fibroblast
cells according to ISO standards.23 Approximately 90 mg of
polymer in powder form was swelled in 4 mL of fresh cul-
ture medium for 24 h at 37�C. Briefly, fibroblast cells were
subcultured from stock culture by trypsinization and seeded
onto multi-well tissue culture plates. Cells were fed with

Dulbecco’s minimum essential medium supplemented with
bovine serum and incubated at 37�C in 5% CO2 atmosphere.
When the cells attained a monolayer, 2.5; 5; and 10 lL of
the culture swollen hydrogel (previously sterilized for 30
min by UV exposition) were carefully kept in contact with
the cells, by triplicate, for direct contact assay seeking to
cover only one tenth of the cell surface. After incubation of
the gel in contact with fibroblast cells for 24 h at 37�C, the
cytotoxicity of gels was quantitatively assessed by MTT
assay which measures the metabolic reduction of 3-(4,5-
dimethylthiazol-2yl)-2,5, diphenyl tetrazolium bromide to a
colored formazan by viable cell.24

Ionic polymer-drug interaction
Dried discs were powdered into small particles. The powder
with particle size between 100 and 120 mesh (140–117
lm) was selected through the standard testing sieves. The
polymer-drug ionic complex was prepared by addition of an
appropriate amount of AZI to neutralize 50% of carboxylic
groups. The drug-polymer complex was prepared by mixing
of the corresponding amount of the polymer and the drug
in a mortar; 1 mL of ethanol was then added. The mixture
was gently stirred for 10 min and left to react for 24 h. The
complex was dried at room temperature and then in an
oven at 40�C. To corroborate the polymer-drug ionic inter-
action, the effect of the addition of 3M NaCl solution to the
ionic equilibrium of complex dispersions (100 mg hydrogel
in 8 mL of water) was evaluated. Thus, the pH of the dis-
persion versus the volume of NaCl added25 were plotted as
average of the determinations by triplicate.

RESULTS AND DISCUSSION

Synthesis of hydrogels
Figure 1 shows the synthesis of the high functionalized acid
hydrogels (HG) by free radical solution polymerization. The
polymerization was carried out using DM as monomer, DAT
as crosslinker, water as solvent, and the redox couple APS/
TEMED as generator and activator of the formation of free
radicals, respectively.

With the aim of investigating the influence of the initial
monomer and crosslinker concentrations over the proper-
ties of the hydrogel, a systematic analysis was performed by
modifying the DM initial concentration and the DM/DAT
feed ratio on the synthesis. DAT was chosen as hydrophilic
crosslinking agent instead of the normally used N0N-methyl-
enebisacrylamide (BIS). The choice was based on the
structural similarity that present the dendritic monomer
prepared from BA and the monomer N-acryloyl-tris-(hy-
droxymethyl) aminomethane (NAT) which was copolymer-
ized and crosslinked with DAT.26 Table I describes the ex-
perimental details for the preparation of the hydrogels. In
the HG 0.60/4 nomenclature, HG means hydrogels, 0.60/4
indicates that the hydrogel was prepared using 0.6M con-
centration of DM and 4% mol ratio of DAT with respect to
the total DM moles. The polymers were obtained in rod
shaped with good polymer mass recovery after purification
(65–77%). The low conversion could be related with the
low reactivity of the allyl group of DAT respect to the
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acrylamide group of monomers like DM in the radical
copolymerization. For the reactions in which DAT was used
as crosslinker and despite the fact that the conversion of
the allyl group may be low, the studies performed on the
yielded products showed homogeneity in the structures.
The products resulted mechanically stable in general and
not showed collapse as easily as softer gelatinous materials.

As a test to corroborate the existence of chemical cross-
linked continues networks, all the products were able to
swell but not dissolve in excess of distillated water after 48
h of contact. In addition, not polymer mass loss was notice-
able by gravimetry after a cycle of dry/maximum swelling/
dry assayed on the products. This behavior is highly impor-
tant for the possible applications of these products in bio-
medical fields since it is desirable that the polymeric mate-
rial do not leach from the network over sustained periods.

1H-NMR characterization was carried out to investigate
the chemical structure of DM and hydrogels. Figure 2 dis-
plays the 1H-NMR chemical characterization of HG 1.00/4
compared with the precursor monomer DM. The polymer-
ization reaction of the DM precursor was corroborated
through the disappearance of the characteristic vinyl bands
in the HG 1.00/4 spectrum (HG 1.00/4 in Fig. 2) between d:
5.70–6.29 ppm which was present in the monomer spec-
trum (DM in Fig. 2). In addition, the signals of -CH-CH2-
polymer backbone could be observed as broad signals at
approximately d: 2.40 and 2.06 ppm, respectively. The poly-
mer backbone signals appear superposed with the signals of
the monomer -CH2-COOH and -C-(CH2-CH2-COOH)3. A signal

corresponding to the incorporation of DAT in the network
structure -CH-CH2-NHCO- (see Figs. 1 and 2) is shown at d:
2.97 ppm.

Network parameters
Since the favorable properties of hydrogels stem from their
hydrophilicity, the characterization of their water-sorption
capabilities is fundamental to understand the nanoscopic
structure of hydrogel networks.27 In order to evaluate the
potential application of the hydrogels in biomedicine, it is
important to know their network parameters. One of the
most important parameters is v2s, which provides an idea of
the fraction in volume that the polymer occupies in the total
hydrogel (polymer þ fluid). This parameter can be easily
determined using swelling theory measurements [Eq. (2)].19

As shown in Table I, the values of v2s ranged between 0.010
and 0.027 depending on each hydrogel. In the analysis of
the experimental values of v2s, an increase in the initial
monomer concentration for the polymerization (for HG
0.80/4; HG 1.00/4; HG 1.20/4; HG 1.40/4; HG 1.60/4 and
HG 1.80/4) resulted in a decrease in the swelling capacity
of the dense polymer networks formed. Consequently, the
fraction of polymer in the total swelled hydrogel (v2s)
increases. The polymers with low v2s values showed high
water swelling capacity. The dendronized polymers occupy
only between 1.0 and 2.6% of the total volume of the
hydrogel network, suggesting that the major component of
the material is water. This important water fraction (from
97.4 to 99.0%) in the gels (polymer þ water) enhances the

FIGURE 1. Hydrogel synthesis by free radical polymerization. Reagents and conditions: (i) acryloyl chloride, triethylamine (TEA), CH2Cl2, 0 to

25�C, 4 h (92% yield); (ii) formic acid 85 %, 45�C, 16 h (99% yield); (iii) APS/TEMED, distilled water, 25�C, 24 h (65–77% yield). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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potential use of the new dendronized hydrogels as
biomaterials.

Dynamic and equilibrium swelling studies
Effect of initial monomer concentration. Table I and Fig-
ure 3(a) show, respectively, the %ESR and water absorption
rate studies in milli-Q water for the HGs prepared with dif-
ferent DM concentration. The dendronized hydrogels
absorbed a large amount of water (between 18 and 95 g
water per g of polymer). Thus, in a strict classification rela-
tive to water sorption, the novel hydrogels are superabsorb-
ent polymers.28 The water absorption of the new hydrogels
could be tuned depending on the initial monomer concen-
tration, from 18 to 95 g of water per gram of polymer,
which is significant from the perspective in drug delivery
applications. The possibility of modifying the fluid absorp-
tion capacity of the hydrogels will allow the regulation of
two important parameters such as mechanical properties
and drug release rate from the gel formulations.

As Figure 3(a) shows, the increase in the initial mono-
mer concentration resulted in a decrease in both: rate of
water absorption and swelling equilibrium (%ESR, Table I).
Clearly, when the initial monomer concentration was major,
a decrease in the %ESR was produced. There is minor space
between the chains in the networks formed after polymer-
ization, possibly due to the presence of a significant amount
of crosslinks by secondary interactions of hydrogen-bridged
type. Consequently, in those hydrogels prepared with high
DM concentration, the chain mobility is reduced, resulting
in a more rigid and stable structure.

In order to know the type of mechanism regulating the
entrance of water into the HGs, the Fick’s law [Eq. (4)] was
applied until 60% of total water absorption. For cylindrical
shape hydrogels, the law predicts that if 0 < n <0.5, it cor-

responds to a Fickian diffusion type mechanism (only diffu-
sion is present); if 0.5 < n <1, it represents non-Fickian dif-
fusion (diffusion and relaxation polymer chains are
present); if n ¼ 1, it corresponds to type II mechanism
(only relaxation polymer chain is present).22

As observed in Figure 3(b), for samples prepared with
initial monomer concentration lower than 1.20 M (HG 1.00/
4 and HG 0.80/4), the values of n indicate that relaxation
chain processes govern the rate of water absorption, being
independent of time. For these slightly rigid structures (HG
1.00/4 and HG 0.80/4), the diffusion rate is higher than
that of relaxation, probably arising from the major amount
of pre-existent spaces in the network, being the relaxation
of the chains the rate-determining step. However, the rate of
water diffusion inside HGs with initial monomer concentra-
tion above 1.20 M (HG 1.20/4 to HG 1.80/4) has non-Fick-
ian control. Possibly, the more rigid structures formed with
high initial monomer concentrations produced minor rate of
water diffusion into the hydrogels, and both, diffusion and
relaxation rates occur at the same time.

Effect of DAT amount and pH. The effects on HGs swelling
properties by the variation in the amount of crosslinking
agent (DAT) were studied. The %ESR and swelling kinetic
curves for HG 1.00/2, HG 1.00/4 and HG 1.00/6 in water
are shown in Table I and Figure 4(a), respectively. As

FIGURE 2. 1H-NMR (400 MHz) spectra of dendritic monomer (DM)

compared with that of the hydrogel (HG 1.00/4) in D2O at 25�C. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 3. (a) Swelling kinetics for HG 0.80/4 to HG 1.80/4 in milli-Q

water. (b) Fick’s law applied to the first stage of the swelling process.
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expected, an increase in the amount of crosslinking agent to
form the polymeric networks results in a decrease in water
swelling capacity. With 2% of crosslinker, the water absorp-
tion capacity is around 80 g/g polymer; however, it is
reduced to 20 g/g polymer when 6% of crosslinker is incor-
porated in the reaction. Thus, the water absorption capacity
of the hydrogels prepared can be also modified by changing
the crosslinking density according to the application
requirements. Moreover, dendronized hydrogel dispersion
with tunable consistence could be prepared by changing the
crosslinking density of the polymer.

The influence of the pH environment on the swelling
properties of the dendronized hydrogels was also studied.
Table II exhibits the %ESR values for the HG 1.00/2, HG
1.00/4, and HG 1.00/6. Figure 4(b) shows the representa-
tive swelling curve of HG 1.00/2 studied in four different
swelling media: water and three different BR buffer solu-
tions of pH 3.02, 5.01, and 7.00 at 25�C. Clearly, the pH of
the medium has considerable importance in the swelling
properties of these ionic gels since %ESR is different
depending on pHs. In the case of HG 1.00/2, the swelling
capacity increases 6.3 times between pH 3 and 7. The pKa
estimated by potentiometric titration from a solution of DM
with a NaOH solution proved to be between 5 and 6. At pH

3, lower than that of monomer pKa, the carboxylic groups of
the material are protonated. However, at pH 5 or 7, the acid
groups are partially or totally deprotonated; consequently,
the swelling is greater than at pH 3 because the electro-
static repulsion between the chains increases the water
absorption capacity. The use of BR buffer allowed studying
the swelling properties at different pH by maintaining the
identical chemical environment and ionic strength (I ¼
0.1M). The equilibrium swelling of HG 1.00/2 in milli-Q
water (pH 6.13, %SR ¼ 8546) was even greater than at pH
7 [%SR ¼ 3800, Table II and Fig. 4(b)]. Comparing the
results of swelling in water and those in buffer solutions,
evidently, the ionic gels decreased the swelling capacity
with an increase in the ionic strength of the medium. One
of the driving forces of the swelling process in ionic net-
works is the osmotic diffusion of ions from the solution to
the gel network, in order to maintain electroneutrality. Great
differences between the concentration of ions inside and
outside of the polymeric network will produce greater swel-
ling of the gel due to osmotic forces. As was previously
descript for a similar ionic network,29 in the case of the
water, the few free ions remain inside the gel to neutralize
the fixed charges on the network chains. When salt is added
to the system, the ions diffuse from the solution into the
network. The overall concentration of mobile ions in the gel
is higher than in water, but the difference between ion con-
centrations inside and outside is reduced and therefore the
osmotic forces decrease. Consequently, swelling decreases
gradually with increasing salt concentration because the os-
motic forces are lower. Similar swelling behaviors to HG
1.00/2 were observed for HG 1.00/4 and HG 1.00/6 at dif-
ferent pHs and milli-Q water, but presenting less noticeable
changes in the swelling by the major crosslinking density.
Minor influence of the crosslinker amount over the %ESR
values was observed for all polymers at pH 3.02. As was
explaining above, the carboxylic groups of the materials are
protonated at pH 3.02 and consequently there is less swel-
ling and expansion of the networks than at pH 5.02 and
7.00 where the carboxylic groups are negatively charged.
So, at pH 3.02, the crosslinking density has not considerable
influence on the swelling behavior of HG 1.00/2, HG 1.00/4,
and 1.00/6 because the polymers present low swelling and
the amount of crosslinking point into the network does not
play an important role for counter the small swelling forces.
On the other hand, at pH 5.02 or 7.00, where the acid
groups are partial or totally negatively charged the

FIGURE 4. (a) Swelling kinetic curves of HG 1.00/2, HG 1.00/4, and HG

1.00/6 in water at 25�C. (b) Swelling kinetic curves of HG 1.00/2 at pH

3.02, 5.01, 7.00, and water at 25�C.

TABLE II. %ESR Values at 25�C for HG 1.00/2, HG 1.00/4, and

HG 1.00/6 in Different Swelling Media

Hydrogel

%ESR

pH 3.02a pH 5.01a pH 7.00a Milli-Q Water pH 6.13

HG 1.00/2 600 3100 3800 8546
HG 1.00/4 430 1800 2500 7456
HG 1.00/6 400 1600 1800 2300

a BR buffers allowed to study the swelling properties at different pH

maintaining the identical chemical environment and ionic strength

(I ¼ 0.1M).
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networks present major swelling and expansion than at pH
3.02. In this case, the amount of crosslinking points plays
an important role to counter the big swelling forces.

The pH of the skin is around 5.5, which conditions the
pH for topical formulations between pHs 5.5 and 6 to avoid
irritation. In this case, the new dendronized hydrogel HG
1.00/2 presents its maximum swelling capacity (31 g water
for g of polymer) at pH 5, which could allow efficient topi-
cal gel formulations.

Rheological properties
The rheological characterization of hydrogels allow investi-
gating the response of these materials versus an applied
strain. Thus, oscillatory rheology was used to study the me-
chanical response of the new hydrogels under different con-
ditions. First, strain sweeps were performed to determine
the linear viscoelastic region (LVR) for the polymers. As
shown in Figure 5(a), the LVR for the hydrogels studied, HG
1.00/2, HG 1.00/4, and HG 1.00/6, showed strains of 0.01
to 4.4, 0.01 to 6.8, and 0.01 to 9.9%, respectively. Thus, the
G0 values of all materials rapidly decrease above the critical
strain (CS) region, which proved slightly different depending

on the amount of crosslinker used (HG 1.00/2, CS ¼ 4.6%;
HG 1.00/4, CS ¼ 6.8 %; HG 1.00/6, CS ¼ 9.9%). After the
determination of LVR for the hydrogels, their responses
over a range of frequencies were examined. In Figure 5(b),
the storage moduli, G0 and loss moduli G00 are shown for HG
1.00/2, HG 1.00/4, and HG 1.00/6 as a function of angular
frequency at a fixed strain (0.3–0.7%, depending on each
hydrogel). All samples displayed a single plateau region in
their dynamic modulus. In addition, the G0 values had good
elastic response and were, in all cases, larger than the G00

values over the whole range of frequencies. The elastic
behavior of the samples predominates over the viscous
behavior, and the swollen samples exhibited mechanical
rigidity. In addition, at increasing frequencies, i.e. at low
relaxation time, the sample flexibility of the samples
decreased and the swollen samples became increasingly rig-
ids. This behavior is typically found in slightly crosslinked
polymers. The G0 values were 490, 870, and 1150 Pa for HG
1.00/2, HG 1.00/4, and HG 1.00/6, respectively.

Interestingly, the value of G0 for HG 1.00/2 (490 Pa,
1.2% w/v polymer in water) proved close to a formulation
prepared using a major amount of Carbopol 974 polymer
(360 Pa, 4% w/v of Carbopol 974 in water) as reported in
literature.30 So, this new dendronized polymer could permit
to obtain gel formulations with similar rheological proper-
ties than those from Carbopol 974 but using less mass
amount of polymer. The equilibrium swelling performance
of both HG 1.00/2 and Carbopol 974 in milli Q-water was
experimentally compared. The equilibrium volume swelling
ratio qv (qv ¼ swelling volume of sample/ dry volume of
sample) of Carbopol 974 (qv ¼ 28) was slightly major than
HG 1.00/2 (qv ¼ 21) due possibly at minor degree of cross-
linking density in the network. Carbopol 974 (a Carbomer
family polymer) is one of the most common thickening
agents for water-based topic bioadhesive formulations. As
shown in Figure 5(b), G0 values depend on the amount of
crosslinking agent. Among the three crosslinking percen-
tages studied, 6% (mol ratio) of DAT yielded the hydrogel
with greatest G0 value because the major amount of cross-
linking points in the material increased the solid component
of the structure. This result clearly opens the possibility of
changing the mechanical properties of the new materials in
a widely range of storage moduli. In addition, these behav-
iors are in line with the swelling behavior of the hydrogels
where those with a high crosslinking density (HG 1.00/6)
presented a lower swelling degree or, in rheological terms, a
more elastic structure. As a complement to the mechanical
properties, all materials prepared were able to flow through
the syringes used as reactor. This thixotropic behavior dem-
onstrated that the novel hydrogels present a desired prop-
erty in the development of materials with applications in
topic drug delivery formulations.

Cytotoxicity studies
Considering a potential application for the new hydrogels as
carrier in topic drug delivery systems, the quantitative in
vitro cytotoxicity was performed by MTT assays by direct
contact of swollen hydrogels in culture medium with

FIGURE 5. (a) Amplitude sweep assay for HG 1.00/2, HG 1.00/4, and

HG 1.00/6 in milli-Q water at 25�C. (b) Frequency sweep for HG 1.00/2,

HG 1.00/4, and HG 1.00/6 swelling in milli-Q water at 25�C.
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fibroblast cells. The cytotoxicity effect of the new hydrogel
HG 1.00/2 was compared with those of both the culture
medium alone (control) and the hydrogel prepared from the
commercial polymer Carbomer 934 (commercial polymer
widely used in the pharmaceutical industry). Figure 6
presents the cell viability of the fibroblast cells in contact
with: medium alone (control), hydrogel from Carbomer 934
(2.3% w/v), and HG 1.00/2 (2.3% w/v) in different
amounts (2.5, 5, and 10 lL).

Interestingly, the new dendronized hydrogel HG 1.00/2
showed cell viabilities above 70 % for different gel amounts
assayed, which demonstrates that can be considered as a
potential non-toxic material according to ISO 10993-5
standards.23 In addition, the gel formulation (2.3% w/v)
prepared with the new material HG 1.00/2 showed cell via-
bility greater than that of the gel formulation (2.3% w/v)
prepared with the same amount of the commercially avail-
able polymer Carbomer 934. This result could indicate high
potential for biomedical application since this new material
showed less toxicity compared with Carbomer 934 in the
experimental conditions used. Furthermore, no change in
the morphology of the living fibroblasts neither their exten-
sions/focal adhesions could be observed microscopically af-
ter 24 h of contact at 37�C with swollen 1.00 HG/2.

Ionic polymer-drug interaction
To determine the potential of these new materials in their
possible application as carriers for topic drug delivery for-
mulations, the loading capacity through ionic interaction
between a voluminous model basic drug as azithromycin
(AZI) and the new polymers was studied. Azithromycin is an
anti-bacterial drug approved by the food and drug adminis-
tration (FDA), prescribed for the treatment of patients with
mild to moderate infections caused by susceptible strains of
the designated microorganisms. It was chosen as an anti-
bacterial basic model drug. As known, the acid-base interac-

tion between acid polymers and basic drugs yields a high
degree of counter ion interaction through ion pair according
to the equilibrium shown in Figure 7.

Particularly, both basic groups of AZI, the amino sugar
(pKa 8.6) and the lactone ring (pKa 9.5), have enough
strength to combine with the numerous amount of carbox-
ylic groups of the hydrogels, showing a large number of
possible interactions. The ionic complex HG-AZI was easily
prepared by mixing both components in ethanol and neu-
tralization of 50% of the total carboxylic groups of the poly-
mer with AZI (365 mg of AZI/g of polymer). In addition,
HG-AZI formulations were also prepared efficiently by dis-
persion of the ionic complex HG-AZI in distilled water. The
effective ionic interaction between the dendronized hydrogel
and AZI and their potential release in physiological medium
was demonstrated by titration of an aqueous dispersion of
the ionic complex HG-AZI by ionic exchange using a neutral
salt (NaCl) according to previous works.25,31 As clear evi-
dence, the protogenic effect occurring from the displace-
ment of AZI-NHR3

þ according to Equations 5 and 6 was
easily measured by pH determination as shown in Figure 8.

½R�COO�þAZI-NHR3�þNaCl� ½R-COO�þNa�þCl�þAZI-NHRþ3
(5)

AZI-NHRþ3 � AZI-NR3 þ Hþ (6)

Two differentiated steps were observed along the titra-
tion. At the beginning, a marked decrease in pH stopping at
about 0.6 mEq of NaCl with respect to 1 mEq of AZI was
observed. After that, a slower decrease in the pH was found.
Such pH decrease remained even after addition of 2.4 mEq
of NaCl. This behavior reveals that both basic groups of AZI
are involved in the interaction with the carboxylic groups of

FIGURE 6. Cell viability of fibroblast incubated with culture medium

alone (control), Carbomer 934 hydrogel, and different amounts of HG

1.00/2 high functionalized hydrogel.

FIGURE 7. Schematic representation of the formation of the ionic

complex between the hydrogel and AZI. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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the high functionalized acid hydrogel. The first step would
be associated with the titration of weaker ionic interaction
relative to the second one, exhibiting higher affinity
between AZI and dendronized hydrogel. In addition, the
ionic interaction between the polymer and AZI was reversi-
ble and the drug could be release by ionic exchange, which
is an important property for the potential applications of
these materials in release formulations. In this sense, the
ionic interaction between polymer and AZI could prevent
the rapid diffusion of AZI from the hydrogel, and conse-
quently, this material could have potential uses as carrier in
sustained drug delivery.

CONCLUSIONS

There is always much interest in the development of new
and innovative functional materials for biomedical applica-
tions. In this sense, the development of dendronized poly-
mers for a wide range of applications is an area which has
gained growing attention over the last years because of
their multivalence properties. In addition, the development
of new drug carrier materials with improved properties is a
permanent topic of academic and industrial research. In
view of this context, the synthesis and network characteri-
zation of structurally novel dendronized hydrogels with
interesting properties for biomedical applications is pre-
sented. The new materials developed in this report were
easily obtained and showed required properties for their
application as biomaterials in topic drug delivery formula-
tions: (1) superabsorbent and tunable swelling properties;
(2) accessible regulation of mechanical properties; (3) thixo-
tropic behavior; (4) low cytotoxicity over fibroblast, even
lower than a Carbomer 934 gel; (5) efficient load drug
capacity; and (6) drug ionic exchange of a model basic drug.
Moreover, in view of these relevant properties, the prepara-
tion, release profiles and antibacterial activity of topic for-
mulations between antibacterial drugs and these new
dendronized hydrogels are currently under development.
Besides their suggested applications in drug delivery, these

new biocompatible materials may have potential applica-
tions in other biomedical fields, such as cellular and tissue
regeneration since they showed low toxicity over fibroblast
cells. Finally, the utilization of the dendritic monomer pre-
cursor DM to prepare new polymeric biocompatible struc-
tures should be strongly considered.
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