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ABSTRACT: A one-step synthesis strategy based on aza-Michael reaction of poly(ethylene glycol) diacrylate (PEGDA) or
PEGDA/1,6-hexanediol diacrylate (HDDA) mixture and cystamine was employed to fabricate injectable, biocompatible, and
degradable novel poly(β-amino ester) (PBAE) hydrogels. The gelation was monitored by real-time dynamic rheological
measurements to follow the formation of PBAE hydrogel networks. The obtained hydrogels were responsive to both pH and
redox state, which enabled the control of swelling, degradation, and release properties by external triggers. Degradation products
of the hydrogels were shown to have no significant cytotoxicity on A549 adenocarcinomic human alveolar basal epithelial cells
and MCF-7 human breast cancer cells. The hydrogels were loaded with a photosensitizer, methylene blue (MB), as a model
compound by simple addition of the MB molecules into the precursor mixture. The activity of released MB was assessed by in
vitro photodynamic therapy (PDT) studies conducted with A549 cells.
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■ INTRODUCTION

Hydrogels are three-dimensional hydrophilic polymer net-
works capable of absorbing high amounts of water.1 The high
water content and permeable pores that allow diffusion of
essential nutrients make the hydrogel structure similar to that
of the soft tissues in the body. Therefore, hydrogels have been
widely exploited for biomedical applications, such as tissue
engineering and delivery of therapeutic agents.2,3 Poly(β-
amino ester)s (PBAEs) are biodegradable and biocompatible
polymers that are synthesized by step-growth polymerization
via aza-Michael reaction of diamines and diacrylates.4 In many
studies, PBAEs have been proven to be successful as potential
biomaterials for tissue engineering scaffolds, nonviral vectors
for gene delivery, and depots for the sustained release of
drugs.5−13 Biomedical applications of PBAEs have been
reported in a detailed review by Liu et al.14

PBAE-based biodegradable 3D networks can be easily
prepared by a one-step “A2 + B4” Michael addition strategy
reported by Biswal et al.15 Hyperbranched PBAEs with
fluorescent properties, superelastic PBAE cryogels, and PBAE
networks with inherent antioxidant property have been
synthesized by the aforementioned one-step method.16−18

The diacrylate and tetrafunctional diamine mixture can be
directly injected to target site with minimal surgical invasion
where it gels in situ under physiological conditions.19,20

Recently, Xu et al. reported an injectable hyperbranched
PBAE/hyaluronic acid hydrogel with on-demand degradation
properties for wound healing and a poly(β-hydrazide ester)/
hyaluronic acid hydrogel with antioxidative properties by the
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one-step method.21,22 The use of injectable one-step synthesis
approach is particularly advantageous for the construction of
controlled drug release systems since the therapeutic cargo
molecules can be encapsulated in the hydrogel network by
simply adding them into the precursor mixture. Furthermore,
this method provides mild encapsulation conditions for cargo
molecules, especially for sensitive biomolecules to retain their
biological activity.
The degradation rate and, hence, the mechanical properties

of PBAE hydrogels can be tailored through the selection of
building blocks and design of chemical structure. Recently,
incorporation of responsive domains into PBAE networks has
been reported to trigger the degradation and release upon
changes in pH, UV light, or redox state.23−26 Among these
triggers, redox state is especially convenient for biomedical
applications. For example, the disulfide bond is stable against
hydrolysis in the body but is prone to selective cleavage in the
reducing environment of tumor tissue and intracellular
compartments through thiol−disulfide exchange reactions.27

Hence, the disulfide bond is widely utilized in polymeric drug
delivery systems or hydrogels to control the redox-dependent
degradation and release kinetics.28

Photodynamic therapy (PDT) is an effective clinical
treatment modality against various cancer types and
infections.29 Its mechanism of action involves activation of a
photosensitizer molecule with a light source of appropriate
wavelength.30 Irradiation of the photosensitizer triggers
photochemical reactions that generate cytotoxic reactive
oxygen species, particularly singlet oxygen, and induce damage
to target cells.31 Application of PDT locally at the target site is
very attractive, both to reduce systematic toxicity and to
achieve highly effective results. But localizing the photo-
sensitizer at the target site is difficult because of the small
molecular nature of most photosensitizers. Some sensitizers
also lack sufficient water solubility or stability. From this
perspective, hydrogels that remain at the target site because of
their low fluidity are valuable carriers for photosensitizers to
enable topical PDT with spatial and temporal control.32

Hence, many hydrogel-based drug delivery systems for
encapsulation of photosensitizers have been designed and
explored for their potential use in photodynamic therapy.33−41

This study describes fabrication of pH- and redox-responsive
PBAE hydrogels as platforms for controlled drug release. The
hydrogels were fabricated by aza-Michael reaction between
cystamine and diacrylates, namely, poly(ethylene glycol)
diacrylate (PEGDA) and 1,6-hexanediol diacrylate (HDDA)
by a facile one-step strategy. In the literature, one-step
reactions were performed in bulk or in solvents, such as
DMSO or DMF, at high temperatures and for longer periods
of time.14,16,18 In our synthesis method, we used water as the
solvent to accelerate hydrogel formation and decrease the
reaction time to less than 1 h. The therapeutic cargo molecules
can be encapsulated in the hydrogel network by simply adding
them into the precursor mixture under these mild conditions,
which is important to retain the biological activity of sensitive
biomolecules. In addition, the incorporation of the hydro-
phobic monomer HDDA enables tunable hydrolysis rate,
giving degradation times of 1 to more than 10 days for the
hydrogels. Real-time dynamic rheological measurements were
used to probe the formation of the PBAE hydrogel networks.
Methylene blue (MB), widely used as an inexpensive and
nontoxic photosensitizer for PDT, was selected as a model
drug to demonstrate the effect of the hydrophobicity of the

network on the release kinetics and to evaluate the utility of
these hydrogels in local PDT.42−44 To the best of our
knowledge, there is only one report about the usage of PBAE-
based micelles encapsulated with protoporphyrin for PDT.45

The toxicity of hydrogel degradation products was evaluated
on MCF-7 human breast cancer cells and A549 adenocarci-
nomic human alveolar basal epithelial cells. The in vitro PDT
potential of released MB was evaluated on A549 cells.

■ EXPERIMENTAL SECTION
Materials. Cystamine dihydrochloride salt, PEGDA (Mn = 575 g/

mol), HDDA, 1,4-dithiothreitol (DTT), MB, dimethyl sulfoxide
Hybri-Max, and all solvents were purchased from Sigma-Aldrich (St
Louis, MO, USA) and were used as received. Penicillin−streptomycin
and trypsin−EDTA solutions were provided by Multicell, Wisent Inc.
(St. Bruno, QC, Canada). Fetal bovine serum (FBS) was obtained
from Capricorn Scientific GmbH (Ebsdorfergrund, Germany).
Dulbecco’s modified eagle medium (DMEM), phosphate buffered
saline (PBS) tablets, and thiazolyl blue tetrazolium bromide (MTT)
were purchased from Biomatik Corp. (Cambridge, ON, Canada).
Ninety-six-well plates were obtained from Nest Biotechnology Co.,
Ltd. (Wuxi, China). MCF-7 human breast cancer cells were given as a
gift from Dr. Engin Ulukaya (Department of Medicinal Biochemistry,
Faculty of Medicine, University of Istinye, Istanbul, Turkey). A549
was provided by Prof. Devrim Gozuacik (Sabanci University, Istanbul,
Turkey).

Characterization. Thermal analyses were performed with differ-
ential scanning calorimetry (DSC) (TA Instruments Q100) under
nitrogen atmosphere from −75 to 75 °C with a scanning rate of 10
°C/min. The lyophilized hydrogel samples were sputter coated with a
platinum layer, and their internal fracture surface was examined with
scanning electron microscopy (SEM) (FEI-Philips XL30) with an
accelerating voltage of 7.0 kV. Degradation and release studies were
done using incubator shaker (VWR) operating at 37 °C and 200 rpm.
Raman spectra were obtained using Renishaw InVia Raman
Microscope. UV−visible spectra were recorded by Shimadzu UV-
1201 spectrophotometer.

One-Step Synthesis of PBAE Hydrogels. Cystamine was
prepared by neutralization of cystamine dihydrochloride with
potassium hydroxide according to a procedure described elsewhere.46

Briefly, a mixture of cystamine dihydrochloride (2 g, 8.88 mmol),
potassium hydroxide (1.1 g, 19.54 mmol), and 20 mL of methanol
was stirred at room temperature for 24 h. The white precipitate was
filtered off, and the crude product was obtained by evaporation of the
methanol under reduced pressure. The residue was then dissolved in
dichloromethane (50 mL), washed with saturated NaHCO3 solution
(10 mL), and dried over sodium sulfate. Pure cystamine was obtained
with 68% yield after evaporation of dichloromethane. To prepare the
one-step PBAE hydrogels, cystamine (0.13 mmol, 20 mg) was
dissolved in 0.12−0.2 mL of distilled water in a vial and a diacrylate
(for H1 0.26 mmol, 150 mg PEGDA; for H2 0.13 mmol, 75 mg
PEGDA and 0.13 mmol, 30 mg HDDA; for H3 0.065 mmol, 38 mg
PEGDA and 0.195 mmol, 45 mg HDDA) was added. The mixture
was placed in an orbital shaker at 37 °C and 200 rpm for 1 h. The
obtained hydrogel samples were dried and weighed to obtain (W1).
Then, the hydrogels were immersed in ethanol (20 mL) for 24 h to
remove unreacted starting materials. The swollen samples were dried
and weighed again to obtain (W2). The gelation percentage of
hydrogel samples, that is, the weight percent of the reactants
incorporated into the ethanol-insoluble 3D hydrogel network was
calculated by

= ×
W
W

gelation (%) 1002

1 (1)

One-Step Synthesis of Drug-Loaded PBAE Hydrogels. The
MB-loaded hydrogel samples were fabricated as described for
unloaded ones, except that 1 wt % MB (with respect to total
hydrogel weight) was dissolved in water and the aqueous MB solution
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was added to the hydrogel precursor mixture instead of water. The
dye loaded hydrogels were immersed in ethanol (20 mL) to get rid of
unreacted starting materials and excess dye before release studies. The
loading capacity (LC%) was calculated using weights of entrapped
drug (Wd) and hydrogel (Wh) by

= ×
W
W

LC (%) 100d

h (2)

Rheological Experiments. Cystamine (1 mol equiv) and
diacrylate (2 mol equiv) were dissolved in distilled water in a vial
and stirred for a few seconds. The solution was then transferred
between the plates of the rheometer (Gemini 150 Rheometer system,
Bohlin Instruments) equipped with a cone-and-plate geometry (cone
angle = 4°, diameter = 40 mm) to monitor the reaction by oscillatory
small-strain shear measurements at 37 °C. The instrument was
equipped with a Peltier device for temperature control. During the
rheological measurements, a solvent trap was used and the outside of
the upper plate was covered with a thin layer of low-viscosity silicone
oil to prevent the evaporation of water. An angular frequency ω of 6.3
rad/s and a deformation amplitude γo of 0.01 were selected to ensure
that the oscillatory deformation is within the linear regime (Figure
S1). Frequency sweep tests were carried out at 37 °C and γo = 0.01
over the frequency range 0.06−300 rad/s.
Swelling Studies. Swelling studies were performed by immersing

dry hydrogel samples into PBS solutions (pH 5 or pH 7.4) at 37 °C.
The samples were removed from the solutions, blotted on filter paper,
and their swollen weights were measured at different time intervals.
The degree of swelling (Ds) was calculated using

=
−

×D
W W

W
100s

s d

d (3)

where Ws and Wd refer to the weight of swollen and dry gel samples,
respectively. The average values from triplicate measurements were
reported.
Degradation of Hydrogels. Hydrogel samples were weighed

(Wi) and immersed in 4 mL degradation solution (phosphate buffer
solutions of pH 5 and 7.4 or 25 mM DTT) at 37 °C. The solution
was then placed on an orbital shaker operating at 200 rpm. At

predetermined time intervals, the samples were removed from the
degradation solution, lyophilized, and weighed (Wf). The degradation
% was calculated according to

=
−

×
W W

W
degradation (%) 100i f

i (4)

In Vitro Release Studies. MB was selected as a model drug to
demonstrate the release kinetics of PBAE hydrogels. MB-loaded
hydrogels were placed in 50 mL phosphate buffer solutions (pH 7.4
and pH 5) and were shaken at 200 rpm using an orbital shaker at 37
°C. At predetermined time intervals, 2 mL of buffer solution was
removed and analyzed by UV−visible spectroscopy. The removed
aliquots were replaced by fresh buffer solution to maintain the volume
of the release medium. The increase in absorbance of the buffer
solutions was monitored and the cumulative release of MB was
determined using a calibration curve based on the absorbance of MB
solutions of known concentrations at 666 nm.

Determination of in Vitro Cytotoxicity and PDT Studies. For
the cytotoxicity evaluation of the degradation products of the gels and
for PDT studies, A549 cells were incubated with different
concentrations of the degradation products (after 6 h of degradation
at pH 7.4 PBS). After culturing of the cells in DMEM complete
medium supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-
streptomycin in an incubator under 5% CO2 atmosphere at 37 °C, the
cells were seeded at a density of 1 × 104 cells/well into 96-well plates
in complete medium. In the following day, cells at 60−80%
confluency were treated with doses between 35 and 350 and 4.9−
49 μg/mL for the degradation products of MB-loaded hydrogels
based on PEGDA (H1) and HDDA (H2), respectively, and incubated
for 24 more hours in a 5% CO2 incubator at 37 °C. Viability of the
cells was evaluated with the MTT assay. According to the
manufacturer’s protocol, the medium in each well was replenished
with 100 μL of fresh medium containing 10 μL of MTT solution (5
mg/mL in PBS) and incubated for 3 h at 37 °C in 5% CO2. Then, the
formed purple formazan crystals were dissolved using 100 μL of
DMSO solution. Absorbance from each well was determined by a
microplate reader (BioTek ELx800 Absorbance Microplate Reader) at
570 nm. Untreated cells were considered as control cells with 100%

Figure 1. One-step synthesis of H1 from the aza-Michael reaction of PEGDA and cystamine.
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viability. Each experiment was done in six replicas. Cell viability was
calculated according to the equation

Ä

Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑ

= ×cell viability (%)
sample absorbance
control absorbance

100
(5)

For the PDT studies, cells cultured and treated as described above
were treated with degradation products of MB containing H1 and H2
hydrogels. After 24 h incubation, the medium was replaced with fresh
culture medium to remove uninternalized degradation products or
MB. A laser beam (635 nm wavelength, 300 mW/cm2 power density,
0.5 cm beam diameter, 30 J/cm2 energy density) was applied for 100 s
to the experiment groups. Sixteen micromolar free MB was applied as
a control, since it corresponds to the highest concentration of MB in
release solutions of H1 and H2. The impact of laser treatment on cells
that lack the degradation products or MB was also determined.
Untreated cells were used as controls. Cell viability was determined
before and after laser treatment by MTT assay, where cells were
incubated at 37 °C for 3 h in 100 μL of MTT/DMEM (1:10)
solution, followed by solubilization of formazan with 100 μL of
DMSO and absorbance reading at 570 nm wavelength.
Cytotoxicity was tested also on MCF-7 human breast cancer cell

line to confirm cytocompatibility using the same procedure.
Statistical Analysis. Statistical analyses of the degradation

products were assessed by using one-way ANOVA analysis followed
by Tukey’s b comparison test in SPSS. The data were presented as
mean ± standard deviation (SD) (n = 6). p < 0.05 was accepted as
statistically significant.

■ RESULTS AND DISCUSSION
One-Step Synthesis and Characterization of PBAE

Hydrogels. PBAE hydrogels were prepared in one step by
mixing a diacrylate or a diacrylate mixture with a primary
diamine to form the hydrogels by an aza-Michael reaction
(Figure 1). Different synthetic procedures for aza-Michael
addition reactions have been reported before, which mostly
require elevated temperatures or catalysts, such as transition
metal and lanthanide halides, triflates, silica gel, heterogeneous
solid salts, ionic liquids, or boric acid.47−52 Here, we used a
simple and green approach by conducting the reactions in
water at 37 °C without any catalyst.53 These mild conditions
also resulted in high yields within a shorter period of time
(15−40 min) when compared to other methods that require
catalysts (2−8 h) (Table 1). The presence of water facilitates

the reaction by activating both the amine and the acrylate
through hydrogen bonding. Since the precursor solution is
liquid, it is also possible to inject the mixture and obtain the gel
in situ.19 This possibility coupled with the occurrence of
gelation at physiological conditions provides the potential of
easy administration into the human body and, hence, great
practicality.
The choice of diacrylate and diamine, and their relative ratio

determines the physical properties of the hydrogels. Herein, we
selected PEGDA alone and together with HDDA at different
molar ratios to tune the hydrophilicity and accordingly the
degradability of the hydrogels. Cystamine was used as the
primary diamine because of the redox responsive disulfide

bond in its molecular structure. The disulfide group is known
to be stable in blood but cleaves rapidly by glutathione in the
intracellular environment.28 Hence, the incorporation of
disulfide groups into the hydrogels would render them
responsive to the reducing environment.
Three hydrogels with different hydrophilicities were thus

synthesized: The H1 hydrogel was solely produced from
PEGDA, while the H2 and H3 hydrogels were made from a 1:1
and 1:3 mole ratios of PEGDA and HDDA to reduce the
hydrophilic nature (Table 1). We intended to synthesize a
fourth hydrogel, H4, from only HDDA, but the HDDA/
diamine mixture was not soluble in water, and no gelation was
observed. Both hydrogels H1 and H2 were obtained with high
gelation percentages, 95% and 92%, respectively, whereas H3
resulted in slightly lower gelation percentage probably because
of poor solubility of the HDDA-rich mixture in water.
We monitored gelation reactions between cystamine and the

diacrylates PEGDA and HDDA by real-time dynamic
rheological measurements in order to follow formation of
PBAE hydrogel networks. Figures 2a and 2b show the storage
modulus G′ (filled symbols), loss modulus G″ (open symbols),
and the loss factor tan δ (= G″/G′, lines in b) of H1, H2, and
H3 reaction solutions at an angular frequency ω of 6.3 rad/s
and at a strain amplitude γo of 1% as a function of the reaction
time. The inset in Figure 2a shows the same G′ versus time
data in a semilogarithmic scale up to 80 min. It shows that the
initial reaction period during which the dynamic moduli
remain unchanged, that is, the induction period, varies
depending on the composition of the diacrylate mixture. The
H1 gelation solution containing PEGDA only exhibits an
induction period of 27 ± 5 min, whereas it shortens to 6 ± 2
min and under 1 min in H2 and H3 solutions with PEGDA
mole ratios of 1:1 and 1:3, respectively. Thus, the presence of
the more hydrophobic HDDA significantly decreases the
induction period of the polymerization reactions. This can be
explained by the hydrophobic interactions between HDDA
segments leading to the formation of temporary cross-links in
the gelation solution.54,55 Following the induction period, a
crossover between G′ and G″ occurs after 35 ± 4, 12 ± 2, and
23 ± 5 min for H1, H2, and H3 hydrogel systems, respectively,
which corresponds to the onset of gelation. Eliminating the
induction period, this indicates the onset of gelation within
10−20 min for reaction systems. After gelation, G′ rapidly
increases and tan δ decreases until they approach plateau
values after about 60 min. The tests could not be conducted
for longer times because of the appearance of some scatter in
the dynamic moduli data. Therefore, the limiting moduli G∞′ of
the hydrogels were estimated by fitting the experimental G′
versus reaction time t data to the modified Hill equation.56−58

θ
′ = ′

+∞G t G
t

t
( )

n

n n (6)

where θ and n are constants. The solid curves in Figure 2a are
the best fits of eq 6 to the experimental data, indicating that eq
6 well simulates the gelation process of the solutions. The
limiting values of G′ obtained from the fits are 35, 56, and 104
kPa for H1, H2, and H3, respectively. Figure 2c shows G′
(filled symbols) and G″ (open symbols) of H2 and H3
hydrogels at 37 °C plotted against the frequency ω. G′ is 59 ±
2 and 78 ± 4 kPa for H2 and H3, respectively, and
independent of the frequency ω, while G″ is around 2 orders
of magnitude smaller than G′, which is typical behavior of
strong gels with a chemically cross-linked network structure.

Table 1. Properties of Hydrogels

hydrogel PEGDA:HDDA mole ratio gelation (%) Tg (°C)

H1 1:0 95 −46
H2 1:1 92 −40
H3 1:3 78
H4 0:1 no gelation
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Because G′ of such hydrogels corresponds to the equilibrium
shear modulus G, one may estimate their effective cross-link
densities νe by

59,60

ν=G RT0.5 e (7)

where R is the gas constant and T is the absolute temperature.
Equation 7 assumes a phantom network behavior and the
existence of tetrafunctional cross-links in the hydrogel network.
Using eq 7, together with limiting values of G′ at 37 °C, the
crosslink density νe was calculated as 27, 43, and 81 mol/m3

for H1, H2, and H3 hydrogels, respectively. The results, thus,
reveal formation of a larger number of effective cross-links after
incorporation of hydrophobic HDDA segments into the
hydrogel network. An interesting point is a higher loss factor
tan δ of H2 and H3 as compared to H1, which we attribute to
the hydrophobic hexyl segments of HDDA units forming
hydrophobic associations and hence creating an energy
dissipation mechanism in the gel network.61

The thermal properties of the hydrogels were studied using
differential scanning calorimetry (DSC). The glass transition
temperatures Tg of the hydrogels correlated well with their
chemical compositions (Table 1). The H2 hydrogel containing
HDDA exhibits a higher Tg at −40 °C as compared to H1 with
a Tg of −46 °C because of the lower molecular weight.
Moreover, the PEGDA-based H1 hydrogel shows well-defined
narrow transition peaks, whereas incorporation of HDDA into
the network leads to broader peaks, which imply heterogeneity
within the system (Figure 3a). The presence of the disulfide
group in the hydrogel structure was verified by Raman
spectroscopy from the νSS and νCS bands observed at 504 and
647 cm−1 for H1, 508 and 644 cm−1 for H2, and 509 and 644
cm−1 for H3, respectively (Figure 3b).
Swelling and Degradation Studies. The effects of the

chemical composition of the hydrogels and the pH of the
medium on the swelling and degradation kinetics were
evaluated, the swelling studies being conducted for up to 3
h, since the H1 hydrogel started to degrade because of the
hydrolysis of β-aminoesters on the backbone. Figure 4a and b
show time-dependent swelling and degradation profiles,
respectively, of H1, H2, and H3 hydrogels at pH 5.0 and 7.4.
It was observed that H1 swells approximately 2-fold when

compared to H2; after a swelling time of 3 h, the swelling
increasing only slightly from pH 7.4 to 5, while the swelling of
H3 at pH 7.4 is lower, like H2, and at pH 5 higher, like H1.
The degradation rate of H1 is high, reaching complete
degradation within 24 h in both buffers; the rate of H2 is lower
and pH-dependent, completely degrading in 120 h in the pH 5

buffer and 144 h in pH 7.4 buffer (15% and 25% at pH 7.4 and
5 in 24 h); and the rate of H3 is lowest and also pH-
dependent, degrading only by 28% and 55% after 10 days at
pH 7.4 and 5, respectively (less than 5% at both pH values in
24 h).
The higher swelling of H1 compared to that of H2 can be

explained as being the result of the presence of hydrophilic
PEGDA units and the lower crosslink density of H1 hydrogels.
The swelling of H3 is comparable to that of either H1 or H2,
depending on the pH, despite the high crosslink density and
the higher ratio of the hydrophobic HDDA, which might be
explained by the possibly heterogeneous structure of H3,
forming microscopic hydrophilic regions that absorb water.
The higher swelling of hydrogels in pH 5 buffer compared to

those in pH 7.4 probably occurs because the partial
protonation of amine groups under acidic conditions creates
an electrostatic repulsion of ions expanding the gel network.
This effect seems weak for H1 and H2, but strong for H3,
possibly because of the easier protonation of the amines in the
hydrophilic regions hypothesized above.

Figure 2. (a, b) Storage modulus G′ (filled symbols), loss modulus G″ (open symbols), and tan δ (lines in b) as a function of the reaction time.
The solid curves in panel a were calculated using eq 6. ω = 6.3 rad/s. γo = 0.01. Temperature = 37 °C. (c) Frequency dependences of G′ (filled
symbols) and G″ (open symbols) of H2 (triangles up) and H3 hydrogels (triangles down) at 37 °C. γo = 0.01.

Figure 3. (a) DSC profiles of the H1 and H2 hydrogels under
nitrogen at a scanning rate of 10 °C/min. (b) Raman spectra of one-
step PBAE hydrogels.
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When the hydrogels are swollen, there is a larger amount of
water in the hydrogel structure; so the degradation behavior is
expected to be correlated with the hydrogel’s swelling, in
addition to the overall hydrophilicity. Hence, the pH of the
swelling/degradation medium had a limited effect on
degradation kinetics for H1 and H2, whereas it had a
significant effect in case of H3, where the degradation also
was almost 2-fold at pH 5 compared to that of at pH 7.4
(Figure 4b). As for the effect of the hydrogels’ hydrophilic/
hydrophobic character, the degradation can be seen to proceed
faster for the more hydrophilic ones, as can be seen from the
data reported above, and Figure 4b. These studies show that it
is possible to tune the degradation rate of these one-step
hydrogels by manipulating the hydrophilic/hydrophobic
balance by selection of starting materials.
Redox Response. To show the redox response, hydrogels

were incubated in PBS (pH 7.4) containing 25 mM DTT at 37
°C. Hydrogels were also immersed in pure PBS as a control.

Hydrogels exposed to DTT degraded under the reducing
conditions via cleavage of disulfide bonds. The visual images
and the mass loss of the hydrogels were recorded as a function
of time during the degradation period (Figure 5). When either
just PBS or PBS+DTT solutions were used, H3 showed
slowest degradation profiles, followed by H2, because of the
hydrophobic nature of HDDA in their structures. As H2 and
H3 degraded, HDDA containing insoluble linear polymer
fragments were released into the solution causing turbidity. By
the end of 12 h, H1 and H2 completely degraded in DTT,
whereas H3 degraded 52%. In the same time interval the
hydrogels in PBS degraded 34%, 13%, and 2% for H1, H2, and
H3, respectively, clearly showing the effect of the redox-state
on degradation.
The effect of redox-triggered degradation via exposure to

DTT on the morphology of H1, H2, and H3 was evaluated
from the SEM images (Figure 6). The initial morphologies of
H1 and H2 are very similar and exhibit a smooth rubberlike
and nonporous structure (Figure 6a and 6c), whereas H3
shows an irregular fracture surface (Figure 6e). After
degradation, the H1 surface becomes somewhat less smooth
(Figure 6c), whereas irregular pores and trenches appear in the
H2 fracture surface (Figure 6d). The H3 surface (Figure 6f),
on the other hand, develops even more irregular structure, with
pores of various sizes. This difference in degradation
characteristics can be explained by degradation of hydrophilic
PEGDA-containing segments into water-soluble polymer
chains leaving voids between the hydrophobic-HDDA-
containing segments.

Drug Loading and in Vitro Release Studies. MB was
selected as a model drug and photosensitizer for photodynamic
therapy (PDT), and it was loaded into the hydrogels during
their synthesis process. MB was loaded by 1 wt % into the
hydrogels, and the loading capacity was found to be 0.40 ±
0.03% for H1 and 0.46 ± 0.04% for H2, respectively. The
effect of the chemical composition, thus, the hydrophobic/
hydrophilic nature of the hydrogels, on the release behavior of
MB was investigated by UV−visible spectroscopy. The release
studies were performed in pH 7.4 and 5 buffer solutions to
observe the effect of pH on the release profile of the cargo
molecule (Figure 7). For H1, release of MB is slightly faster at
pH 5 than pH 7.4 until 24 h, where the cumulative release at

Figure 4. (a) pH-dependent swelling profile of one-step PBAE
hydrogels at pH 5 and pH 7.4. (b) pH-dependent degradation profile
of one-step PBAE hydrogels at pH 5 and pH 7.4. (Dry hydrogel
thickness is 3 mm, and dry hydrogel diameter is 8 mm.)

Figure 5. (a) Visual images of H1, H2, and H3 at the beginning and after 3 and 6 h incubation in DTT at 37 °C. (b) Redox-dependent degradation
profiles of H1, H2, and H3 in PBS or DTT at 37 °C.
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each pH becomes equal. Soon after 24 h, both hydrogels
release all of their content because of the total degradation of
the network structure. No significant effect of pH on the
release of MB from H2 was observed. At 24 h the cumulative
release of MB is approximately 80% from H2 hydrogels in
either pH. Considering the slow degradation of H2, we assume
that most of MB is released by diffusion due to expansion of
hydrogel dimensions as the hydrogel swells. The rest of the
MB was probably entrapped in the more hydrophobic domains
left behind after the initial degradation of the PEGDA rich
regions of H2. Therefore, much slower release of MB was
observed after the first 24 h, and full release was obtained only
after full degradation after 120 h.
In Vitro Cytotoxicity and Photodynamic Therapy. The

degradability of the hydrogels, both via hydrolysis and by
cleavage of disulfide bonds, into nontoxic degradation products
can eliminate the need for later surgical removal from the
human body, both for tissue scaffold and drug/gene delivery

applications. The dose dependent cytotoxicity of degradation
products of PBAE hydrogels (after 24 h degradation) in PBS
(pH 7.4) was assessed on MCF-7 cells after 24 h incubation
(Figure 8). Viability of cells was above 80% at all doses, which
indicates that degradation products are noncytotoxic in the
range of 1−200 μg/mL in MCF-7 cells according to the ISO
10993-5 classification.62 Overall, looking at the whole
concentration range, degradation products of all tested
compositions look safe with no dramatic difference between
them.
To understand if the released MB retained its biological

activity or not and to demonstrate local drug delivery potential
of these PBAE hydrogels, in vitro PDT study was performed
with the degradation products of the hydrogels (Figure 9).
MB-loaded H1 and H2 were degraded for 6 h in PBS, and
then, dark toxicity, the impact of laser irradiation on the
viability of untreated cells, and the influence of PDT on cell
viability were tested in a dose-dependent manner using A549

Figure 6. SEM imagesof hydrogels before and after redox-triggered degradation. (a) H1 before degradation, (b) H1 after 6 h degradation, (c) H2
before degradation, (d) H2 after 6 h degradation, (e) H3 before degradation, and (f) H3 after 6 h degradation (scale bar represents 50 μm).
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cell lines. For this part, a lung cancer cell line was preferred
because the lung is an appropriate target organ for photo-
therapies, which can be performed via endoscopic meth-
ods.44,63 Free MB (16 μM) was also applied to cells at the
highest concentration of MB in H1 and H2 degradation
products. A549 cells were incubated with degradation products
of MB-loaded H1 and H2 in a dose range of 35−350 and 4.9−
49 μg/mL, respectively, for 24 h. The difference in the dose
range originates from the different degradation rates of H1 and
H2 hydrogels. After the medium is replenished, each
experiment’s groups were treated for 100 s with a laser light
of 30 J/cm2 energy density at 635 nm. As seen in Figure 9b,
the control (untreated) and laser control (no degradation
product but 100 s laser irradiation) groups showed no decrease
in viability. However, cells incubated with MB-containing
degradation products and treated with a laser showed a
tremendous drop in cell viability because of the cytotoxic effect

of photodynamic therapy well established in the litera-
ture.42−44,63 This indicates that there is no significant dark
toxicity of MB-loaded hydrogels and that the laser irradiation
does not reduce viability of cells if there is no exposure to
photosensitizer, as desired. In addition, the toxicity of released
MB was similar to free MB (16 μM), implying that
encapsulation and release of MB by one-step PBAE hydrogels

Figure 7. pH-dependent release kinetics of MB from H1 and H2 at 37
°C and two different pH values. Insets: The first 30 h, also given in
Supporting Information.

Figure 8. Effect of degradation products of the hydrogels on cell viability of MCF-7 human breast cancer cells. Cells were treated with different
concentrations of the degradation products for 24 h. Untreated cells were used as the control. The cell viability test was performed by MTT assay
(±SD, n = 5, p < 0.05 (*) compared with all concentrations).

Figure 9. (a) Effect of released MB and degradation products on
viability of A549 cells after 24 h exposure. Untreated cells were used
as a control. (b) Effect of released MB and degradation products on
cell viability of A549 cells after laser treatment (635 nm, 100 s, 30 J/
cm2). Untreated cells were used as a control. Cells that were not
treated with MB-hydrogel degradation products but that were
subjected to laser irradiation were used as the laser control (±SD, n
= 6, p < 0.05 (*) compared with all concentrations).
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did not hamper its function as a photosensitizer and it retained
biological activity. Elaborate experiments showing the cell
death mechanism is beyond the scope of this study, but the
effect is well established as indicated by the references.

■ CONCLUSIONS
A simple one-step synthesis strategy based on an aza-Michael
reaction with no byproducts was used to prepare novel PBAE
hydrogels. By selection of the building blocks, the hydro-
philicity/hydrophobicity and, accordingly, the swelling and
degradation behavior of the hydrogels were tailored. The
hydrogels were loaded with MB as a model drug by simply
adding the drug molecule into the precursor mixture. The
hydrogels showed response to external triggers, such as pH and
redox state, which served as a tool to facilitate the on-demand
degradation of the hydrogel into nontoxic materials and release
of the cargo molecule in a controlled manner. The biological
activity of the released MB was evaluated by photodynamic
therapy. Overall, these systems have the potential to be used as
platforms for controlled delivery of therapeutic agents.
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