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ABSTRACT: Researchers are actively developing shape memory polymers (SMPs) for smart biomaterials. This paper reports a new
SMP system synthesized from biocompatible 2-(dimethylamino) ethyl methacrylate (DMAEMA), butyl acrylate (BA) and tri(ethylene
glycol) divinyl ether (TDE). Preliminary results show that the DMAEMA-co-BA-co-TDE copolymers form micelles in aqueous solu-
tion due to chemical crosslinking and hydrophobicity. The micelle size decreased with the increase in the BA content since the hydro-
phobicity of copolymers increases with the increase of BA content. The resulting polymer films contain—-N(CH3), functional groups
for further biomaterial applications. The thermal stability of DMAEMA-co-BA-co-TDE copolymers is determined by the DMAEMA
structure and content. Moreover, the copolymers form micro-phase-separated structures containing a reversible amorphous soft
phase, and the storage moduli decreases significantly around T,. Therefore, good thermal-induced shape memory effects are achieved
in the DMAEMA-co-BA-co-TDE copolymers by adjusting the BA content. This work proposes a new strategy for designing smart

biomaterials using a biocompatible monomer. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42312.
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INTRODUCTION

Shape memory polymers (SMPs) have received significant atten-
tion in recent years because they have the capability of fixing a
temporary shape and recovering their original shape upon the
application of an external stimulus." These polymers show tre-
mendous potential in the fields of biotechnology, biomaterials
and polymer processing. For biomedical applications, SMPs
should also be biocompatible and have tunable actuation tem-
peratures and glassy elastic moduli.>* Biocompatible SMPs have
thus attracted increasing attention from researchers. Many types
of SMPs, including Diapplex shape memory polyurethanes
(SMPUs), polylactic acid (PLA)-SMPUs and polycaprolactone
(PCL)-diacrylate SMPs, are reported to have good biocompati-
bility, as demonstrated by low cytotoxicity, low thrombogenicity,
low platelet activation, low cytokine activation and low in vivo
inflammatory response.>* However, to date, only a few SMP-
based biomedical devices have been commercialized. Thus, it is
of great urgency to develop more biocompatible SMPs.

It is well known that poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) is widely used as a biomaterials double hydro-
philic copolymer and environmentally sensitive coating due to
its unique chemical structure containing—-N(CHj3), functional
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groups, which can be further quaternized or betainized.” The lit-
erature reveals that the functional monomer 2-(dimethylami-
no)ethyl methacrylate (DMAEMA) has been widely used to
design stimuli-responsive hydrogels,”” micelles,*'® brushes,'*~*?
and other functional membranes grafted onto various sub-
strates.'®'” In addition to their responsiveness to pH and tem-
perature,'*"” DMAEMA-based copolymers can also respond to
external stimuli such as ion strength, selected ions and other fac-
tors in solution.”'® Recently, pPDMAEMA has also demonstrated
great potential as an ideal carrier for drug delivery or gene deliv-
ery because of its relatively low toxicity and high transfection
efficiency.'” However, to the best of our knowledge, shape mem-
ory functionalities have not been reported in DMAEMA-based
copolymers. Based on their structure, these polymers are
expected to show multi-responsiveness to pH, temperature and
even ions. This type of SMP system may open another avenue
for promoting the biomedical applications of SMPs in the fields
of gene delivery, gene modification and gene therapy.

Therefore, we propose the molecular design of novel biocom-
patible SMPs based on DMAEMA. pDMAEMA generally shows
a high transition temperature, and butyl acrylate (BA) is thus
used to adjust the glass transition temperature, while chemical
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Scheme 1. Synthetic route of DMAEMA-co-BA-co-TDE copolymers. BA, butyl acrylate; DMAEMA, 2-(dimethylamino) ethyl methacrylate; TDE, tri(-

ethylene glycol) divinyl ether.

cross-linking with tri(ethylene glycol) divinyl ether (TDE)
endows the DMAEMA-co-BA-co-TDE copolymers with good
shape memory functionality. This paper reports on the prepara-
tion of DMAEMA-co-BA-co-TDE copolymers. The structure,
morphology and properties were investigated preliminarily by
FT-IR, differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA) and DMA. In particular, the polymers’
shape memory behaviour was studied carefully.

EXPERIMENTAL

Materials

Raw materials including 2-(dimethylamino) ethyl methacrylate
(DMAEMA, analytic grade), butyl acrylate (BA, analytic grade),
tri(ethylene glycol) divinyl ether (TDE, analytic grade), ammo-
nium persulphate ((NH,4),S,0s, analytic grade) and sodium
bisulphate (NaHSOs;, analytic grade) were all purchased from
Aladdin (Shanghai, China) and used as received.

Preparation

A series of DMAEMA-co-BA-co-TDE copolymers were syn-
thesized using soap-free emulsion polymerization. The syn-
thetic route is presented in Scheme 1. The preparation of the
copolymers was performed in a nitrogen-filled and mechani-
cally stirred 500 ml three-neck flask. In a typical procedure,
65 ml deionized water, 0.17 g NaHSO; and 0.07 g
(NH,),S,03 were first added into the flasks under vigorous
stirring, followed by the addition of the raw materials
DMAEMA, BA, and/or TDE according to each polymer’s
composition (Table I). Thereafter, the reaction temperature

Table I. Compositions of DMAEMA-co-BA-co-TDE Copolymers

was increased to ~75°C, and 0.23 g (NH,),S,05 dissolved in
35 ml deionized water was dropped into the flask within 60
min. The reaction was performed hermetically at 75°C >5 h.
Finally, water was evaporated from the resulting 20 wt %
solution in a Teflon pan at 80°C for 24 h under continuous
air flow and then under vacuum for another 24 h. For com-
parison, DMAEMA-co-BA copolymer (coded as DMAEMA-
BA) and pDMAEMA were also synthesized directly using the
same synthesis method described above. Samples of
DMAEMA-co-BA-co-TDE  copolymer were coded as
DMAEMA-BA**-TDE, where “**” denotes the BA content.

Characterization

Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectra were recorded with a Nicolet 760 FT-IR spec-
trometer equipped with an ATR accessory using a GeS crystal.
Twenty-four scans at a resolution of 4 cm™' were signal-
averaged and stored as data files for further analysis.

The size of polymer micelles was investigated using a Zataplus
Laser Scattering Particle Analyzer (Brookharen, USA). Each
sample was measured at least five times, and the average size
was recorded for analysis.

Static contact angle measurements were performed on a
JC2000Y stable contact angle analyzer (China) at room temper-
ature with distilled water as test liquid. With each specimen, the
measurements were repeated at three different locations.

The weight percentages of C, H, and N of the samples were
determined using a Vario EL III elemental analyzer (EA, Ger-
many Elementar).

Content in Elemental
Samples Feed (wt %) Composition (wt %)

DMAEMA BA TDE N C H
pDMAEMA 100.00 0 0 - - -
DMAEMA-BA 86.00 14.00 0 6.57 56.52 8.965
DMAEMA-BA13-TDE 77.50 12.65 9.91 6.15 57.27 9.010
DMAEMA-BA15-TDE 74.85 15.27 9.91 6.05 58.04 8.962
DMAEMA-BA22-TDE 67.95 22.16 9.91 5.39 57.43 8.994
DMAEMA-BA29-TDE 60.50 29.59 9.91 521 57.26 8.881

BA, butyl acrylate; DMAEMA, 2-(dimethylamino) ethyl methacrylate; TDE, tri(ethylene glycol) divinyl ether.
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Figure 1. Images of the resulting solution and the micelle size of 2-(dimethylamino) ethyl methacrylate (DMAEMA)-based copolymers. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

DSC testing was carried out by using a TA Q200 instrument
with nitrogen as the purged gas. Indium and zinc standards
were used for calibration. Samples were first heated from ~60°C
to 150°C at a heating rate of 10°C/min and held at 150°C for 1
min and subsequently cooled to 760°C at a cooling rate of
10°C/min; finally, a second heating scan from ~60°C to 150°C
was performed.

TGA curves were recorded after drying at 100°C on a
computer-controlled TA Instrument TG Q50 system under the
following operating conditions: heating rate 10°C/min, tempera-
ture range 100-600°C, sample weight ~5.0 mg, and 60 ml/min
N, flow, with film samples prepared in platinum crucibles.
Three or four repeated readings (temperature and weight loss)
were performed for the same TG curve, each composed of at
least 15 points.

Modulus testing was carried out using a computer-controlled
TA Instrument DMASOO system. Specimens were cut from a
sample film with a thickness of 0.5 mm, and the distance
between two clamps was 10 mm in the initial testing configura-
tion. Specimens were analyzed at 1.0 Hz and a heating rate of
2.0 K/min.

The thermally induced shape-memory behaviour of the films
was determined by cyclic thermo-mechanical analysis using a
DMAS800 instrument (tension clamp, controlled force mode)
according to the procedure described in the literature.”** The
following test setups were used: (1) heating the sample to 95°C
and equilibrating it for 35 min; (2) uniaxially stretching by
ramping the applied force from 0.001 N to 1 N at a rate of 0.25
N/min; equilibration for 3 min; (3) fixing the strain by quickly
cooling to 25°C or 0°C at a cooling rate of 10°C/min, followed
by equilibration for 20 min; (4) unloading the external force to
0 N at a rate of 0.25 N/min; (5) reheating to 115°C or 125°C at
a rate of 4°C/min and followed by equilibration for 25 min.

RESULTS AND DISCUSSIONS

Structure Analysis

In this experiment, the obtained pPDMAEMA solution was a col-
ourless, fransparent watery solution, whereas the DMAEMA-co-
BA copolymer solution as a micro-emulsion. In particular, the
DMAEMA-co-BA-co-TDE copolymers were yellow emulsions,
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implying the formation of micelles [Figure 1(A)]. The forma-
tion of micelles was also confirmed by a Zataplus Laser Scatter-
ing Particle Analyzer. The size of the micelles in the DMAEMA-
co-BA-co-TDE copolymer solution ranged from 371.4 nm to
473.6 nm, whereas the DMAEMA-co-BA copolymer solution
formed micelles measuring only 157.0 nm [Figure 1(B)]. More-
over, the micelle size decreased with the increase in the BA con-
tent due to the increased hydrophobicity imparted by the BA
segment in the DMAEMA-co-BA-co-TDE copolymers. Hydro-
phobicity of DMAEMA based copolymers was investigated with
static water contact angle. The pDMAEMA polymers shows
water contact angle of only 46.71°% While the DMAEMA-co-BA
copolymer shows much higher water contact angle (above 66°)
due to the copolymerization with BA segment. Moreover, the
water contact angle also increases with the increase of BA con-
tent in the DMAEMA-co-BA-co-TDE copolymers (Figure 2).
After drying, the resulting DMAEMA-co-BA-co-TDE copoly-
mers could not be redissolved in water, DMF or THEF. This find-
ing indicates that chemical crosslinking was successfully
achieved in the DMAEMA-co-BA-co-TDE copolymers. The
hydrophobicity of BA segment and chemical crosslinking by

704

Water Contact Angle( °)

’ . .

d e f
DMAEMA based copolymers

Figure 2. Water contract angle showing hydrophobicity of DMAEMA

based copolymers. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Figure 3. FT-IR spectra of DMAEMA copolymers. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

TDE promote the formation of DMAEMA based copolymers
micelles in aqueous solution.

The molecular structures of DMAEMA based copolymers were
then investigated by ATR-FTIR. Figure 3 shows the FT-IR spectra
of pPDMAEMA and the DMAEMA-co-BA and DMAEMA-BA13-
TDE copolymers. A strong absorbance peak attributed to C=0
was observed at 1731 cm ™! in the pDMAEMA, DMAEMA-co-
BA copolymer and DMAEMA-BA13-TDE copolymer solutions.
A strong peak at 1469 cm ™' was also observed for all polymers,
which could be attributed to the bending vibration of C—N
bonds. In addition, bands attributed to —CH, and «—CHj were
detected at 2769 cm ™' to 2948 cm™ ', and the peak associated
with wave vibrations belonging to the alkyl groups of the poly-
mers also appeared at 742 cm~ ".** All of these findings demon-
strate that pDMAEMA, DMAEMA-co-BA copolymer and
DMAEMA-BA-TDE copolymer were successfully synthesized.
The bulk elemental compositions of samples were further deter-
mined using a Vario EL III elemental analyzer. The weight per-
centages of C, H, and N are provided in Table I. In particular,
the N weight percentage increased with the DMAEMA content
in the feed, whereas it decreased with the increase in the BA
content in the DMAEMA-co-BA-co-TDE copolymer. These
results thus confirm the successful copolymerization of
DMAEMA with BA. Therefore, all of the DMAEMA-co-BA-co-
TDE copolymers contained the functional group —N(CHj),,
which can be further quaternized to demonstrate antibacterial
properties®® or betainized to exhibit good biocompatibility.?”

Thermal Properties

Thermal properties including the thermal phase transition and
thermal stability of DMAEMA-co-BA-co-TDE copolymers were
investigated by DSC and TGA. The second DSC curves demon-
strate that all DMAEMA-co-BA-co-TDE copolymers formed an
amorphous soft phase, without showing any trace of crystalliza-
tion or melting. As the BA content increased, the glass transi-
tion temperature (T,) shifted to lower temperatures (Figure 4).
Ignoring temperature-based applications, this glass transition
can be used to trigger shape recovery, particularly under chemi-
cal crosslinking conditions.*® In addition, the TGA curves dem-
onstrate that all DMAEMA-co-BA-co-TDE  copolymers
exhibited an initial decomposition temperature above 200°C,
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suggesting the formation of long carbon chains [Figure 5(A)].
Similarly to the pure pDMAEMA, the decomposition of the
DMAEMA-co-BA-co-TDE copolymers is divided into two
stages. The first stage may be associated with the decomposition
of DMAEMA groups because the weight loss of pPDMAEMA is
much higher than that of DMAEMA-co-BA-co-TDE copoly-
mers. The derivative thermogravimetry (DTG) curves also show
that the pDMAEMA polymer exhibited the highest rate of
decomposition [Figure 5(B)]. The second stage should belong
to the decomposition of the polymer chain, as the decomposi-
tion of carbon chains requires high temperature. The results
thus suggest that the decomposition of pDMAEMA and its
copolymers began with the DMAEMA group due to its weak
ester bonds (—O—C=0). This finding indicates that the thermal
stability of DMAEMA-based polymers is greatly affected by this
ester bond. That is, the thermal stability of DMAEMA-co-BA-
co-TDE copolymers may be determined by the DMAEMA
structure and content.

Dynamic Mechanical Properties

The thermal phase transitions of DMAEMA-co-BA-co-TDE
copolymers were further investigated using DMA based on the
values of the temperature-dependent modulus (E’) and tand
(Figure 6). The E' (T) curves [Figure 5(A)] show that all
DMAEMA-co-BA-co-TDE copolymers and pDMAEMA exhib-
ited high storage moduli in the glassy state, e.g., below 25°C,
where the storage moduli decreased significantly around T,. In
particular, the pPDMAEMA became too soft to measure properly
above ~130°C, suggesting that the samples possessed high
molar masses and lacked sizeable crosslinking.”” By contrast, the
DMAEMA-co-BA-co-TDE copolymers showed higher rubber
moduli above ~120°C, confirming the formation of chemical
crosslinks. In addition, the tand (T) curves [Figure 6(B)] cor-
roborate the glass transition identified by DSC analysis (Figure
4). Pure pDMAEMA showed only one broad o-relax peak,
belonging to the glass transition. After cross-linking the
DMAEMA-co-BA-co-TDE copolymers, the appearance of more
than two main relax peaks implied the existence of a micro-

phase-separated ~ structure. The DMAEMA-co-BA-co-TDE
! d
[}
1 c
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Figure 4. The second DSC curves of DMAEMA copolymer. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 5. TG-DTG curves of DMAEMA copolymers with different BA content. TG-DTG: thermogravimetric-derivative thermogravimetry. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

copolymers containing high BA content tend to show three dif-
ferent regimes. Below the temperature 50°C, the weak relax
ascribed to the glass transition of BA-rich domains occurs,
because the relax peak shifts to lower temperature range as the
BA content increases, and no lower temperature relax is
detected in pure pDMAEMA [Figure 6(B)]. The second relax
detected above the temperature 110°C should be ascribed to the
glass transition of DMAEMA-rich domains. As compared with
the pure DMAEMA, the T, of DMAEMA phase in the
DMAEMA-co-BA-co-TDE copolymers has been improved
greatly due to the chemical-crosslinking. The similarity of the
changes around T, from DMAEMA-BA12-TDE to DMAEMA-
BA29-TDE also suggests that the chain dynamics themselves are
mostly determined by the flexibility of chains and not by the
extent of chemical crosslinking.

Shape Memory Properties
Based on the thermal properties and dynamic mechanical proper-
ties discussed above, a micro-phase-separated structure contain-

A

1000+

Storage modulus (MPa)
3

—+— DVMAEMA-BA22-TDE
o1 DVAEMA-BA2G- TDE

T T T T

50 100
Temperature(’C)

ing a reversible amorphous soft phase and the formation of
chemical crosslinking both satisfied the structural requirements
for exhibiting shape memory effects.”® Thus, the thermally
induced shape memory functionality of the samples was investi-
gated. A qualitative test showed that the typical sample
DMAEMA-BA15-TDE could be deformed from its original shape
[Figure 7(A)] into a second shape [Figure 7(B)]. Upon heating,
the fixed second shape began to recover at approximately 35°C
[Figure 7(C-E)], and the temporary shape was recovered com-
pletely above 65°C [Figure 7(F)]. This process demonstrates that
the DMAEMA copolymers have the capability to be fixed into a
temporary shape and recover their original shape. Additionally,
cyclic thermo-mechanical analysis further demonstrated that sam-
ples DMAEMA-BA15-TDE and DMAEMA-BA22-TDE both
exhibited good shape fixity, reaching 100%. The sample
DMAEMA-BA15-TDE showed ~90% shape recovery, whereas
the sample DMAEMA-BA22-TDE showed <80% shape recovery
(Figure 8). This result implies that a high BA content may
destroy the samples’ capacity for shape recovery. One possible

104 —— DMAEMA (B)
—— DMAEMA-BA13-TDE

DMVAEMA-BA15-TDE

084

064

044

Tand

024

T
-50 0

T a‘ ul’e(oc) 100 150

Figure 6. E'(T) and tand(T) curves of DMAEMA copolymers with different BA content. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Figure 8. Cyclic thermo-mechanical curves. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

reason is that the BA segment affects the mobility of polymer
chains, as indicated by the tand(T) curves [Figure 6(B)]. The
inherent reason should be further investigated. In contrast, both
qualitative and quantitative tests confirmed that DMAEMA-co-
BA-co-TDE copolymers can be used as shape memory materials
by adjusting the BA content through chemical crosslinking. Con-
sidering the basic biomaterials properties of DMAEMA copoly-
mers, including antibacterial activity and biocompatibility,***>
DMAEMA-co-BA-co-TDE copolymers are good candidates for
smart biomaterials applications.

CONCLUSIONS

This communication reports the preparation of DEMAEMA-co-
BA-co-TDE copolymers demonstrating shape memory effects.
Structural analysis confirms that DMAEMA-co-BA-co-TDE
copolymers form micelles in solution by chemical crosslinking
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and hydrophobic interactions. After drying, the resulting polymer
film contains the functional group —N(CHj3),, which can be used
in further biomaterials applications. Experiments analyzing ther-
mal properties and dynamic mechanical properties demonstrate
that DEMA-BA-TDE copolymers form a micro-phase-separated
structure containing a reversible amorphous soft phase and
chemical crosslinking. Finally, both qualitative and quantitative
tests confirm that DMAEMA-co-BA-co-TDE copolymers can be
used as shape memory materials by adjusting the BA content.
Considering the basic biomaterials properties of DMAEMA
copolymers, DMAEMA-co-BA-co-TDE copolymers are thus pro-
posed as good candidates for smart biomaterials applications.
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