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Abstract
Amine-cured epoxy resins bearing ester moieties were synthesized, and their properties, hydrolytic degradation behavior,
and biomineralization were investigated. Neopentyl glycol diglycidate (NPG) was used as the epoxide and was cured with
diethylenetriamine (DETA) and isophoronediamine (IPD) at different ratios. The glass transition temperatures were
controlled using the composition of DETA and IPD. The cured materials containing IPD units were tolerant to neutral water
but were degraded under acidic and basic conditions. Degradation in the presence of lipase also proceeded in phosphate
buffer, while degradation proceeded gradually in the absence of lipase. To demonstrate their potential application as
degradable biomedical materials for bone and dental repair, composites containing hydroxyapatite (HA) were prepared by
curing NPG and the amines in the presence of HA. Biological bone-like apatite was grown on an NPG-IPD-HA composite
by immersion in synthetic biofluid, and the amount of bone-like apatite was greater than that on the glycidyl ether analog.

Introduction

Epoxy resins are widely used in coatings, electronic devi-
ces, paints, and adhesives due to their chemical and water
resistance, stiffness, and tunable physical properties [1–5].
Due to the strain-based high reactivity of epoxides, the
curing reaction is fast, which is a major advantage of epoxy
resins. In addition, resins with a wide variety of chemical
structures and properties can be formed depending on the
type of curing agent, providing a wide range of applications.

The majority of epoxy monomers are glycidyl ethers,
which are not degradable under typical environmental
conditions due to the stability of the ether moieties. As a
result, cured epoxy resins tend to persist as microplastics
due to their robust chemical structures and physical strength
[6–8]. The environmental and biological toxicity of epox-
ides is also a major concern of epoxy resins [9, 10]. In this
regard, various hydrolytically degradable epoxy resins have

been developed [11–20]. Glycidyl esters of naturally
occurring carboxylic acids are among the most representa-
tive of these materials, and successful results have been
reported for epoxides based on plant oils [17], itaconic acid
[18], furandicarboxylic acid [19, 20], and so on. In addition
to these environmental benefits, degradability is advanta-
geous for recycling organic substances from polymers
[21, 22] and metals from electronic devices [23, 24].

We are developing glycidates, epoxides bearing adjacent
ester moieties, as environmentally friendly epoxides
[25–28]. Glycidates are compounds in which the oxy-
methylene group of a glycidyl ether is replaced by an ester
linkage and can be easily synthesized by oxidation of
acrylates [25, 29]. We have previously cured a bifunctional
glycidate, neopentyl glycol diglycidate (NPG), which
exhibits low cytotoxicity [28], with diethylenetriamine
(DETA) [26] and cyclic acid anhydrides [27]. Amine curing
proceeds under ambient conditions, and the adhesiveness of
the cured material of NPG and DETA is greater than that of
the glycidyl ether analog. The cured products of NPG and
commercial cyclic acid anhydrides also exhibit good
adhesiveness and are degradable in basic aqueous media
under ambient conditions and in compost at 60 °C. In
contrast, the cured products of the analogous glycidyl ether,
neopentyl glycol diglycidyl ether (NPGE), do not degrade
under identical conditions. Hydrolytic degradation of linear
copolycarbonates of monoglycidates and CO2 has also been
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reported, and the degradation products include biosafe CO2,
alcohols, and glyceric acid [30, 31]. The degradability of
amine-cured materials is also worth investigating. We
herein report the hydrolytic degradation of cured materials
of NPG and amines. The cured materials were tolerant to
neutral water but were degraded under acidic and basic
conditions. Degradation in the presence of lipase also pro-
ceeded in phosphate buffer, and degradation proceeded
gradually in the absence of lipase. Composites containing
hydroxyapatite (HA) were prepared by curing NPG and
amines in the presence of HA to demonstrate their potential
application as degradable biomedical materials for bone and
dental repair; these materials are typically explored using
polyesters [32–35]. Biological apatite was grown on an
NPG-amine-HA composite by immersion in synthetic bio-
fluid (SBF), and the amount of bone-like apatite was greater
than that on the glycidyl-ether analog. This system has
potential to replace biomedical epoxy formulations con-
taining chemicals of health concern, such as bisphenol A
diglycidyl ether [36].

Experimental

Materials

Water was purified using an EYELA (Tokyo, Japan) Still Ace
SA2100-A water purification machine. NPG was prepared by
oxidation of neopentyl glycol diacrylate with NaOCl as pre-
viously reported [26]. Neopentyl glycol diacrylate, NPGE,
DETA, and isophoronediamine (IPD) were purchased from
Tokyo Chemical Industry (Tokyo, Japan). Hydrochloric acid,
NaOH solution, 5% NaOCl aq., chloroform, and tetra-
hydrofuran (THF) were purchased from Kanto Chemical
(Tokyo, Japan). Lipase from Candida rugosa was purchased
from Sigma‒Aldrich (St. Louis, MO, USA). HA and 0.1M
phosphate buffer (pH= 7.2) were purchased from Wako Pure
Chemical (Osaka, Japan). Poly(lactic acid) (PLA) (H100)
was obtained from Mitsui Chemicals (Tokyo, Japan).
PLA pellets were pressed under reduced pressure for
10min with a press machine at 170 °C. Then, the temperature
was lowered to 130 °C, and the pressed composite was annealed
for 1 hour. The heater was turned off, and the mixture was
cooled to room temperature to obtain a PLA film. Synthetic
biofluid (SBF) was prepared using sodium chloride (Tokyo
Chemical Industry), sodium bicarbonate (Kanto Chemical),
potassium chloride (Wako Pure Chemical), dipotassium
hydrogen phosphate trihydrate (Nakarai Tesque, Kyoto, Japan),
magnesium chloride hexahydrate (Wako Pure Chemical), cal-
cium chloride (Wako Chemical), disodium sulfate (Tokyo
Chemical Industry), and tris(hydroxymethyl)aminomethane
(Wako Pure Chemical) as reported [37]. All the reagents were
used as received.

Characterization

Thermogravimetric analysis (TGA) was performed on a
Seiko (Tokyo, Japan) TG/DTA6000 (EXSTER6000)
instrument (10 °C min−1, N2). Differential scanning calori-
metry (DSC) was conducted on a Seiko Instruments
(Tokyo, Japan) DSC6200 instrument at a scanning rate of
10 °C/min under N2 flow. Scanning electron microscopy
(SEM) was conducted on a JEOL (Tokyo, Japan) JSM-
6510A microscope at an accelerating voltage of 10 kV.
Energy dispersive X-ray (EDX) analysis was performed
with a system consisting of a JEOL JSM6510A scanning
electron microscope equipped with a JEOL JED2300 EDX
spectrometer operated at an acceleration voltage of 15 kV.

Curing reaction

NPG (366 mg, 1.50 mmol), DETA, and IPD (61.8
(600 μmol) and 0, 30.9 (300 μmol) and 63.8 (375 μmol),
24.7 (239 μmol) and 76.5 (449 μmol), 18.5 (179 μmol) and
89.2 (523 μmol), 12.4 (120 μmol) and 102 (599 μmol), 6.2
(60 μmol) and 115 (675 μmol), and 0 and 128 (751 μmol)
mg, respectively) were added to a glass vial containing a
magnetic stir bar, and the mixture was stirred with
a magnetic stirrer. Then, the mixture was poured into a
Teflon mold and cured. Curing in the presence of IPD was
conducted at 60 °C for 1 h and then at 100 °C for 1 h.
Curing in the absence of IPD was conducted at 25 °C for
1 h and then at 60 °C for 1 h. Composites with HA
(183 mg for 30 wt% samples) were also prepared in the
same manner.

Hydrolytic degradation

Cured films (w/l/t= 10/20/1 mm) were immersed in aqu-
eous media at 37 °C for 24 h. The degradation time was
visually determined as the time when the film collapsed or
dissolved.

Biomineralization

Cured films (w/l/t= 5/5/1 mm) were immersed in SBF at
37 °C. SBF was replaced with fresh solution every day. For
weight and SEM measurements, the specimen was taken
out, washed with water, and dried under reduced pressure.

Results and discussion

Curing reaction and properties of cured products

Previously reported cured products of NPG and DETA
(NPG-DETA) are flexible. We accordingly tuned the
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hardness using rigid IPD. The curing reaction was per-
formed for mixtures of NPG, DETA, and IPD with equi-
molar amounts of epoxy rings and N–H moieties at 60 °C
for 1 h and then at 100 °C for 1 h (Scheme 1, Table 1).
Different molar ratios of DETA and IPD were used, and the
cured products are abbreviated as NPG-DETAx-IPDy,
where x and y represent the molar ratios of the N–H groups.
Cured products obtained using NPGE, the glycidyl ether
analog of NPG, instead of NPG were prepared for com-
parison, and the cured products were abbreviated as NPGE-
DETAx-IPDy. All the cured products were insoluble in
common organic solvents, such as chloroform and

tetrahydrofuran. The water resistance of NPG-DETA was
insufficient, and the sample immersed in pure water at 25 °C
for 24 h lost 10% of its weight. The cured product of NPG
and IPD (NPG-IPD) exhibited sufficient water resistance,
and weight loss was not detectable. The water resistance of
NPG-DETA-IPD and NPGE-DETA-IPD was also high, and
the weight loss was less than 3%.

The thermal stability of the cured materials was eval-
uated via TGA. The 5%-weight-loss temperature (Td5) of
the NPG-cured products at approximately 210 °C was
lower than that of the NPGE-cured products at approxi-
mately 280 °C. The lower thermal resistance of the NPG-
cured materials may result from the nucleophilic

Scheme 1 Curing of NPG with
DETA and IPD

Table 1 Properties of the amine-cured materials NPG and NPGE

Cured material Residual weight after immersion
in water (%)a

Td5
b

NPG-DETA 91 131

NPGE-DETA 98 280

NPG-DETA5-IPD5 99 208

NPGE-DETA5-IPD5 97 271

NPG-DETA4-IPD6 99 210

NPGE-DETA4-IPD6 98 283

NPG-DETA3-IPD7 99 223

NPGE-DETA3-IPD7 99 287

NPG-DETA2-IPD8 99 225

NPGE-DETA2-IPD8 97 277

NPG-DETA1-IPD9 99 218

NPGE-DETA1-IPD9 97 287

NPG-IPD 99 226

NPGE-IPD 99 284

a25 °C, 24 h
b5%-Weight loss temperature determined by thermogravimetric
analysis (10 °C/min, N2)

Fig. 1 Glass transition temperature (Tg) of cured products of NPG and
NPGE with DETA/IPD determined by DSC (2nd heating scan, scan
rate= 10 °C/min, N2)
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substitution of the ester linkage by residual primary or
secondary amine groups, which results in the elimination
of neopentyl glycol.

The glass transition temperature (Tg) is controlled by the
composition of DETA and IPD, and cured products
obtained with higher IPD ratios exhibit higher Tg values due
to the rigidity of the IPD skeleton (Fig. 1). The Tg of the
cured products of NPG, which ranged from 5 to 85 °C, was
higher than that of the cured products of NPGE, which
ranged from 0 to 40 °C.

Hydrolytic degradation of cured products

The hydrolytic degradation of NPG-DETA3-IPD7 and
NPGE-DETA3-IPD7 was evaluated in aqueous solutions
of HCl and NaOH at 37 °C (Table 2). As mentioned
above, the cured materials were stable in pure water and
3 wt% tetraethylammonium chloride solution. NPG-
DETA3-IPD7 was degraded and soluble in acidic and
basic media, while NPGE-DETA3-IPD7 retained its shape
for at least 2 weeks. The degradation of NPG-DETA3-
IPD7 is attributed to the hydrolytic cleavage of the ester
linkage in the NPG unit since the ether analog NPGE-
DETA3-IPD7 was stable. The degradation of NPG-
DETA3-IPD7 was faster than that of PLA, a polyester
with a similar Tg, indicating that the hydrophilic skeleton
assisted hydrolysis. Degradation is faster under basic
conditions than under acidic conditions. This tendency is
different from that of typical amine-cured epoxy resins,
which are tolerant to basic conditions but can be suscep-
tible to acids [38, 39]. The protonation of amine groups
increases the hydrophilicity and results in the absorption
of water in epoxy-amine-cured polymers. Acid hydrolysis
of the ester linkage presumably proceeded with increased
water uptake by the hydrophilic ammonium structure. The
faster degradation under basic conditions may correlate
with the smooth hydrolysis of cured materials of NPG and
acid anhydrides under basic conditions, which relies on
the formation of hydrophilic carboxylate moieties as
degradation progresses [27]. The basic hydrolysis of NPG-
DETA3-IPD7 also produces carboxylate moieties that
accelerate hydrolysis.

Furthermore, enzymatic degradation was investigated
using lipase from Candida rugosa in phosphate buffer
(pH= 7.2) at 37 °C. On average, NPG-DETA3-IPD7 was
degraded after 11 days, while NPGE-DETA3-IPD7 was
not. However, slow degradation also occurred in the
absence of lipase in a similar manner as poly(amino
esters), which are degraded slowly in PBS or sodium
acetate buffer at various pH values [40–42]. As a result,
the degradation periods differed widely, including shorter

Table 2 Degradation of NPG-DETA3-IPD7 and NPGE-DETA3-IPD7

Sample Degradation time

Pure water HCl aq. NaOH aq. Et4NCl aq. Phosphate buffer (pH= 7.2)

0.1 M 1.0M 0.1M 1.0M 3 wt% Lipasea none

NPG-DETA3-IPD7 No degradb 48 h 21 h 40 h 3 h No degradb 11 d Approx. 19 dc

NPGE-DETA3-IPD7 No degradb No degradb No degradb No degradb No degradb No degradb No degradb No degradb

PLA No degradb No degradb No degradb No degradb 6 h Not examined Not examined Not examined

Conditions: 37 °C, sample size (w/l/t)= 5/5/1 mm, average of at least 3 samples
aLipase from Candida rugosa ([E]= 140 U/mL)
bNo degradation for at least 2 weeks
cDegradation periods varied widely, including shorter periods than those in the presence of lipase

Fig. 2 Optical images of (a) NPG-IPD immersed in phosphate buffer
without lipase and (b) NPG-IPD and (c) NPGE-IPD immersed in
phosphate buffer containing lipase from Candida rugosa ([E]= 140 U/
mL) at 37 °C for 7 days. d Average period of degradation of NPG-
DETA-IPD in phosphate buffer (pH= 7.2) containing lipase from
Candida rugosa ([E]= 140 U/mL) at 37 °C
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Fig. 3 SEM images (a, c) and
EDX maps of P (b, c) of cross
sections of NPG-IPD-HA with
HA contents of 10 wt% (a and
b) and 30 wt% (c and d). Scale
bar= 100 µm

Fig. 4 Weight changes in NPG and NPGE cured with amines and their HA composites during immersion in SBF. The amines used for curing are
indicated in (a–c)
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periods than those in the presence of lipase. Although the
reason is unclear, as in previous studies, degradation in
phosphate buffer with lipase likely proceeded by salt-
mediated hydrolysis and enzymatic degradation. Anions in
phosphate buffer may interact with amine groups on the
surface, tilting to form ammonium structures even under
neutral conditions to increase hydrophilicity, and these
interactions promote the penetration of water in the film to
accelerate hydrolysis.

The degradation of NPG-DETA-IPD with different
compositions and of NPG-IPD was studied in phosphate
buffer containing lipase. NPG-DETA started to degrade
within one day even in the absence of lipase and was not
tested in detail. Figure 2 shows optical images of NPG-IPD
and NPGE-IPD immersed at 37 °C for 7 days. NPG-IPD did
not significantly change in the absence of lipase (Fig. 2a)
but was whitened by absorption in aqueous media in the
presence of lipase (Fig. 2b). After approximately 20 days,

the film completely collapsed. In contrast, NPGE-IPD
retained its shape even in the presence of lipase (Fig. 2c).
The NPG-DETA-IPD films degraded faster than did the
NPG-IPD films due to the decrease in the number of
hydrophobic IPD units. Films with higher DETA compo-
sitions tended to degrade faster due to their lower hydro-
phobicity, while the degradation time and composition did
not match perfectly.

Biomineralization of cured products containing
hydroxyapatite

The hydrolytic degradability of these materials implies
the potential application of this curing method to bioma-
terials. As a demonstration of biomedical applications,
we evaluated biomineralization on NPG-amine-cured
materials and those containing HA, targeting potential
applications for dental recalcification and bone

Fig. 5 SEM images (a–d) and
EDX map of Ca (e) on the
surface of NPG-IPD-HA after
soaking in SBF
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regeneration. Curing of NPG and IPD was conducted in the
presence of 10 and 30 wt% HA under identical conditions.
When curing progressed, HA was homogeneously dis-
tributed in the cured composite containing 30 wt% HA, as
confirmed by the SEM and EDX images (Fig. 3). In con-
trast, HA accumulated at the bottom of the cured composite
containing 10 wt% HA. This heterogeneity may be attrib-
uted to the different viscosities of the monomer mixtures.
The monomer mixture containing 30 wt% HA before cur-
ing was viscous enough to prevent sedimentation of HA,
while that containing 10 wt% HA was not. As a result, HA
was gradually sedimented during the curing of the mixture
containing 10 wt% HA. We accordingly evaluated the
biomineralization behavior of cured composites containing
30 wt% HA.

The epoxy-amine-HA-cured composites and epoxy-
amine-cured networked polymers were immersed in SBF
at 37 °C for 1, 3, 7, and 14 days. As amines, DETA,
DETA/IPD (5/5), and IPD were used. NPG-DETA, NPG-
DETA-HA, NPG-DETA5-IPD5, and NPG-DETA5-IPD5-
HA were gradually degraded and could not be collected
after 14 days. The NPG-IPD, NPG-IPD-HA, and NPGE-
based materials retained their shapes during immersion.
The weight changes of the dried samples are indicated in
Fig. 4. The weights of the shape-retained materials
increased by 0.5–5%.

We confirmed the surface morphology of the
immersed specimen by SEM to confirm whether the

weight increase originated from the formation of bone-like
apatite on the surface. We could not observe grains
ascribable to bone-like apatite on the surfaces of NPG-IPD-
HA and NPG-IPD immersed in SBF for 1 and 3 days
(Figs. 5 and 6a, b). After 7 days of immersion, grains
became observable on the surface of NPG-IPD-HA
but were not detectable on the surface of NPG-IPD
(Figs. 4c and 5c). The grains on NPG-IPD-HA are
clearer in the SEM image of NPG-IPD-HA immersed in
SBF for 14 days, and the deposited area matches the EDX
map of Ca (Fig. 5d, e), supporting that the grains observed
are bone-like apatite deposited from SBF. After NPG-IPD
was immersed for 14 days, clear grains were not
observed. This difference indicates that HA promoted the
initial nucleation of biological apatite on the surface of the
composite.

The amount of bone-like apatite formed on NPGE-
IPD-HA was lower than that on NPG-IPD-HA (Fig. 7a).
The more efficient formation of bone-like apatite on
NPG-IPD-HA probably results from the greater polarity of
the ester moieties than of the ether moieties.
However, bone-like apatite formation was clearly observed
on NPGE-DETA-HA (Fig. 7b). Plausible factors are the
higher stickiness of NPGE-DETA due to its lower Tg,
which is suitable for adhesion, and the presence of
unreacted secondary amine moieties electrostatically
adsorbing ions in SBF [43] to promote the nucleation of
biological apatite.

Fig. 6 SEM images of the
surface of NPG-IPD after
soaking in SBF. The periods are
added to show (a–d)
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Conclusion

Hydrolytically degradable epoxy–amine cured resins bearing
ester moieties were developed by curing NPG, a bifunctional
glycidate, with different ratios of DETA and IPD. The hydro-
lytic degradability and glass transition temperatures were con-
trolled by the composition of DETA and IPD. Composites
containing HA were prepared by curing NPG and amines in the
presence of HA. Biological apatite was grown on a composite of
NPG-amine-HA composite by immersion in SBF, and the
amount of bone-like apatite was greater than that on the glycidyl
ether analog. Biomineralization ability, degradability, and sim-
ple curing processes are advantages for the application of bone
regeneration and dental recalcination materials. Other potential
applications include dismantlable adhesives and degradable
fiber-reinforced plastics for facile recycling of adhered materials
and fibers, respectively. The balance of properties, acceleration
of curing, and selection of biosafe monomers and degradation
products are the next ongoing challenges for practical
applications.
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