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[13_TD$DIFF]A B S T R A C T

As a kind of stimuli-responsive materials, the disulfide-containing material has received a tremendous
amount of interest. A novel functional disulfide-containing waterborne polyurethane (DS-WPU)
nanoemulsion was prepared via a one-step [14_TD$DIFF]in situ phase inverse emulsification technique and its
reducing-responsive propertywas investigated using dithiothreitol as the reductant. Results showed that
the DS-WPU nanoemulsion had a uniform particle size in nanoscale and a good film-forming
characteristic, and the DS-WPU latex film exhibited great responsiveness along with a self-assembled
behavior in the reducing environment to formWPU emulsion again, including a long-to-short process of
the polymer chains.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
To endow materials with certain functionality such as
degradability, drug loading capability, responsiveness, targeting
or self-assembly is what researchers have been pursuing [1–4].
Among the various functional systems, stimuli-responsive materi-
als which are capable of response under physiological stimuli
including changes in pH [5], temperature [6], the enzyme
concentration [7], redox gradients [8] and so on, have attracted
worldwide interest in the field of medicine, food, and environ-
mental engineering. In this regard, disulfide-containing materials
are most common reducing-responsive systems because the
disulfide bonds are unstable to thiol-type reductants which
usually shows a high discrepancy in concentration between
intracellular and extracellular milieu [9,10], and has become a
hot topic in the last few years.

Polyurethane (PU), an important class of multi-purpose
synthetic polymer, has been widely applied in bioengineering
due to its easy synthesis, excellent biocompatibility and custom-
izable molecular structures [11–13], and disulfide bonds have been
incorporated into the hard segment of PUs by diols or diamines in
the chain extension reaction process [14,15]. As a kind of stimuli-
responsive materials, the disulfide-containing PUs are widely
investigated as drug delivery carriers, especially in cancer
therapeutics [16–18], which are usually multiblock structures
prepared via multi-step complex techniques and can finally self-
assemble in an aqueous phase to form a micellar structure
n).
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[10,14,16–19]. It is also reported that the introduction of disulfide
bonds into the backbone of the carbohydrate-based PUs could
provide the PU with degradability in the reducing environment
[20–22]. On the other hand, the waterborne polyurethane (WPU),
which has an ionic group to allow PU particles to be dispersed and
stably stored in water, has received increasing interest in a broad
range of applications due to its convenient synthesis, versatility
and environmental friendliness [9,23]. To the best of our
knowledge, however, most of the investigations were only
concentrated on the diversities of the micellar micro-morphology
or micro-structure under reducing stimulation, and the reducing-
responsive behavior of the macro-PU materials has not been
reported.

In our previous work, a new kind of castor oil-based WPU
nanoemulsions have been prepared and used as the carrier in the
fabrication of nano-pesticide systems [24,25]. In this study, a novel
functional disulfide-containingWPU (DS-WPU) nanoemulsionwas
prepared via one-step [14_TD$DIFF]in situ phase inverse emulsification. The
chemical composition, the colloidal properties as well as the
reducing-responsive property of the nanoemulsion was investi-
gated, and the self-assembly behavior of DS-WPU in the reductant
solution was intensively studied.

In experiments, all the chemicals were purchased from
commercial suppliers and were used without further purification
unless otherwise noted, including isophorone diisocyanate (IPDI,
3A Chemicals), polyether diol (N220, Jining Baichuan Chem),
dimethylolpropionic acid (DMPA, Beijing Linshi Chem), dibutyltin
dilaurate (DBTDL, Tianjin Guangfu Fine Chem), 2-hydroxyethyl
disulfide (HEDS, 90%, Aladdin Bio-Chem Technology),
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig.1. The change of the DS-WPU latex film in 5mg/mL DTTaqueous solution [11_TD$DIFF]versus
the reducing time: (a) 2 h; (b) 4h; (c) 8h; (d) 12h; (e) 16h; (f) 24h; (g) 32h; (h) 48h.

Table 1
Colloidal properties of the self-assembled emulsions obtained at different reducing
time.

Sample Time (h) Dp (nm) PDI

Original DS-WPU nanoemulsion \ 29.74 0.148
(a) 2 \ \
(b) 4 \ \
(c) 8 288.5 0.478
(d) 12 261.5 0.336
(e) 16 234.6 0.223
(f) 24 193.0 0.185
(g) 32 156.5 0.156
(h) 48 157.2 0.125
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Fig. 2. Self-assembly mechanism of the DS-WPU chains in the DTT aqueous
solution.
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tetrahydrofuran (THF, Aladdin Bio-Chem Technology), triethyl-
amine (TEA, Beijing Tongguang Fine Chem), acetone (Beijing
Tongguang Fine Chem) and dithiothreitol (DTT, Shanghai Titan
Scientific). Deionized water was used throughout.

The DS-WPU nanoemulsion was prepared via one-step [14_TD$DIFF]in situ
phase inverse emulsification technique as follows. IPDI (3.49 g),
N220 (6.40 g) and DBTDL (2 drops) were first mixed in a 100mL
three-necked round-bottom flask with a reflux condenser and
reacted at 80 �C with the stirring speed of 300 rpm for 2h. DMPA
(0.54 g) dissolved in acetone (1mL) was added into the flask and
the reaction continued for another 1h. Then HEDS (0.62 g) and
acetone (2mL) were added into the reaction system. After a two-
hour reaction, the systemwas cooled to room temperature, and the
mixture of TEA (0.41 g) and acetone (2mL) was added into the
system, and the DS-WPU prepolymer was prepared by stirring for
10min. Afterward, 24.7 g ofwaterwas charged into the system and [15_TD$DIFF]

in situ phase inversion emulsification of the DS-WPU prepolymer
was conducted at 1000 rpm for 40min. Ultimately, the nano-
emulsion obtained by removing acetone with vacuum rotary
evaporation.

Identification of the disulfide bonds and thiols in the sample of
the latex film were qualitatively determined via Raman spectra
(LabRAM HR800; Horiba Jobin Yvon) using a laser excitation
wavelength of 633nm.

Solid content (SC) of the DS-WPU nanoemulsion was deter-
mined thermo-gravimetrically. Hydrodynamic diameter (Dp),
polydispersity index (PDI), and zeta potential (z) of the DS-WPU
latex particles were measured with laser scattering method
(Zetasizer 3000 HS; Malvern) at 25 �C. Morphology of the dried
latex particles was observed on a transmission electron micro-
scope (TEM, H-7650B; Hitachi) with an accelerating voltage of
80kV.

Reducing-responsive property of the DS-WPU latex film was
evaluated as follows. About 100mg of the latex filmwas immersed
into 20mL of 5mg/mL DTT aqueous solution in a sealed bottle, and
the bottle was then placed in a shaking incubator (HZ-9210K;
Hualida) at 25 �C with a shaking speed of 150 rpm. Meanwhile, as a
controlled experiment, another 100mg of the latex film was
immersed into 20mL of water and the bottle was treated in the
same process as above. At specified time intervals, the Dp, TEM
image, Raman spectra and molecular weights of the particles
dispersed in DTT aqueous solution were characterized. The
molecular weights were determined by a gel permeation
chromatography (GPC, LC-20A; Shimadzu) instrument with THF
as the eluent (1mL/min), in which the sample was obtained by
freeze-drying the precipitate for 5h which was collected from the
centrifugation of DTT reducing emulsion with a speed of
12,000 rpm.

The preparation process of DS-WPU nanoemulsion can be
illustrated in Fig. S1 (Supporting information). The DS-WPU
prepolymerwith hydrophilic carboxyl groupswasfirst synthesized
by step-growth addition polymerization, and the prepolymer was
then dispersed in water to form a stable emulsion via self-
emulsification through vigorous mechanical stirring.

The resulted DS-WPU nanoemulsion can form a uniform latex
film on the surface of other materials. In addition to the usage of
forming the latex film, it also offers a possibility of helping the
hydrophobic compounds especially the anti-cancer drugs disperse
stably in water as a carrier [9,21,22].

As Raman spectra (Fig. S2 in Supporting information) indicated,
the stretching vibration of S-S group in the DS-WPU was at
512 cm�1 while there were no peaks in the same position in the
spectrum of WPU, indicating that disulfide bonds were incorpo-
rated into the DS- WPU system successfully.

Colloidal property of the nanoemulsion is important for its
application. As listed in Table S1 (Supporting information), Dp of
the DS-WPU nanoemulsion was about 30nm with a narrow size
distribution, which was in accord with the TEM image (Fig. S3 in
Supporting information). The nanoscale and uniform spherical
morphology of the DS-WPU nanoemulsion was not only beneficial
to form a smooth latex film, but also allow an increased circulation
time and enhanced permeability in vivo when used as the drug
carrier [26].

To prove the responsiveness of the DS-WPU system, the
reducing-responsive experiment was conducted and the results
were displayed in Fig. 1 and Table 1. As indicated, the clear DTT
aqueous solution turned to a milky emulsion gradually and the
latex film completely disintegrated at last (Figs. 1a–f) in the
reducing process, while the aqueous phase kept clear in the
controlled experiment (Fig. S4 in Supporting information). Note
that, with the increase of reducing time, the Dp of the self-
assembled particles decreased from 288nm to around 157nm and
finally remained constant, whichwasmuch greater than that of the
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Fig. 3. (a) Raman spectra and (b) GPC curves of the self-assembled polymer particles obtained at different reducing time.
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original DS-WPU emulsion, and the size distribution became
narrower. These results clearly suggested that the DS-WPU had
great responsiveness under the reducing environment and a self-
assembly [16_TD$DIFF]behavior of WPU molecular chains existed in the DTT
aqueous solution.

In order to further understand this self-assembly behavior,
Raman spectra and GPC of the self-assembled emulsion particles
were conducted, and a possible self-assembly mechanism was
described in Fig. 2. The disulfide bonds in the DS-WPU latex film
random cleaved gradually under reducing environment, and
resultant amphiphilic polymer chains first dissolved in the DTT
aqueous solution and when the concentration reached to its CMC
(critical micelle concentration), they would self- [17_TD$DIFF]assemble into big
spherical particles to form an emulsion. With time increasing, the
long polymer chains with numerous disulfide bonds would
continue to be cleaved into short chains which would self-
assemble to form small particles, resulting in a decrease of
particles sizes. Before reaching equilibrium, the existence of big
particles led to a relatively large size distributionwhich conformed
to the result of the TEM image in Fig. 2. The Raman spectra and GPC
results supported this perspective. The Raman spectra (Fig. 3a)
suggested that the disappearance of disulfide bonds (512 cm�1)
and the appearance of thiols (2570 cm�1) in the WPU systemwith
the increase of the reducing time, meaning that the thiol-disulfide
exchange reactions occurred. Moreover, the Mn (Fig. 3b) of the DS-
WPU particles in the self-assembled emulsion decreased from
53,896 to 15,400with the reducing time increased from 8h to 48h,
which clearly indicated the breakages of the polymer chains.

It is worth pointing out that the final self-assembled emulsion
could re-form a latex film by drying with little difference in
appearance from the previous latex film.

In summary, the DS-WPU nanoemulsion was prepared by one-
step [14_TD$DIFF]in situ phase inverse emulsification technique which was
facile and economic. The size of DS-WPU emulsion particles was
nanoscale and could form a uniform latex film. Moreover, the DS-
WPU system shown great responsiveness under the reducing
environment, inwhich a self-assembly behavior along with a long-
to-short process of polymer chains was observed, and the self-
assembled emulsion which had a much greater particle size than
that of the original DS-WPU nanoemulsion could also re-form a
latex film. This novel functional polyurethane nanoemulsion has a
great potential to be further explored and follow-up work is still in
progress.
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