Received: 21 November 2021

Revised: 31 December 2021

Accepted: 13 January 2022

DOI: 10.1002/agt2.173

RESEARCH ARTICLE

Aggregate wiLEy

Solid-phase molecular self-assembly facilitated supramolecular
films with alternative hydrophobic/hydrophilic domains for skin

moisture detection

Jinwan Qi® |

Shasha Jiang |

Beijing National Laboratory for Molecular
Sciences (BNLMS), College of Chemistry and
Molecular Engineering, Peking University,
Beijing, China

Correspondence

Yun Yan, Beijing National Laboratory for Molecu-
lar Sciences (BNLMS), College of Chemistry and
Molecular Engineering, Peking University, Beijing
100871, China.

Email: yunyan @pku.edu.cn

Funding information

National Natural Science Foundation of China,
Grant/Award Numbers: 22172004, 91856120,
21972003

1 | INTRODUCTION

Tongyue Wu
Jianbin Huang |

| Wenkai Wang | Hongjun Jin | Shuitao Gao |

Yun Yan

Abstract

Human skin moisture is closely related to health and personal care issues. Many
creams were developed to claim capable of skin moisturizing. However, people
can hardly check their skin moisture status and the moisturizing effect of various
creams conveniently, since currently all the skin moisturizing detection rely on large
equipment requiring power supply. Herein, we report a power-supply independent
supramolecular film that is able to directly report the moisturizing status of the
skin. With the strategy of solid-phase molecular self-assembly (SPMSA), the aque-
ous precipitates formed by commercially available polyelectrolyte and oppositely
charged surfactant would transform into a supramolecular film under a mild mechan-
ical pressure, where the hydrophobic surfactant domains bridged by polyelectrolyte
merge into hydrophobic mesophases to reduce interfacial energy. The hydrophobic
mesophase will greatly retard water diffusion inside the film, so that a humidity gra-
dient is generated as the film is exposed to a humid environment. The film will bend
upward automatically in touch with moisture skin, and the bending degree is propor-
tional to the skin moisture status. Therefore, the film can be used as portable smart
power-free skin moisture sensor.
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cated fabrication or need to be connected to an external
power supply, which is not energy-favorable and not conve-

The level of water content in living organisms is of crucial
importance for their health. The water content of the skin is
not only one of the most important parameters of skin con-
dition, but also a vital indicator of human health.['31 With
the development of bioengineering applications followed by
the dermatocosmetic research, the moisture information on
skin such as the water content and the water barrier func-
tion attracted increasing attention. To measure the skin prop-
erties objectively, several techniques have been developed
such as the optical coherence tomography,*! confocal Raman
spectroscopy,”! microfluidic channels,!®! and electrodermal
tests..”"1 And up to now, a few of commercially available
instruments are also used for skin moisture detection in der-
matocosmetic research.

Despite the significant progress, these methods always
need relatively large equipment with tedious and compli-

nient for daily use. We report herein a simple and efficient
one-pot bottom-up approach to create a supramolecular skin
moisture sensory film capable of reporting the skin moisture
status without the requirements of power supply. The film
was made through a pressing-facilitated solid-phase molec-
ular self-assembly (SPMSA) approach recently developed by
us.'O-111 A precipitate composed of oppositely charged poly-
electrolyte (PE) and surfactant was first generated in water,
which would immediately transform into a free-standing
supramolecular film under a mild mechanical pressure owing
to the merging of the surfactant domains. This free-standing
film has excellent hygroscopicity, but water evaporation or
absorption on the surface is much faster than the water dif-
fusion in its interior owing to the presence of hydrophobic
domains (Scheme 1). As a result, when the surface is quickly
“hydrated” or “dried” in respond to environmental humidity,
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SCHEME 1

there would be a retarded humidity response in the interior.
This humidity gradient yields mechanical responses to drive
the film bending. Strikingly, the film bending is so sensi-
tive to external moisture, it would bend immediately against
an approaching finger, remotely without direct touching and
returns to its original flat state in similar time scale as the
finger moved away. Since the amplitude of the mechanical
response is directly related with the skin moisture condition,
this supramolecular film can be used as a portable power-
free skin moisture sensor. The simple fabrication methods,
the renewable and commercial resources and the possibility
of industrial-scale production, prove its desirable application
prospections.

2 | EXPERIMENTAL SECTION

2.1 | Materials and chemicals

N, N, N-trimethyl-1-dodecanaminium bromide (DTAB) was
purchased from Macklin Corporation. Sodium alginate was
purchased from Beijing Tong Guang Fine Chemicals Com-
pany. Carboxymethylcellulose sodium (CMC) was purchased
from Tianjin Guangfu Fine Chemical Research Institute and
polydimethyl diallyl ammonium chloride (PDDA, M,, ~
400,000) was purchased from Sigma-Aldrich Corporation.
The aqueous solutions were prepared by using Milli-Q water
of 18 MQ. All the reagents were of AR grade and used as
received without further purification.

2.2 | Experimental design

An aqueous solution of DTAB (50 mM) was added to an
aqueous solution of SA (50 mM), to reach final concentra-
tions of 25 mM for both the carboxylate negative charges
of SA and the ammonium positive charges of DTAB. After

Schematic illustration of the fabrication procedure of the film and the mechanism of moisture-driven actuation

mixing, the white precipitates were separated from the sus-
pensions by centrifugation with a speed of 5000-8000 rpm.
The collected precipitates were then pressed by finger, bot-
tle rolling, or noodle machine manufacturing under ambient
environment to get transparent plastic films.

2.3 | Film-bending characterization

The bending of the film was monitored using a video cam-
era, and the deflection angle 6° was measured as described
in the inset of Figure 2C. Different humidity conditions are
achieved by adding saturated aqueous solutions of differ-
ent inorganic salts to well-sealed desiccators (Supplementary
Table S4 and Figure S7); the actual humidity is measured by
a commercially available hygrometer.

2.4 | Other characterizations

The weight ratios of C, N, and H were collected from a EL
elemental analyzer (Elementar Analysensysteme GmbH). X-
ray diffraction (XRD) measurements were performed using
a Rigaku Dmax-2400 diffractometer with Cu Ko radiation.
The fresh precipitates were freeze-dried at -50°C for the XRD
measurement after being separated from the suspensions by
centrifugation. The lamellar period d in each sample was cal-
culated using Bragg’s Law, where d = 4 / 2sinf. The particle
size D in each sample was estimated using Scherrer Equation,
where D = KA/ (B-B’) cos®. Herein, K is a constant taken as
0.89, while B is the full width at half maximum (FWHM)
of the sample’s scattering peak at the diffraction angle 6 and
B’ is the FWHM of the standard’s scattering peak, which
is 0.10°. In this study, the strongest peak corresponding to
d; was taken for calculation. Other characterizations includ-
ing polar optical microscope (POM) picture, Fourier trans-
form infrared (FT-IR) spectra, TGA experiments, differential
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FIGURE 1  Structure and characterization of the SA-DTAB films. (A)
Photo of the transparent film. (B) SEM image of the surface. (C) SEM image
of the cross section. (D) ATR-IR spectra of the SA, DTAB, SA-DTAB pre-
cipitate, and SA-DTAB film. Shifting peaks are indicated by dashed lines.
(E) XRD pattern of the film. (F) POM image of the film at different angles

scanning calorimetry (DSC) experiments, scanning electron
microscopy (SEM) measurements, atomic force microscopy
(AFM) measurements, and mechanical properties were per-
formed similarly as illustrated in our work before. "]

3 | RESULTS

3.1 | Basic composition and structure

The oppositely charged surfactant and polyelectrolyte in this
study is the commercially available N, N, N-trimethyl-1-
dodecanaminium bromide (DTAB) and sodium alginate (SA)
(Scheme 1). When dissolved in water, DTAB tends to self-
assemble into spherical micelles at concentrations above
15 mmol/L. White precipitates occurred upon mixing with
SA solution at charge balancing ratio. After centrifugation
under 5000-8000 rpm, the precipitate was separated and col-
lected. If no external force is applied, the dispersed precipitate
will form a translucent block after 24 h, and the incomplete
fusion of the particles inside the block will cause a large num-
ber of defects. When the auxiliary pressure is applied, such as
a pressure exerted by a human figure, about 50 KPa, the pre-
cipitate will immediately transform into a continuous cake,
which becomes a transparent film within 2 h under a relative
humidity (RH) of 20% (Figure 1A). The film formation will
be complete within 15 min as the RH is as high as 100%.
Massive generation of the film with controlled film thickness
is possible using a roller-type noodle machine.'”-!!] The film
has good processibility, and its surface is very smooth under
SEM (Figure 1B). AFM measurement revealed a roughness
Ra =~ 9.48 nm (Figure S1). The SEM image of the film’s
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cross section (Figure 1C) indicated a lamellar structure in
the film at mesoscope scale. The disordered small surfactant
domains in the precipitates might have transformed into lig-
uid crystalline mesophases under mechanical pressure, which
reduced the domain boundaries to form the bulk film. Ele-
mental analysis manifested that the film is charge-neutral
with a 1:1 composition of the DTAB cations and alginate
polyanions (Table S1). Meanwhile, thermal gravimetric anal-
ysis (TGA) combined with Element Analysis suggested that
each pair of the unit on average binds 2.3 water molecules
(Table S1 and Figure S2). DSC results showed no signal ice
melting between 0°C and -80°C, indicating that these water
molecules are not sufficient enough to form an independent
phase(Figure S3), which simply bound physically to the ionic
groups in the film.'?] These water molecules are crucial for
the film formation since they endow the polyions and surfac-
tant molecules with the ability of rearrangement in the solid
phase. Figure 1D shows that the symmetric and antisymmet-
ric vibrations of the C-H bond for the alkyl chain of DTAB
in the film occur at the higher wavenumber of 2852 cm™!
and 2923 cm™!, whereas those in the amorphous precipitate
decrease to 2850 cm™' and 2918 cm™! (Table S2). Since
the larger wavenumbers indicate less ordered alkyl chain
packing, 3] this result manifests that the DTAB molecules
in each of the clusters in the precipitates have migrated to
the neighboring clusters to form an entire film. Because these
processes occurred in solid phase, the DTAB molecules can-
not migrate as freely as those in solution, the resultant chain
packing in the film becomes less order.

The XRD pattern of the fresh precipitates, after freeze-
drying, gives only one diffraction in the low-angle region
(Figure S4A) and the corresponding distance is 3.36 nm.
This is nearly the extending length of two DTAB molecules
(3.06 nm), indicating the presence of ordered bilayer domains
of the surfactant in the precipitates. The 0.30 nm larger dis-
tance indicates that the SA chains have folded on the polar
surface of DTAB bilayers via electrostatic interactions (Fig-
ure S4C). Notably, this diffraction is significantly sharp-
ened and intensified after the precipitates were pressed into
a film (Figure 1E). Furthermore, two extra weak diffractions
appeared. All these three diffractions met a spacing ratio of 1:
\/ 3 : 2, characterizing (100), (110), and (200) Miller Indices
of a 2D hexagonal mesostructure.!'*] The corresponding lat-

. . Vh2+k2+hk
tice parameter, a, is 4.1 nm,[">] where a = 4m———.

. am
Besides, the XPS spectra (N 1s) of the SA-DTAB film and
DTAB (Figure S4D) indicated the electrostatic interaction
between the DTAB and SA molecules. This means that
the DTAB molecules, which are electrostatically bonded to
the SA chains, self-assembled into wormlike micelles, and
packed further into hexagonal phases.I'®! According to the
Scherrer equation,!!”] the average size of the DTAB hexago-
nal domain in the film is about 500-600 nm (Figure 3D and
Table S3) in different humidity environment. This large size
is comparable to the wavelength of visible light, so that the
film shows significant birefringence (Figure 1F).

3.2 | Moisture-responding behavior

The resultant film displays humidity sensitive motion abil-
ity. Figure 2A shows that the film would bend immediately
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FIGURE 2

Performance of the SA-DTAB film actuator. (A) Photos of the film bending against an approaching finger at a distance of a few millimeters.

(B) The reversible bending behavior of the SA-DTAB film. (C) Variation of the extent of bending (deflection angle) with time for the films with different
thickness. The relative humidity (RH) of environment is 10%. (D) The dependence of the maximum deflection angle with the thickness of the film (RH = 10%).
(E) Variation of the deflection angle with increased humidity for a 0.5 mm thick film

against an approaching finger, remotely without direct touch-
ing. The film returns to its original flat state in similar time
scale as the finger moved away, indicating that the bending is
reversible (Movie 1-2). As the film moved toward a humidi-
fier, it bent backward and reached a steady-state rapidly, typ-
ically within 40 s (Movie 3). Upon transferring the film on a
glass slide from the high-humidity environment to the low
one, it spontaneously bent upward in tens of seconds, and
recovered to the original flat state when a humidifier was
approached from the bending direction (Figure 2B).

Next, the deflection angle 8 (inset in Figure 2C) was quan-
titatively monitored using a video camera. We first investi-
gated the effect of the thicknesses of the film on the deflec-
tion angle. Figure 2C shows that at a fixed relative humidity
RH = 10%, only thin films display considerable deflection
with high bending speed. A 0.25 mm thick film would bend
upward with the angle of 58.61° within 5 min, whereas a
1 mm thick film can only bend 11.21° at the same time scale.
As the film thickness is increased to 2.5 mm, the bending
was negligible. The deflection angle as a function of the film
thickness gives a hyperbola correlation (Figure 2D), suggest-
ing that the film’s locomotion could be regulated by control-
ling its thickness. The bending ability of the film decreases
with increasing environmental humidity. For a 0.5 mm thick
film, the deflection angle after 5 min is about 26.5° at RH =0,
whereas it gradually decreases to 17.01° at RH = 71% (Fig-
ure 2E), indicating that the film is able to response to different
humidity gradient.

3.3 | Mechanism of the moisture-driven film
bending

The moisture-driven bending is closely related to the faster
water exchange on the surface than water diffusion inside
the film. The progress of water adsorption onto the sur-
face was monitored in situ with attenuated total reflection
infrared spectroscopy. The film was placed in a desiccator
saturated with deuterium water(D,0). As the film exchanged

moisture with the environment, the vop)y band on surface
at 2500 cm~! increased rapidly, which was accompanied by
concomitant decrease of the vy band at 3000 cm™!. This
process would reach saturation within 120 s (Figure 3A).
However, the weight of the film would become constant at
least 5 h later (Figure 3B). This means that the adsorption
of water molecules on the surface of the film is much faster
than their diffusion inside the film, which generates humid-
ity gradient in the film. Noticeably, compared with the slow
water-acquiring rate, the water loss from the film is so fast
that nearly 90 % of the acquired water was lost within 1 h,
as revealed by the right panel in Figure 3B. Furthermore,
the water loss from the upper surface is also much faster
than that from the lower one. As an evidence, the vibra-
tional band at 2500 cm™! for the upper surface of a D,O sat-
urated film is much weaker than that for the lower surface
(Figure 3C).

XRD measurements would explain the impact of the asym-
metric humidity distribution inside the film on its actua-
tion performance. Figure 3D reveals that with increasing the
environmental humidity from 0% to 70%, the (001) diffrac-
tion shift to lower angles, and the corresponding interlayer
spacing of the film increases from 3.34 to 3.56 nm. This is
because the water molecules have entered the hydrophilic lay-
ers of the hexagonal phase (Figure 3D and Table S3), which
increases the interlayer spacing.['1 This is exactly the scenar-
ios occurred in the process of water absorption/ evaporation
in the film. The humidity gradient generated in the process
of water gain or loss in the film would result in a consequent
gradient of internal interlayer spacing, which drove the asym-
metric film deformation and locomotion. In this way, the film
behaved like a pseudo bilayer structure. As illustrated in Fig-
ure 3E, the upper surfaces contracts significantly due to the
fast water loss, so that upward deformation of the film occurs.

The slower diffusion rate of water molecules inside the
film can be attributed to the coexistence of hydrophobic
mesophases with hydrophilic shells, which hampers the con-
tinuous diffusion of water inside the membrane (Table 1). As
a control, the cationic surfactant DTAB was replaced with
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ment. (B) Weight variation of the film with relative humidity of the environment. (C) ATR-IR spectra of the upper and lower surface of the film, showing that
the upper surface undergoes faster of D,O loss than the lower one. (D) XRD patterns of the film in different relative humidity environment. (E) Schematic of

the pseudo bilayer structure of the film

TABLE 1

Role of hydrophobic domains on the bending ability of the film

cation anion structure Bending
Br
St A
> . &*
DTAB CMC-Na
COONa OH OH
Br 0o o =
L e e e NP e OH O G
2 foAERA_S W "5
COONa
DTAB
o COONa  OHOH - =
- - £ S &
T oweein >

the cationic polyelectrolyte-polydimethyl diallyl ammonium
chloride (PDDA) to prepare a film with the same method. The
resultant film is composed of physically entangled chains of
PDDA and SA, where no distinct hydrophobic mesophases
could form (Figure S4B). Actually, no such actuating perfor-
mance for the large variety of polymeric composite films.!'®!

The water absorption and evaporation curves of the film over
time are almost linear (Figure S5), indicating similar water
diffusion rate on the surface and inside the film. Accord-
ingly, the film does not response to humidity gradients. In
contrast, as we keep DTAB but use the negatively charged
carboxymethylcellulose sodium (CMC) to replace SA, the
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and RH =

resultant film, with the same hexagonal phase structure inside
(Figure S4B), displayed similar humidity responsive perfor-
mance (Figure S6).

3.4 | Application of the film

The humidity triggered deformation of the film makes it an
excellent power-free skin moisture detection sensor. Differ-
ent from other skin moisture status sensing based on circuit-
based instruments, the current film would report the skin
moisture status directly with its bending extent. Figure 4A
and B shows the film bending status on different volunteers.
We invited four volunteers A, B, C, and D, corresponding
to 30-year-old female, 30-year-old male, 25-year-old female,
and 10-year-old boy, respectively. The results showed that the
bending degree of the films on the palms of different vol-
unteers was different, reflecting the differences in their palm
moisture. It is clear that the film on the palm of volunteer
C bends most strikingly, whereas that for volunteer A is the
slightest. The red line in Figure 4B shows the water content
of these volunteers obtained with a commercial equipment,
which gives the similar trends to the reports provided by the
current DTAB-SA film, indicating the current supramolecular
sensor displayed satisficed reliability (Figure 4B).

(A) The film regeneration process at room temperature. (B) The maximum bending angle of Figure 4B and the film thickness is 0.35 mm
10%. (C) Stress—strain curves of the SA-DTAB films underwent different numbers of reconfiguration cycles

Furthermore, if the skin was protected with hand cream,
this film can be used to test the water retention property of
different creams (Figure 4C and D). To ensure the skin is
large enough to apply three different hand creams, we choose
the arm skin (of volunteer A) for test. The arm was washed
before the creams A, B, and C were applied. Figure 4C shows
the status of film bending on these creams in 0 min, 30 min,
1 h, and 2 h. The bending angle of the film on the hand
cream-treated skin all increases to varying extent. Among
them, the moisturizing ability of hand cream A is almost neg-
ligible. The moisturizing effect of hand cream B is relatively
stable, indicating this hand cream has stable water retention
ability. Hand cream C has the highest initial water reten-
tion ability, but the content of water decreases within 2 h.
However, this reduced water retention is still nearly the same
as that of hand cream B, suggesting hand cream C has the
best moisturizing effect. The above results show the possi-
bility of the current sensory film as a portable skin moisture
detector.

3.5 | Regeneration ability of the film

The bending ability of the film remained stable after ten
cycles of use (Figure 5B). Actually, due to the noncovalent
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nature of the film, this SA-DTAB film could be rejuvenated
over and over again, regardless of what damage it incurred.
Figure 5A shows that after wetting with water, we can eas-
ily knead the fragments together and press to regenerate a
fresh new film. The renewed film exhibited the same structure
as the original one (Figure S8). Compared with the original
one, both the bending ability (Figure 5B) and the mechan-
ical strength of the rejuvenated SA-DTAB film were not
affected noticeably (Figure 5C). Since the sensory film would
inevitably encourage damage, the current study demonstrated
an efficient approach to create a structural sensor with long
service life.

4 | CONCLUSION

In conclusion, we report the generation of a supramolec-
ular film displaying skin moisture sensitive bending abil-
ity via the strategy of solid-phase molecular self-assembly
(SPMSA). Upon mechanically pressed precipitates of oppo-
sitely charged commercial surfactant and polyelectrolyte, a
supramolecular film with alternatively arranged hydropho-
bic/hydrophilic domains can be created. This structural fea-
ture retarded the diffusion of water inside the film, which
resulted in different interlayer spacings in different depths
of the film. As a result, the film would bend as it exchanges
water with environment. In this way, we are able to create
a portable power-free skin moisture sensor for skin status
detection. We envision that the SPMSA would be a general
strategy to create smart materials.
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