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ain morphology in coated
poly(lactic acid) films for high-efficiency and high-
precision transportation of water droplet arrays†

Yongtao Wang,a Huige Yang,*a Hongzhi Liu, b Li Zhang,a Ruixia Duan,a

Xuying Liu *a and Jinzhou Chen*a

Construction of superhydrophobic surfaces with tunable adhesion force has attracted considerable

attention in past decades. Here, we demonstrated an exfoliated surface in non-solvent-coated

poly(lactic acid) (PLA) films which exhibited controllable domain morphology containing “face-on”,

“edge-on” or “peak-on” nano-/micro-structures. A theoretical understanding revealed that such

controllable morphology responded closely to the variation in mixture viscosities at a fixed temperature.

Furthermore, the resulting films were highly superhydrophobic with contact angles >150�. In particular,

adhesion could be tuned ranging from 144 mN to 62 mN for face-on and peak-on surfaces, respectively,

by changing the non-solvent content. This strategy allowed for high-efficiency and high-precision

transportation of water microdroplets (1 mL) with a yield of #100% on homogeneous surfaces. This

approach could aid no-mass-lost fluid transportation for a broad variety of applications in

bioengineering and biochips.
1. Introduction

Superhydrophobic surfaces with tunable adhesion, such as
lotus leaves and rose petals, have attracted considerable atten-
tion in recent years.1–3 The as-obtained structured surfaces with
tunable adhesion enable microdroplet transportation among
homogeneous surfaces (same components but with different
morphologies), which can be applied widely in bio-separation,4

chemical reactions5 and patterning.6 Such surfaces must
possess considerable differences in adhesion. Hence, to date,
various physical methods, chemical methods, or a combination
of the two, have been developed to fabricate adhesion-
controlled superhydrophobic surfaces.7–9

Interestingly, superhydrophobicity has been observed in
porous surfaces with nano-/micro-structures in polymer
lms.10–14 Porosity formation is caused by the instability of
a polymer in bicontinuous uid mixtures, which induces the
spinodal decomposition, and blooms further into nano-phase
separation (NPS).15 In particular, if a miscible solvent/non-
solvent mixture is used, the NPS at the initial stage yields
a solute-rich phase and a solute-poor phase. Ultimately, the
former gives rise to nano-/micro-structure-containing domains,
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whereas the latter forms hierarchically nano-/micro-scale pores.
Furthermore, superhydrophobicity in the porous surface can be
interpreted using the Cassie eqn (1):16

cos qc ¼ f1 cos q � f2 (1)

where qc and q are the contact angles (CAs) of the pore-
containing surface and nonporous surface, respectively. f1 is
the fraction of the solid surface in contact with water and f2 is
the fraction of air in contact with water (f1 + f2 ¼ 1). Apparently,
increasing the volume ratio of the non-solvent : solvent enables
a decrease in the fraction (f1) of liquid–solid contact, thereby
making the surface superhydrophobic with a large value of qc.
However, according to a report from Wenzel,17 the surface
adhesion (F) can be dened as a function of the contact fraction
(f1) between solid surfaces and the water droplet. The adhesion
force can be expressed by eqn (2):

F ¼ kIf1 (2)

where k is a constant and I is an indicator of the solid surface
chemistry, thereby indicating that F increases in proportion to
f1. In this case, a high adhesion F value calls for a large f1.
However, large f1 values inhibit the increase in the CA qc, as
indicated in eqn (1), thus lowering the superhydrophobicity.
Therefore, taking account of how to gain tunable adhesion in
a superhydrophobic surface, how f1 can be adjusted using
surface morphology becomes very important. Jiang et al. re-
ported that the preparation of porous superhydrophobic
RSC Adv., 2017, 7, 53525–53531 | 53525
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surfaces using an electrochemical anodizing method enabled
tuning of the adhesion force of water droplets.18 Since then,
a wide variety of methods, including femtosecond laser
weaving,19 spray-coating of heterogeneous chemical composi-
tions20 and stereo-complex co-crystallization,21 have been
developed to realize a tunable adhesive superhydrophobic
surface with heterogeneous chemical compositions. Inevitably,
most of these methods suffer from the use of expensive low-
surface-energy components (e.g. uorides and silanes) or
complicated fabrication procedures for obtaining appropriate
surface roughness, which limit the applications of super-
hydrophobic surfaces.

Here, we chose a bio-compatible polymer of poly(lactic acid)
(PLA) as our model. PLA is a crucial biodegradable material in
bio-medical areas, so creating a superhydrophobic PLA frame-
work surface very important. In this sense, an exfoliation method
was developed rst in coated PLA lms to fabricate the super-
hydrophobic surface with adhesion-tuning force over a wide
range and gave a theoretical understanding for the dynamics of
crystal growth. On the surface, the exfoliating process could
remove the crystal surface grown initially slightly. This process
revealed the inner hierarchically microporous structures with
controlled-domain morphology, thereby yielding a super-
hydrophobic and tunable adhesion thin lm due to the different
contact areas with water droplets. In particular, when the volume
ratio of the non-solvent : solvent was changed from 50% to 90%,
the obtained surfaces exhibited high superhydrophobicity with
a CA of >150� and a wide variation of water adhesive force ranging
from 144 mN to 62 mN for “face-on”, “edge-on” and “peak-on”
orientations. These surfaces allow for high throughput to trans-
port water microdroplets (1 mL, even 96% in a 7� 7 array) on the
scaling-up surface. This strategy could be used for the efficient
no-mass-lost transportation of microdroplets in congener
materials for biological applications such as cell cultures, bio-
engineered tissues and biochips.

2. Materials and methods
2.1 Sample preparation

PLA substrates of dimension 50 mm � 10 mm � 2 mm were
prepared using an injection-molding machine (F80WZ, Ningbo
Haitian, China), and the temperature was set at 180 �C, 175 �C,
180 �C and 180 �C.

PLA coatings were fabricated using a non-solvent-induced
phase-separation method according to a procedure reported
previously.22 In this work, chloroform rather than dichloro-
methane was chosen as a solvent for PLA, whereas n-butyl
acetate, absolute ethyl alcohol and n-butyl alcohol were mixed
together at a volume ratio of 1 : 1 : 1 and used as a ternary non-
solvent. First, 1.2 g PLA was dissolved in 24 mL chloroform
under magnetic stirring to form a homogeneous solution. Then,
the ternary non-solvent was added into an equivalent PLA
solution to form a homogeneous mixture under stirring. The
volume ratio of the non-solvent : solvent was varied (50%, 60%,
70%, 80%, and 90%).

Superhydrophobic PLA surfaces with water tunable adhesion
were fabricated using a new coating-exfoliated method.
53526 | RSC Adv., 2017, 7, 53525–53531
Specically, the PLA solution (1.5 mL) in the chloroform/non-
solvent mixture was coated onto the PLA substrate using
a drop-coating method with a burette to form a super-
hydrophobic PLA layer. Aer drying at ambient temperature,
the resulting surface was peeled-off with tapes under 5 � 1 N,
and fresh PLA surfaces with different crystal orientations were
obtained.

2.2 No-mass-loss transportation of droplet array

Transport photographs of droplet (10 mL) array in a 40 mm �
40 mm PLA substrate from low adhesion (PLA-5; the ratio of
non-solvent : solvent ¼ 90%) to high adhesion (PLA-1; the ratio
of non-solvent : solvent ¼ 50%) were taken using a camera
(DSC-H400; Sony) and the position of both substrates was
constant (2 mm). The transport efficiency was calculated using
the following formula:

Transport efficiency (%) ¼ number of transported droplets/

number of total droplets � 100%

2.3 Mechanical properties

The mechanical features of the various PLA substrates were
measured using a universal tensile testing machine (CMT6104;
Suns, China) at room temperature. Tensile strength was
measured according to specication GB/T 1040.2-2006 (ISO 527-
2:1993). The extension rate was 2 mm min�1 and the load cell
was 10 kN. The PLA substrate was a standard form (200 mm �
10 mm � 4 mm). Bending strength and impact strength
measured through GB/T 9341-2008 (ISO 178:2001) and GB/T
1843-2008 (ISO 180:2000), respectively. Five samples of each
PLA substrate were tested and average values obtained.

3. Results and discussion
3.1 Exfoliation process in coated PLA lms

Fig. 1a shows the evolution of phase separation in a binary
mixture of solvent and non-solvent. A non-solvent mixture with
gradient viscosities was used to control phase separation in
a more moderate manner than that of a single solution. With
increasing phase separation, the solution started to form two
phases: a solute-rich phase and a solute-poor phase. Finally,
aer the completion of phase separation and complete drying
up of the solvent, nano-/micro-structures could be observed in
solute-rich phase regions when the upper surface was removed,
but was observed rarely in the solute-rich phase regions.
According to this mechanism, we carried out an experiment
using a bio-compatible polymer of PLA as the solute, chloro-
form as the solvent, and an alcohol mixture as the non-solvent
as described in the Materials and methods section.

The PLA solution was deposited onto the pristine PLA
substrates to obtain the desired coatings (Fig. 1b). Here, other
substrates, such as glass and silica, were also used, but
exhibited poor adhesion to the deposited PLA, which did not
perform as well as the pristine PLA surface. PLA crystals started
to grow as the solvent evaporated. Aer the solvent had
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Mapping of microporous PLA structures originating from the phase-separation process (schematic). The coloured bar graph on the
right represents the PLA concentration. (b) Strategy for fabricating superhydrophobic surfaces with tunable adhesion (schematic).
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evaporated completely, an adhesive tape was used to remove the
top surface to unveil the inner crystal domains. There were two
types of crystal-growth processes initially. At the interface
between the liquid lm and air, PLA crystals grew rapidly due to
the rapid evaporation rate of the solvent and non-solvent. This
led to a rough surface with uncontrolled-growth nano-/micro-
structures, which showed a hydrophobic property,23 but non-
tuned adhesion forces (Fig. S1 of ESI†). Crystal growth in the
bulky region of the liquid lm could be adjusted delicately by
the interaction between the inner solvent and non-solvent.
3.2 Controllable domain morphology

Fig. 2 shows the scanning electron microscope (SEM) images
and illustration of selected samples from all of nano-/micro-
Fig. 2 SEM images of a pristine PLA surface (a) and exfoliated film surface
are 60%, 70%, and 90% for (b), (c) and (d), respectively. The insets show
section) in PLA surfaces (e)–(h) corresponding to the SEM images show

This journal is © The Royal Society of Chemistry 2017
structures-containing surfaces. When phase separation was
not carried out, the pristine PLA surface showed only a few
nanostructures (Fig. 2a and e), whereas the PLA surfaces with
nanophase separation had vary abundant and diverse nano-/
micro-structures. In particular, these structures were strongly
dependent on the non-solvent volume fraction. When a low
fraction (<60%) was used in this system, lance-shaped struc-
tures could be formed, which stacked together in a parallel
fashion with a face-on conguration (Fig. 2b and f). Increasing
the ratio of the non-solvent volume resulted in a signicant
change in surface morphology. A moderately high ratio of 70%
yielded quite ne structures with an edge-on conguration
(Fig. 2c and g), which appeared as narrow spiral lines. When the
ratio reached a high value (>90%), the nano-structures looked
s with controllable domain morphology (b)–(d). The non-solvent rates
magnified zones (�3). Nano-/micro-structures (top view and cross-

n above from (a) to (d), respectively (schematic).

RSC Adv., 2017, 7, 53525–53531 | 53527
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like discontinuous “mountain peaks” (Fig. 2d and h). In addi-
tion, different ternary systems, such as a PLA–chloroform–

alcohol system, were also used to fabricate superhydrophobic
surfaces using this exfoliation process, and showed adhesion-
controlled behaviour, as mentioned above. These results indi-
cated that the exfoliation process was a common method to
obtain superhydrophobic surfaces.
3.3 Theoretical comprehension

To gain a better understanding of the controllable growth
mechanism of such nano-/micro-structures originating from
non-solvent-volume-ratio-dependent nanophase separation, we
resorted to the theory of spinodal decomposition in the solvent/
non-solvent mixture developed by Binder et al.24 For an asym-
metric composition (especially for a non-solvent volume ratio
>0.5), the nano-/micro-structure growth is driven by the hydro-
dynamic diffusion process of the solvent droplet. Hence, the
mean size of a nano-/micro-structure or the inter distance R can
be estimated in a straightforward fashion by eqn (3) and (4):

R2 � DRt (3)

DR � kBT/(5phR) (4)

where t is the phase separation time, DR is the diffusion factor,
kB is Boltzmann's constant, T is the temperature and h is the
mixture viscosity. Then, we can extract the growth law for the
PLA domain using eqn (5):

R � (kBT/h)
1/3t1/3 (5)

Therefore, at a xed temperature, the area of the nano-/
micro-structure is proportional to the processing time, but
inversely proportional to the viscosity. In this mixture of solvent
and non-solvent, if the interaction between components is
neglected, the viscosity can, in general, be assumed according
to the following relationship (6):25

ln h ¼ X1 ln h1 + X2 ln h2 (6)

where X1, X2, h1, and h2 are the mole fractions and viscosities of
solvent and non-solvent used in the mixture. As mentioned in
the Materials and methods section, chloroform was chosen as
a solvent (h ¼ 0.56). A mixture of n-butyl acetate, absolute ethyl
alcohol and n-butyl alcohol at a volume ratio of 1 : 1 : 1 was
used as non-solvent (h ¼ 1.09). A monotonic increase or
decrease in the mixture viscosity could be predicted as the non-
solvent volume fraction increased. Thus, as the high-viscosity
non-solvent volume ratio increased, the solution viscosity
increased simultaneously (Fig. S1 of ESI†). This led to a decrease
in the size of the nano-/micro-structure (Fig. S2 of ESI†) by
taking eqn (5) and (6) into account, which was not consistent
with the observation shown in Fig. 2.
3.4 CA and sliding angle (SA) of water

These nano-/micro-structure-containing PLA surfaces exhibited
quite different interactions with water droplets. When the water
53528 | RSC Adv., 2017, 7, 53525–53531
droplets were placed statically on the resulting PLA surfaces, the
CAs were signicantly high even up to 155�, and showed a slight
increasing trend as the non-solvent volume fraction increased
(Fig. 3a), whereas the as-coated PLA surfaces did not satisfy the
requirement of superhydrophobicity. The type of sliding of
water droplets on these surfaces was different for each water
droplet (Fig. 3b) and negatively followed the increase in non-
solvent content. The tunable CA value and SA were closely
related to the nely controlled surface morphology because the
pristine PLA surface showed a CA of just 72�.26 The difference in
the CA and SA detected in the obtained PLA surfaces was
ascribed mainly to the area variation in the nano-/micro-
structures (Fig. 3c–e). For example, the very ne nano-
structures illustrated in Fig. 3e yielded the weakest interaction
with a water droplet ever reported,27 and thus formed a smaller
contact area, leading to the highest CA and lowest SA. A further
understanding can be made by combining the SEM images in
Fig. 2 to produce the schematic illustration in Fig. 3f. The face-
on conguration has the largest solid–liquid contact area, thus
giving rise to the lowest CA and highest SA values, whereas the
point-on conguration presents converse behaviour. The reason
for these phenomena lies in the fact that three phase contact
lines (air phase, liquid phase, and solid phase) have important
roles in controlling the adhesion force, rather than the differ-
ence in CAs. That is, the SA depends on the type of contact,
whereas the CA depends on micro-/nanoscale morphology.
Besides, smaller CAs and higher SAs can be achieved on the
surfaces fabricated at an increased temperature (Fig. S3 of ESI†)
because the surface areas of nano-structures increase upon
heating. Therefore, the experimental results and theoretical
understanding were in agreement.
3.5 Measurement of dynamic adhesion

The measurement of dynamic adhesion was carried out to
investigate the further tuning of the surface interaction between
the fabricated nano-/micro-structures and water droplets.
Delicately control of adhesion behaviours was observed (Fig. 4a
and b). In particular, the adhesive forces decreased gradually
with an increase in the non-solvent, which was similar to the
variation observed in SAs. For a volume ratio of 50%, the
adhesive force was #144 mN, which is comparable with that of
a rose petal (140 mN).28 The adhesive forces of other samples
with volume ratios from 60% to 90% ranged from 121 mN to
62 mN (Fig. 4c). Importantly, the nearly linear trend further
conrmed that the tuning of adhesive force could be ascribed to
varying the non-solvent volume fraction, which resulted in
a gradual increase in the solution viscosity (Fig. 4d). As
a comparison, the water adhesive force of pristine PLA was
>200 mN, which could be ascribed mainly to the smooth surface
and lower CA. This variation in the water adhesion originated
primarily from the surface micro-/nanostructures, as discussed
above. Thus, superhydrophobic surfaces with adhesion that
could be tuned continuously from a high state to a low state had
been fabricated. These were homogeneous PLA lms with
slightly different crystallinity and mechanical properties
(Fig. S4, Tables S2 and S3 of ESI†).
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) and (b) The dependence of the contact angle and sliding angle of water on the volume ratio of the non-solvent : solvent, respectively.
These insets are photographs of contact angles and sliding angles on different PLA surfaces. Schematic illustrations of the three models of
superhydrophobic surfaces with an adhesive force ranging from high to low: (c) area-contact type, (d) line-contact type, and (e) point-contact
type (the red arrow represents the roll-down direction). (f) Three solid–liquid contact types: face, line and point, respectively.
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3.6 No-mass-loss transporting for micro-droplet arrays

Practical applications could be demonstrated by applying the
obtained superhydrophobic PLA surfaces in a no-mass-loss
transportation platform for micro-droplet arrays (Fig. 5). First,
Fig. 4 (a) and (b) The profiles of a water droplet (5 mL) on superhydropho
surface through an up-and-down platform, 4 mm min�1 (volume rati
directions of the stages). (c) Real-time recorded force–distance curves fo
(d) The dependence of the non-solvent volume fraction on maximum fo

This journal is © The Royal Society of Chemistry 2017
a schematic illustration of droplet-array transportation from
low adhesion to high adhesion is displayed in Fig. 5a. A 5 � 5
array of water droplets (10 mL) was placed statically on the PLA-5
surface (ratio of non-solvent : solvent¼ 90%) with low adhesion
bic surfaces (top) and the interaction between the droplet and the PLA
o, 50% and 90%, respectively; the red arrows represent the moving
r a series of PLA surfaces during themeasurement of dynamic adhesion.
rce and viscosity at room temperature.

RSC Adv., 2017, 7, 53525–53531 | 53529
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Fig. 5 No-mass-loss transportation of water droplet arrays. (a) Illustration of droplet-array transportation; (b) transport photographs of a 5 � 5
droplet (10 mL) array in a PLA substrate (40 mm � 40 mm) from PLA-5 (ratio of non-solvent : solvent ¼ 90%) to PLA-1 (ratio of non-sol-
vent : solvent ¼ 50%) when the position of both substrates is constant (2 mm); (c) the effect of droplet-array number and density on transport
efficiency; (d) the relationship between various PLA surfaces and the transport efficiency of water droplets; the numbers 1, 2, 3, 4, and 5 represent
the different PLA surfaces (ratio of non-solvent : solvent ¼ 50, 60, 70, 80, and 90%, respectively); (e) transport efficiency is a function of the
difference in adhesive forces and R2¼ 0.993. (f) High-precision transport of conductive aqueous ink-droplet arrays (25 droplets, 1 mL) in solution-
patterned electronics (scale bar ¼ 200 mm). (g) Device performance.
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(Fig. 5b and ESI Movie S1†), which could be transferred readily
by moving the PLA-1 surface (ratio of non-solvent : solvent ¼
50%) with super-high adhesion. Moreover, the droplet array
could be transported completely from low-adhesion surfaces to
high-adhesion surfaces without any mass loss.

The effect of droplet-array number and density on transport
efficiency was investigated (Fig. 5c). The droplet array could be
fully transferred from PLA-5 to PLA-1 even with a high-density
array of water droplets, which is usually required in micro-
reactors.29 When an array of 7 � 7 droplets was implemented,
two droplets at the edge failed to be transported, probably
owing to the defects along the edge regions that did not exhibit
the microstructures observed in the central regions. Fig. 5d
shows the relationship between various PLA surfaces and
transport efficiency, and indicated that a greater difference
between adhesive forces led to the higher transport efficiency
observed in Fig. 5e. In addition, this approach is suitable for the
transport of micro-scale aqueous conductive ink droplets for
high-resolution patterning of electronics to fabricate biochips
at room temperature.30,31 A 5 � 5 array with a droplet volume of
1 mL was transported by the PLA surface to the device array
(Fig. 5f). Aer modication using this method, the device
performance was enhanced signicantly with positive carrier
53530 | RSC Adv., 2017, 7, 53525–53531
mobility of >2 cm2 V�1 s�1, which is nearly vefold higher than
that in non-modied arrays (Fig. 5g). This high-throughput
uid transport indicates that the fabricated superhydrophobic
PLA surfaces with high adhesion could be applied in biological
assays such as cell cultures.32

4. Conclusion

In the present study, a series of superhydrophobic PLA surfaces
with tunable adhesion for water were unveiled through an exfo-
liated method in non-solvent-coated PLA lms. The obtained
surfaces exhibited controllable domain morphology, which
allowed the existence of three contact types: face contact, edge
contact and peak contact. A hypothesis was proposed to under-
stand the formation mechanism of such controllable
morphology: close dependence on viscosity variation in the
mixture at a xed temperature. Furthermore, by increasing the
volume ratio of non-solvent : solvent from 50% to 90%, the
adhesive force of water decreased from 144 mN to 62 mN, and SAs
could be adjusted from a high value to a low one. The underlying
mechanism for such behaviour was attributed to the different
states of superhydrophobic surfaces. Moreover, the proposed
method will aid understanding of superhydrophobicity and the
This journal is © The Royal Society of Chemistry 2017
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design of homogeneous surfaces with tunable adhesion. Besides,
demonstration of application of these PLA surfaces in no-mass-
loss transport of large-area water-droplet arrays reveals their
promising potential in biochips.
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