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The evaporation of sessile drops containing non-volatile solutes produces a 2D ring-like deposition of
particles at the contact line known as the coffee stain effect. In addition to 2D ring structures,
evaporating protein drops can also produce 3D dome-shaped coffee stain structures (CSS) as well.
In this study, a new 3D CSS, the buckling saddle-shaped film is reported when a bovine serum albumin
(BSA) drop dries over a soft polydimethylsiloxane (PDMS) substrate. By systematically varying substrate
wettability, elasticity, and protein concentrations, we have found that the saddle CSSs are only formed
when an intermediate-concentration (1-10% w/v) BSA drop evaporates over a soft (<10 MPa) and
hydrophobic substrate. Time-resolved epi-fluorescence microscopy of a BSA drop doped with
fluorescently labeled BSA on a PDMS substrate reveals a new formation mechanism of the saddle CSS,
which originated from subtle interplays of time scales of solvent evaporation, solute dispersion, and
“skin” formation. Differing from the dome CSS, saddle CSS is formed by rapid “drainage” of the solution
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Accepted 28th July 2024 contract line and subsequently causes the interfacial “skin” to buckle as it dehydrates. We further
discover that the abovementioned formation mechanism deposits a microscopically smooth thin protein

film on the substrate underneath the drop. This discovery further inspires the proposed reversible
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Introduction

The evaporation of sessile liquid drops with non-volatile solute
particles (e.g. proteins, DNAs, nanoparticles, viruses, etc.) is a
ubiquitous yet complex phenomenon that involves the inter-
section of fluid dynamics and thermodynamics.” Evaporation
will drive the solutes toward the contact line and produce a
ring-shaped deposition known as the coffee ring or coffee
stain.” While the formation of coffee stains imposes an obstacle
in many industrial processes such as inkjet printing® or spray
cooling®* and much research has been done on suppressing
coffee stains,” this phenomenon can also be exploited for
self-assembling® and concentrating’ particles.

This exploitation of the coffee stain effect is of particular
interest in biomedical fields when evaporating sessile drops
contain biological entities such as viruses,®® bacteria,'®""
proteins,">"* and exosomes.'*"®> Wen et al. utilized the coffee
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stain effect to concentrate aptamer-thrombin complexes on a
hydrophobic surface to achieve a 4-fold sensitivity increase for
the detection of thrombin in diluted whole blood.'® Devineau
et al. evaporated drops containing polystyrene particles and a
pathogenic mutant form of human hemoglobin and found that
pathogenic hemoglobin interacts differently with the micro-
particles to suppress the formation of the coffee stain structure
(CSS). Rather it forms a uniform film that allows a quick visual
test for the presence of pathogenic proteins.'” Besides forming
the conventional 2D structures (e.g., ring and film), it has been
reported that 3D CSS can be formed when evaporating protein-
laden drops. Dogru et al. observed a 3D dome-shaped CSS when
evaporating sessile drops containing green fluorescent protein
(GFP)-doped silk fibroin drops on a superhydrophobic
polydimethylsiloxane-urea (SHPSU) and the formation process
is dependent on protein concentration. This 3D dome CSS is
exploited as an all-protein amplifier to emit laser light at
547 nm when pumped with 5 ns optical parametric oscillator
pulses at 482 nm."®

In this study, we report a new 3D ‘“‘saddle-shaped” (or
hyperbolic paraboloid film) CSS produced by evaporat-
ing sessile bovine serum albumin (BSA) drops over a soft
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polydimethylsiloxane (PDMS) substrate. By systematically
investigating the effect of substrate elasticity, BSA concen-
tration, and surface wettability, we have found that the new
3D “saddle-shaped” CSS is an intermediary structure that can
be only generated by a drop with moderate BSA concentrations
(1-10%) over PDMS substrates with low stiffness (0.3-10 MPa).
Real-time imaging of the entire formation process using BSA
drops doped with fluorescently labeled BSA proteins reveals a
new formation mechanism that is based on the subtle interplays
of time scales of solvent evaporation, solute dispersion, and
interfacial “skin” formation.

It is further found that differing from 3D dome-shaped CSSs,
the saddle-shaped CSS is formed by rapid ‘“‘drainage” of the
solvent film between the interfacial protein “skin” at the air-
liquid interface and the soft substrate that leads to the asym-
metrical distribution of BSA proteins along the contract line
and subsequently causes the interfacial protein ‘“skin” to
buckle in the direction normal to the substrate as it dehydrates.
Furthermore, we have discovered that this rapid drainage
deposits a microscopically smooth thin protein film over the
substrate, which leads to the proposed low-cost, robust, and
reversible hydrophilic patterning technology.

Results and discussion
Observation of a new saddle-like CSS over soft substrates

When a 4 pL sessile BSA drop at 5% w/v BSA concentration is
evaporating over a soft PDMS surface with a monomer-to-curing
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agent (MTC) ratio of 10:1, the drop reduces its apex height
significantly in the beginning (Movie S1, ESI}). As evaporation
continues, the buckling of the interfacial “skin” in the direction
normal to the wall is initiated at the contact line and propagated
radially inward to the center where the particulate concentration
is low, whereas the buckling film is anchored firmly on the
surface at the locations of high protein concentrations. Owing to
the symmetry, the buckled film has two “anchors” and two lifted
sides (Fig. 1A and Movie S1, ESI). This is in great contrast with
evaporating a drop of the same volume on a standard glass slide,
in which case a typical 2D ring structure® is observed (Fig. 1B
and Movie S2, ESIt). Upon closer inspection, the film has the
shape of a hyperbolic paraboloid (i.e., a saddle) with one negative
and one positive plane of principal curvatures (Fig. 1C and D). By
measuring directly the Gaussian curvatures, we confirm that this
3D CSS is a hyperbolic paraboloid since it has a negative
Gaussian curvature.*® Interestingly, the buckling process also
removes debris on the PDMS surface, making the surface
smoother than the original PDMS surface (Fig. S1, ESIf).

Parameters affecting 3D CSS formation

To elucidate the underlying mechanism, we investigate the
formation of the abovementioned 3D CSS by systematically
varying parameters (Fig. 2) such as drop volume (Fig. 2A),
surface wettability (Fig. 2B), surface stiffness (Fig. 2C), and
BSA concentration (Fig. 2D). For clarity, we only show the
results from two diametrically different conditions for each
effect here and leave the itemized results for each parameter in

Hyperbolic paraboloid characteristics

Principal curvature 1 =-0.992 + 0.083 mm"'
Principal curvature 2 = 0.626 + 0.124 mm™'
Mean curvature = -0.183 + 0.100 mm-'

Gaussian curvature = -0.621 + 0.089 mm

Fig. 1 Timelapse micrographs of a 4 uL 5% w/v BSA sessile drop evaporating over a (A) PDMS to form a hyperbolic-paraboloid protein film (or a 3D dome
CSS) and (B) glass substrate to form a 2D ring CSS. (C) Closeups of the hyperbolic-paraboloid film viewed at planes of the orthogonal principal curvatures
of the same CSS in (A). Inset: Computer model of a buckling hyperbolic paraboloid film with measured geometric parameters (D). The standard deviation

is calculated from three replicates. Scale: 1 mm.
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A Drop volume (PDMS 10:1)

Plasma-treated

PDMS (2:1)

PDMS (20:1)

t=1700s

1% wiv

t=1350s

25% wiv

Fig. 2 Timelapse images of evaporating BSA drops and the formation of the final coffee stain structures under the effect of (A) drop volume, (B) substrate
wettability, (C) substrate stiffness, and (D) BSA concentration. Scale: 1 mm.

(Fig. S2-S7, ESIY). To examine the effect of the drop volume, we formation of this “saddle-shaped” CSS is independent of drop
vary the volume from 2 to 16 pL but fix the BSA concentration size but strongly associated with the substrate properties
at 5% (w/v). As expected in the absence of inertia, all drops form (e.g. substrate wettability and elasticity).

saddle CSSs with larger drops requiring longer time (Fig. 2A To explore the roles of substrate properties in 3D CSS
and Fig. S2, ESIt). Results support our assertion that the formation, we have prepared samples by permuting the surface

© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 7159-7169 | 7161
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hydrophobicity and stiffness. We use (soft or <10 MPa) PDMS
and (rigid) glass to explore substrate stiffness, while we use
surface functionalization to alter surface energy. We synthesize
the octyltrichlorosilane (OTS) self-assembled monolayer (SAM)
to make an originally hydrophilic (rigid) glass substrate hydro-
phobic, while O2 plasma treatment is applied to alter the
hydrophobic (soft) PDMS substrate to be hydrophilic. For
simplicity, we will use prefixes (OTS-) and (O2-) to indicate
the surface functionalization hereinafter and followed by sub-
strate materials (e.g. glass, PDMS). Note after functionalization,
PDMS and OTS-glass are hydrophobic with comparable contact
angles (Fig. S3, ESIT). It is shown anecdotally that despite the
compatible surface energy of PDMS and OTS-glass, the saddle
CSS is only formed on the PDMS substrate (Fig. 2B and Fig. S4A,
C, ESIt). This observation implies that a soft, deformable
substrate is necessary to form a saddle CSS, whereas rigid
substrates inhibit this process. When comparing a hydrophobic
PDMS substrate with a hydrophilic O2—PDMS, a typical 2D
ringlike CSS is formed on the hydrophilic O2—PDMS (Fig. S4A
and D, ESIt), suggesting that the low surface energy (or hydro-
phobic) plays a crucial role in this unique buckling process.

For the case of (hydrophilic) glass and (hydrophobic) OTS-
glass (rigid), both cases form 2D ring CSS (Fig. S4B and C, ESIf).
Collectively, one may conclude that the observed saddle-shaped
CSS can only be formed on a soft substrate with low surface
energy (e.g. PDMS).

To examine the effect of substrate elasticity, we conduct
experiments using thick (>1.5 mm) PDMS substrate over a
glass slide with varying bulk elasticity. The PDMS bulk elasti-
city, E is modulated by varying MTC ratios, ranging from the
softest 20: 1 (E = 0.27 MPa) to the stiffest 2:1 (E &~ 15 MPa). Itis
observed that a 5% w/v BSA drop evaporating on the softer
PDMS (20:1 and 10:1) will form saddle-shaped CSSs (Fig. 2C),
whereas on stiffer PDMS (5:1 and 2:1) a dome-shaped CSS is
observed (Fig. 2C and Fig. S5, ESIT). This 3D dome CSS is
described as a small dome buckling at the periphery (e.g.
“lips””) and containing a vacuole (or void) in the middle near
the substrate (Fig. S6 and Movie S3, ESI{). This dome CSS has
been reported by Dogru et al. using silk fibroin drops on a
superhydrophobic SHPSU surface."®

Lastly, the effect of protein concentration is investigated
(Fig. 2D) using a BSA drop over 10:1 PDMS. As BSA concentra-
tions change from 0.01% to 25% w/v, a CSS structural transition
is clearly observed. At low concentrations (e.g., 0.01-0.1%) the
2D ring CSS is obtained, whilst 3D dome CSS is formed at high
concentrations (e.g., 10-25%). The newly observed 3D saddle-
shaped CSS is formed at medium concentrations of 1-5%
(Fig. S7, ESIt). Contrary to Dogru et al. results of silk fibroin
protein drops forming conventional 2D coffee rings on a PDMS
substrate at 7-9% w/v concentration,'® BSA at equivalent con-
centrations can only form 3D structures (e.g. dome or saddle,
Fig. S7, ESIt). Since 3D CSS structure is only observed in BSA
drops but not in silk fibroin drops, we speculate that structures
of protein particles are also expected to contribute to the final
CSS. An analogous mechanism can be drawn from the results
by Yunker et al. that drops containing ellipsoidal particles form
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uniform 2D films in comparison to rings formed by drops
containing spherical particles.*!

Compounding current and prior studies, we identified four
types of CSSs: 2D ring, 2D uniform attached film, dome-shaped
3D film, and saddle-shaped 3D film. For brevity, we hereinafter
refer to them as ring, film, dome, and saddle CSS.

Regimes

The results above reveal that surface energy, substrate elasti-
city, and particulate characteristics (e.g. concentrations and
shape) affect the ultimate CSS type. Although changing the
PDMS surface energy by polyethylene oxide®*** is possible,
systematically varying PDMS surface energy without altering
its surface chemistry is difficult. Hence, the current study
focuses just on the effects of substrate elasticity and protein
concentrations using the native hydrophobic PDMS substrates.
Atomic force microscopy (AFM) confirms an increase in the
elastic modulus with a decreased MTC ratio (Fig. S8 and
Table S1, ESIT). The regime diagram of identified CSSs for a
BSA drop over a PDMS substrate is shown in Fig. 3. Three
distinct regimes are observed: (1) 2D ring, (2) 3D saddle,
and (3) 3D dome. Within the ring and saddle regions, the
periphery of the ring and saddle film is not always smooth but
has spikes protruding outwards for stiffer PDMS substrates
(i.e.,, 5:1 and 2:1 MTC ratios). The partition lines are drawn
qualitatively here due to the lack of resolution in experiment
parameters.

To investigate the asymptotic behaviour at very stiff sub-
strates, we deposit BSA drops of various concentrations ranging
from 0.01% to 25% w/v on OTS-glasses and record the CSS.
Only the ring CSS is observed on the OTS-glass for all concen-
trations (Fig. S9, ESIt). Results suggest that as the elastic
modulus of the substrate increases towards the rigid regime
(~GPa range), the final CSS transits from dome to ring
structure without going through the transient regime of saddle.
While this study truncated at 25% concentration, future
investigation of CSS formed at higher BSA concentrations is
necessary.
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Fig. 3 Regime diagram of final CSSs of an evaporating BSA drop on PDMS
with respect to BSA concentration and elastic modulus of PDMS. Insets:
Side and top closeups of identified CSSs. Scale: 1 mm.
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Formation of CSSs over PDMS substrates

To further understand the formation process of BSA CSSs
(i.e. dome and saddle) over a soft substrate, we use the solution
with normal BSA proteins at various concentrations (e.g. 0.01-
25% w/v) doped with fluorescently labelled BSAs as tracers and
10:1 PDMS substrates. Note that due to the altered structures
of labelled BSA, drops containing only labelled BSA produce
different CS structures in comparison to its unlabelled counter-
part. For example, a pure 5% w/v labelled BSA drop forms an
attached 2D thin film with cracks in the middle (Fig. S10, ESIY),
which agree well with literatures.>* After careful experimenta-
tion, we have found that an unlabelled BSA solution premixed
with a 5% v/v labelled solution produces the same CS structures
and generates sufficiently strong fluorescent signal. Note that
5% v/v refers to the concentration of the labelled BSA to the
total BSA including both unlabelled and labelled BSA.
To produce such a mixture, both labelled and unlabelled BSA
solutions are made independently at desired concentrations
(e.g., 0.01%, 5%, and 25% w/v). The 5% v/v labelled BSA
solution is then mixed with 95% v/v to generate the final

13.3 min

5% wiv

Inner contact line

25% wiv
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mixture for experiments. Protein distribution during evapora-
tion is visualized (Fig. 4A) by a fluorescent microscope
(Nikon TiE).

At low BSA concentrations (e.g. <0.1% w/v). A well-known
Deegan flow within the sessile drop is observed whereby
BSA particulates are pushed radially outward towards the drop
boundary,> and subsequently form the conventional 2D ring
CSS with higher particle concentration at the three-phase
contact line (Fig. 4A, top row, Fig. 4B and Movie S4, ESIf).
Intensity profiles obtained from two orthogonal radial axes
show an overlapping bimodal distribution (blue and red lines
in Fig. 4B). Note that there is only one peak in each high
intensity region.

At high BSA concentration (e.g. >25% w/v). Using a 25%
BSA drop as a model, fluorescent images (Fig. 4, bottom row
and Movie S5, ESIT) show a similar formation process to that of
dome produced by silk fibroin and whey proteins.'®*® As drop
evaporates, proteins migrate toward the air-liquid interface
and forms a semi-crystalline protein ‘“skin”. As the liquid
underneath the dome continues to evaporate through this gas
permeable “skin”, a bubble nucleates inside the dome and

22.7 min

B 0.01% wiv C 5% wiv D 25% wiv

300 4 - . 300 Outer Inner 3004  Protein skin
_ ‘ Axis 1 Axis 2‘ . contact line contact line . thickness
S S S
© 2004 © 200 < 200-
2 P Par) n
I3 100 4 15 100 - 15 100 - |
IS s c | 1

/
0+ T T T T T T 0+ T T T T T T 0+ (JJI T T T |\h 1
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Fig. 4 (A) Timelapse epi-fluorescent micrographs of evaporating drops of
with respect to total BSA over a 10:1 PDMS substrate. Scale: 100 um.

0.01%, 5%, and 25% w/v BSA doped with fluorescently labeled BSA at 5% v/v
Intensity profiles along two orthogonal sampling lines marked in (A) for

concentrations of (B) 0.01%, (C) 5%, and (D) mean radial intensity profile of a BSA drop averaged over the azimuthal direction. A.U. — arbitrary units.
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expands in axisymmetric fashion until the end of the evapora-
tion process."® It is also observed that a bubble is formed near
the end of dome CSS formation (Fig. 4A bottom row Panel 5)
and eventually leads to a vacuole. Epi-fluorescent scan along z
axis reveals that the bubble and subsequently vacuole are
located on the substrate, i.e. a 177 um bubble is in focus at
z = 95 um (Fig. S11B, ESI{) with an origin at the substrate,
where the apex of the dome is ~1 mm (Fig. 2D).

At intermediary BSA concentrations (e.g. 1-5% w/v).
Contrary to the process at high BSA concentration, evapora-
tion at intermediary concentration causes the emergence of
a liquid thin film between the protein ‘“skin” located at the
air-liquid interface and substrate (seen at ¢ = 16.4 min, Fig. 4A
mid-row). As the evaporation continues, a kink is rapidly
developed at the middle section of the liquid thin film as the
film ““drains” and rapidly splits into two. Once the liquid films
completely drain towards the outer contact line, the buckling of
the protein “skin” occurs (Fig. 4A mid-row and Movie S6, ESIT).
A z-scan reveals that locations with the highest fluorescence
signal along the contact line corresponds to the saddle’s
“anchors”, whereas the lowest intensity regions correspond the
saddle’s prominences (Fig. S11A, ESIt). The highest intensity
locations are spatially collocated at the final ‘“drainage”
locations of the liquid film (marked by arrows in Fig. 4A
middle row). Note that the process is very rapid, which lasts
<1 min (Panel 3-5 in Fig. 4A mid-row). Results support our

A High solute concentration
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assertion that asymmetrical distribution of BSA proteins at the
outer contact line causes the formation of this hyperbolic
paraboloid CSS, where two “anchors” possess higher protein®’
and the two prominences correspond to the low BSA concen-
tration segments of the contact line. To further highlight this
observation, the fluorescent intensity profiles along two
orthogonal axes are obtained (Fig. 4B and C). Note that
diametrical differences are observed in intensity profiles along
two axes for saddle CSS (Fig. 4C), while others (Fig. 4B and D) are
clearly axisymmetric. It is also worth to point out that differing
from Fig. 4B, each high intensity region in Fig. 4C and D
contains two local peaks, where the distance between two
peaks indicates the thickness of the protein “skin”. Clearly,
the dome CSS has much thicker “skin”.

Besides protein concentration, the substrate elasticity also
affects CSS formation (Fig. 2C and 3). To understand the
formation mechanism, we measure the evolution of drop
topology (e.g. normalized apex height, H(t)/H,, and drop base
diameter) on PDMS substrate with different elasticity (Fig. S12,
ESIT) by varying the MTC ratio. The evaporation rate quantified
as the temporal gradient of H(t)/H, increases negatively with
the substrate elasticity, i.e., a BSA drop on a stiffer substrate
evaporates slower (Fig. S12A, ESI{), where the trend agrees well
with that for a DI water drop.”® Differing from the evaporation
processes involving a drop with nanoparticles (NPs) over a rigid
substrate®® that there are two identified evaporation modes,

Evaporation
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Ve ¥ e, & Voo < Vair  lovp™ Lai
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R _sseman.

6 S,
665000099

000,
© o, 050
%960 209 B0
¥ oo)(5:00,25 Do\
000000000 92, oO
S0/ %% ©%0 0%

|

B Intermediate solute concentration
Sparse skin formation

Vew | fow 1 Vevp > Vi

o

Draining of inner liquid

tovp < by E Principal curvature 1 Principal curvature 2 E
' Buckling Buckling Buckling
' point point . point i
\Pinning Pinning Pinning / !
1 point point point :
AN X ,

C Intermediate solute concentration on stiffer PDMS
Sparse skin formation

Vew § leo 1 Vevp < Vaitr

Diffusion of solute

Bubble nucleation

tevp > tdlvf

Bubble

Fig. 5 Mechanisms to form (A) dome CSS under high solute concentration and over soft PDMS, (B) saddle CSS under intermediate solute concentration
and over soft PDMS, and (C) dome CSS under intermediate solute concentration and over a stiff PDMS. Solid black arrows denote the evaporation rate
and dotted arrows denote BSA dispersion. The change in the evaporation and diffusion rates and timescales are denoted by blue and red arrows with the

thickness of the arrows representing the relative magnitude.
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i.e. constant contact radius (CCR)**>° where outer contact line
remains pinned during the evaporation, and a mixed mode
where both drop apex height and radius of the outer contact
line decreased simultaneously.>* We have clearly observed both
modes of evaporation occurring in the sequence for a BSA drop
evaporating over a soft substrate, more importantly such a
phased evaporation depends highly on substrate elasticity.
For substrates stiffer than 20:1 PDMS, we have observed that
a BSA drop evaporates in CCR mode first, followed by a mixed
mode. Just before the formation of CSS, evaporation mode
reverts to CCR (Fig. S12B, ESIT). For a 20:1 PDMS substrate,
BSA drop evaporates in CCR mode only. The trend of transi-
tioning from the mixed mode to the CCR mode of evaporation
as the PDMS substrate becomes softer is consistent with the
literature.®

Formation mechanism. A detailed theoretical formulation of
the forces including the adhesion force, electrostatic force, and
mechanical restoring force®> involved in 3D CSSs is compli-
cated due to the dynamic process of protein skin formation.*?
Instead, we proposed a conceptual model with the 3D CSS
formation mechanism on soft substrates that is resulting from
the competition between solvent evaporation and solute
(e.g. BSA protein particles) diffusion®® after the formation of a
protein skin.** This subtle interplays between these two time-
scales (e.g. solvent evaporation, t.,p, and solute diffusion, tqis)
and their interactions with the skin leading to different CSS is
graphically summarized in Fig. 5 and described below.

In the case of high BSA concentration (Fig. 5A), initial
evaporation will cause BSA proteins to migrate towards the
air-liquid interface and form a protein skin. Owing to its high
solute concentration, a thick protein skin will be formed that
consequently reduce the evaporation rate (Ve,p) of solute’** or
increase t.,p. This slowed solvent evaporation in comparison to
solute diffusion (e.g. teyp > taier) causes the continued deposi-
tion of BSA proteins at the inner surface of the skin to grow
radially inward, essentially allowing the skin to be constantly in
contact with the contracting solvent. Eventually, a vacuole is
formed in the inner cavity leading to the final dome CSS. It is
worth noting that the abovementioned model mandates the
vacuole to be initiated and formed “on” the solid substrate and
dome wall to be thick. The corroborative anecdotal evidence is
shown in Fig. 4D and Fig. S11 (ESI¥).

In the scenario of intermediate BSA concentration (Fig. 5B),
a protein skin is also formed initially, but due to the lower BSA
concentration, the skin formed is less dense in comparison to
the high concentration scenario. This sparse skin impedes the
evaporation less (e.g. teyp < taier), Which causes the solvent to
contract faster than the protein skin does. As the evaporation
proceeds, the sparse skin deforms and collapses to form a thin
solvent film. As evaporation continues, the film kinks and
drains like a capillary film toward the contact line (Fig. 4A,
middle row). As the skin dehydrates, it buckles and form the
saddle CSS.

We further examine the validity of the proposed mechanism
in the scenario of a BSA drop of an intermediary concentration
over varying substrate stiffness (Fig. 5C). In this scenario,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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although concentration mediated protein skin remains thin,
solvent evaporation is modulated by substrate stiffness,® i.e. a
stiffer substrate deforms less to accommodate the smaller
pinning stresses at the three-phase contact line and subse-
quently reduces Ve, Such a substrate stiffness mediated
solvent evaporation yields sufficient reduction of V., in com-
parison to that of solvent diffusion, i.e. Veyp, < Vi, such that
the solvent is unable to be separated from the protein skin, and
form a dome CSS, following the scenario of the high BSA
concentration.

Additionally, the conventional 2D ring/film CSS can also be
explained by this proposed mechanism. Since the 2D ring/film
occurs only for low solute concentrations, the protein skin
formed is very thin or does not form at all. Throughout the
drying process, the evaporation rate remains faster than the
diffusion rate and enables the collapse of the drop interface
towards the solid substrate. At the same time, Deegan flow
pushes the solutes toward the drop boundary* to form the
conventional 2D ring CSS (Fig. 4A, top row).

Reversible hydrophilic patterning with a saddle CSS

Owing to the unique formation mechanism of a saddle CSS, a
thin film of protein is deposited over the PDMS directly under-
neath the CSS as thin film between substrate and protein skin
drains rapidly and asymmetrically towards the contact line
(3rd-5th panels in the mid-row of Fig. 4A). We speculate that
the deposited protein film on substrate is submicron in thick-
ness since phase contrast and differential interference contrast
microscopy at 550 nm as well as interferometry at 632 nm yields
no visible roughness or topological features on the surface.
We exploit this unique means of depositing hydrophilic
protein thin film without affecting substrate roughness to
perform hydrophilic patterning. Fig. 6A showcases the pattern-
ing process and its validation result. The patterning is: (i) deposit
a 5% BSA drop over a 10:1 PDMS substrate, (ii) evaporate to
form a saddle CSS (Panel 1 in Fig. 6A), (iii) remove CSS by a
tweezer or compressed air (Panel 2 in Fig. 6) and results in a
“visually pristine” substrate (Panel 3 in Fig. 6A). Simple valida-
tion is performed by rinsing DI water over the surface (Panel 4 in
Fig. 6A). After the drainage of surface water, a sessile water drop
is pinned and formed over the area which coincides precisely
with where the saddle CSS is formed (Panel 5 in Fig. 6A), strongly
suggesting hydrophilic modification of the substrate (Movie S7,
ESIT). Note the water drop assumes the contact line of the
original patterning BSA drop. We validate our patterning tech-
nique with respect to substrate stiffness (e.g. 20:1, 10:1, 5:1,
and 2: 1 respectively) using a 5% w/v BSA drop. As demonstrated
in the first two insets of Fig. 6B, water drops are clearly trapped
and formed over soft substrates after rinsing (e.g. 20:1 and 10:1
PDMS, where saddle CSSs are formed). It is worth noting that
patterning fails completely over stiffer substrates (e.g. 5:1 and
2:1 PDMS) where dome CSSs are developed, ie. no trapped
water drops are formed after rinsing. We further measured the
trapped water drop contact angle of 24.5 + 2.2° and 45.7 £ 5.6°
for 20:1 and 10:1 PDMS substrates, respectively (Fig. 6B). This
reduction in hydrophilicity provides further anecdotal but
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(A) Timelapse images depicting an adhesion of a DI water droplet on the spot where the saddle protein film had formed. (B) Characterization of

the adhered DI water contact angle with respect to the PDMS stiffness. Insets show the adhered DI water droplets. (C) The variation of the DI water
contact angle after multiple rounds of hydrophilic and hydrophobic transformation. Insets show the two states of the DI water droplets on hydrophobic
and hydrophilic PDMS surfaces. Scale bar: 1 mm. (D) The DI water contact angle tested up to 7 days after removing the saddle protein film. (E) Hydrophilic
patterning via the evaporation of the BSA droplets and removal of the saddle protein films on a 10 : 1 PDMS substrate. Three different shapes are shown

here: a pyramid, a square, and a line. Scale: 1.5 cm.

quantitative evidence to support our CSS formation and subse-
quent patterning mechanism that rapid drainage/evaporation of
liquid film between protein skin and substrate over protein
diffusion towards the interface facilitates thin film deposition
and subsequent patterning. For instance, protein drops on a
softer PDMS has a shorter evaporation timescale (Fig. S12A,
ESIT) than the solute diffusion timescale. Consequently, this
disparity between timescales causes solutes to remain in the
liquid between the skin and substrates and subsequently depos-
ited over the substrate as the film drains. The larger the
disparity, the more proteins are deposited and the more effective
the patterning. Comparing the adhered water drops on 20: 1 and
10:1 PDMS showed that while they have the same diameter
(Fig. S13A, ESIY), the apex height and drop volume are much

7166 | Mater. Adv, 2024, 5, 7159-7169

larger for drops on 10:1 PDMS substrate than those on 20:1
PDMS (Fig. S13B and C, ESI}). These results contrast with the
study by Igbal et al. who showed that a softer PDMS leads to the
deposition of polystyrene particles onto the substrate with a
larger spacing between particles (i.e., fewer particles given the
same area) during drying.*® This highlights the difference
between simple microparticles that do not undergo the sol-gel
transition and biomolecules such as BSA that undergo the sol-
gel transition to form protein skins which can alter the final
particle distribution pattern on the solid soft substrate.

We find that this patterning method is highly reversible
whereby physical abrasion with wipes to remove adsorbed BSAs
and rinsing with DI water will render the patterned areas
hydrophobic again and ready to repeat patterning again.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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This process can be repeated many times. Fig. 6C demonstrates
the surface energy of the patterned area by measuring DI water
contact angle for 5 patterning-removal cycles are clearly bimo-
dal and highly reversible. Furthermore, the patterned surface
has at least one-week shelf life (Fig. 6D).

Proof-of-concept hydrophilic patterning via saddle CSSs is
performed using 5% BSA drops over a 10:1 PDMS substrate.
Fig. 6E and Fig. S14 (ESIt) show the patterning process by
depositing BSA drops on PDMS with various shapes and
arrangement with a micropipette. After removing the saddle
CSSs and dipping the patterned PDMS into dyed DI water,
locations where there is a BSA film have water drop adhered to
it, forming a similar pattern as the initial BSA drop arrange-
ments. The rest of PDMS surface remained hydrophobic.

The proposed patterning method is robust and applicable to
a wide range of substrate stiffness. More importantly, it is an
low-cost and simple method for hydrophilic patterning without
expensive processes, such as lithography,®” plasma jet,*® Uv,*
and laser irradiation.*® The proposed method only requires a
micropipette, and this is useful in resource-limited situations.

Implications of reversible patterning with evaporation

The proposed patterning technique exploits the subtle inter-
plays between solvent evaporation and solute mobility in an
evaporating drop containing proteins to deposit a protein
thin film over the substrate without visibly modifying surface
topology. Since the technique explores a robust mechanism in a
niche regime of CSS formation occurring in many colloidal
systems, parameter spaces (i.e. surface stiffness, hydrophobi-
city, and solute concentration) are particularly broad and
potentially applicable to a wide range of surface materials,
solutes, and solvents other than aqueous protein solutions on
PDMS. More importantly, the proposed method is particularly
simple and robust to operate at low cost, since patterns can be
controlled by drop deposition and spatial resolutions can be
determined by drop size, both of which can be achieved by
recent technology advancements in 3D printing.*' In comparison
to existing patterning methods including stamping, the proposed
technique is particularly simple and repeatable.

Conclusions

A new 3D coffee stain structure (CSS), the buckling hyperbolic
paraboloid film (saddle CSS), is observed for an evaporating
BSA sessile drop on a soft PDMS substrate. The formation of
this buckling protein film is dependent on the concentration
of BSA, wetting properties, and the elasticity of the substrate.
The regime diagram reveals that the newly discovered saddle
structure is a transitional structure occurring at intermediary
protein concentration and on a hydrophobic soft substrate.
Further experiments using epi-fluorescent microscopy and
BSA solution doped with labelled BSA protein show that the
competition between solvent evaporation and solute diffusion
controls the final CSS topology, based on which we propose a
unified formation mechanism covering 2D ring/film, 3D dome
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and saddle CSS. Focusing on 3D CSS on soft substrates, we
conclude that the formation of protein skin at the air-liquid
interface and the interplay of skin mediated time scales
between solvent evaporation and solute diffusion play a crucial
role in determining final CSS. Elucidated in detail above and
summarized here: To form 3D dome CSS, a protein skin formed
at the air-liquid interface reduces the evaporation rate (Vep),
making it less than the protein diffusion rate (Vgr). This allows
suspended proteins time to migrate toward the porous inter-
face (skin) and subsequently grow radially inward a new inner
layer of the skin. Except for the time when a vacuole is formed
at the end of the process, the inner surface of the skin is
continuously wetted. The observation of a vacuole being located
at the substrate supports our assertion on the fully wetted inner
skin interface. To form a saddle CSS, a thin “skin” is formed at
the beginning in comparison to a thick one to form a dome.
The thin skin reduces V., so slightly that V., remains larger
than Vg, i.e. evaporation is still faster than diffusion, which
causes a rapid drainage of the liquid film established between
the skin and the substrate. Rapid drainage also causes partial
separation of skin and film and leads to asymmetric drainage
towards the contact line to form ‘“anchors”. Owing to this
rapidly (<1 min) receding film, suspended particles are depos-
ited onto the substrate. Optical microscopy confirmed that the
deposited layer is microscopically smooth. To our delight, we
can utilize this unique mechanism to perform low-cost hydro-
philic patterning of a soft PDMS substrate by drops. This
proposed patterning method is found to be repeatable and
easily reversible, potentially wide applications in biomedical
and surface engineering.

Experimental
Fabrication of PDMS

A standard glass slide is first cleaned with DI water, acetone,
methanol, isopropanol, and DI water again. The glass slide is
then dried with N2 gas and placed on a hot plate set to 120 °C
for 10 min. PDMS monomer is mixed with the curing agent at
monomer-to-crosslinker ratios of 2:1, 5:1, 10:1, or 20:1
thoroughly, degassed in a desiccator, and then cast onto the
cleaned glass and allowed to be pinned at the slide edge. The
PDMS is then cured on a 60 °C hot plate (PC-400D, Corning)
for at least 48 hours. To create the hydrophilic PDMS, the cured
PDMS is plasma etched for 3 min using a plasma cleaner (PDC-
32G, Harrick Plasma).

Imaging

The BSA drops are deposited onto the PDMS surface using a
micropipette and the environment is controlled at a tempera-
ture of 22 °C and a relative humidity of 40%. The side view of
the evaporating drop is imaged with an in-house developed
goniometer that consists of a projection lens (AF Nikkor
105 mm, Nikon) connected to a CCD camera (CLB-B2021M-
TF000, Imperx) and a silhouette light source. Top view bright
field micrographs are imaged using an inverted microscope at
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4x (Eclipse TS100, Nikon) and an upright microscope at
10x (Eclipse LV150NA, Nikon). DIC and fluorescent images
are captured using an inverted fluorescent microscope (Eclipse
Ti, Nikon) connected to an EMCCD camera (DU-888U3-CS0-BV,
Andor) with the latter using an exposure time of 500 ms and a
FITC filter cube. PDMS substrates after hydrophilic patterning
are imaged using a smartphone camera.

Hydrophilic surface characterization

After the formation of saddle-shaped protein film from a 5% w/
v BSA drop on a 10: 1 PDMS substrate, the film is first removed
from the surface using a tweezer. Next, a pipette is used to flow
300 pL of DI water through the place where the protein film was
located. Immediately, the trapped DI water drop is imaged
using the above in-house developed goniometer. For the char-
acterization of the repeatability, a fixed reference point is first
marked on the bottom of the pinned PDMS, and all subsequent
experiments are done on this reference point. A 5% w/v BSA
sessile is deposited on top of the reference point and let to
evaporate, forming the buckling protein film. The hydrophili-
city is then tested using the abovementioned rinsing procedure,
after which the PDMS surface is wiped down using Kim wipes
and rinsed with DI water twice, before depositing another
DI water drop on top of the reference point. The water contact
angle is then measured. The cycle is repeated 5 times.
To characterize the stability of this hydrophilic transformation
method, a 5% w/v BSA drop is evaporated on a 10:1 PDMS
surface and the saddle-shaped film is removed from the sub-
strate using a tweezer. The PDMS is then kept in a closed Petri
dish for the required days before the test.
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