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A biofluid-repellent nanograss coating enhances
flow of protein solutions and preserves

transparency of glass capillaries upon exposure to

blood
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A transparent and superhydrophobic (SHB) nanograss coating makes glass capillaries repellent toward

protein solutions and blood. The coating is fabricated using atomic layer deposited alumina which is
converted into grass-like alumina (GLA) by hot water treatment (HWT). The resulting tubes are

transparent and highly

repellent towards water

and protein solutions (sliding angle <6° for

a concentrated albumin solution). The biofluid repellence of the coating reduces hydraulic resistances

for protein-rich biofluids, including fetal bovine serum, by 0-50% with the strongest effect for the
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smallest tubes and lowest Reynolds numbers. This work addresses a knowledge gap where previous

studies have mostly focused on pure water for the drag reduction effect. The tubes also show

DOI: 10.1039/d5na00433k

rsc.li/nanoscale-advances glass or polymer controls.

1. Introduction

Water repellent properties of the lotus leaf (lotus effect)' have
inspired the fabrication of many artificial liquid repelling
surfaces.” These surfaces are attractive for their technological
applications such as self-cleaning,® anti-icing,* antifouling,’
anti-fogging® anti-reflection,” manipulated droplet transport,*®
blood anti-adhesion and many others. SHB surfaces trap
pockets of air (i.e., plastron) between the applied liquid and the
micro/nanostructures forming what is called a Cassie-Baxter
wetting state. The air plastron lowers the surface energy by
minimizing the liquid-solid interface where the liquid will be in
partial contact with the surface roughness peaks and air.™
Naturally occurring SHB surfaces (e.g., plant leaves) have been
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a promising ability to stay clean and transparent on short term exposure to blood, unlike unmodified

reported to exhibit a water contact angle of >150° and contact
angle hysteresis of less than 10°. The superhydrophobicity of
these plants is caused by surface features at a scale of 10 um
which are decorated with 100 nm asperities as described by
Barthlott and Neinhuis.">**

A number of materials and fabrication techniques have been
reported to prepare SHB surfaces.* Planar SHB surfaces have
also been successfully fabricated by using grass-like alumina
(GLA) coated with a plasma-deposited fluoropolymer® or silane
treated GLA."® GLA is a nanorough coating, produced by hot
water treatment (HWT) of atomic layer deposition (ALD)
deposited alumina thin films, originally used in optical appli-
cations as a reflection suppressing coating.”” GLA exhibits
a grass-like morphology that increases the surface area and
forms a naturally gradient-refractive index profile, as the
structure is denser at the nanograss “roots” than at the “tops”.
This gradient suppresses optical reflections on glass, and the
coating can be deposited conformally at low temperature.'” Due
to these desirable properties, GLA has been used in numerous
applications such as a SHB antireflection coating,’'® a high
specific surface-area capacitance enhancing supercapacitor
nanoelectrode,'® an omnidirectional antireflection coating on
packaged black-silicon photodiodes,” and a performance
enhancing layer in transparent Al-doped ZnO thermoelectric
films.”* However, GLA SHB coatings have not been used previ-
ously to make complex shaped SHB components like SHB tubes
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or capillaries. While ALD-HWT GLA coatings have been
demonstrated on planar substrates, their conformal extension
into transparent tubular geometries and validation in protein-
rich and blood environments, as shown here, has not been
previously reported.

Fabrication of tubes and capillaries with an SHB inner
surface has been significantly more challenging than flat
surfaces. Tubes and capillaries with tailored wetting properties
could be highly desirable for medical devices,* gas separation,*
water filtration,”® and microfluidics.** Biofluid repellency can
help medical devices in reducing biofouling which eliminates
bacterial contamination and sustains optical transmittance in
transparent devices. Wang et al. fabricated flexible PDMS SHB
tubes by using a micron size structured tube template inserted
in a larger diameter tube.? The space between the two tubes was
filled with PDMS. After curing, the template and outer tubes
were removed and a SHB PDMS tube was obtained. Hoshian
et al. fabricated PDMS/titania composite tubes that repel water
and blood using nanorough aluminum tube templates.”® SHB
tubes have also been obtained by applying a SHB coating on the
inner surface of the tubes. Sun et al. recently reported polyvinyl
chloride SHB tubes by applying a mixture of hydrophobic
materials into the tube.”

SHB tubes show little friction to movement of droplets, and
they can also reduce the resistance of liquids flowing through
them. When a liquid flows over an SHB surface, the presence of
plastron replaces the solid-liquid interaction with liquid-gas
interaction which results in less viscous losses at the surface.
Consequently, the velocity of the fluid does not reach zero at the
walls, leading to the emergence of slip. The slip length depends
on the hydrophobicity of the surface; specifically, the more
(super)hydrophobic the surface, the greater the slip length, and
vice versa.”*** A number of studies focusing on application of
planar SHB surfaces for drag reduction have been performed
and reviewed recently by Liravi et al.*® The drag reduction in the
tubes allows liquid to flow more easily at a given pressure,
effectively lowering their hydraulic resistance. Kim et al. fabri-
cated structurally modified PDMS SHB tubes and compared the
drag reduction behavior with smooth PDMS. Their results
showed that structured SHB tubes could reduce the drag force
at low Reynolds number more effectively.** Geraldi et al. re-
ported the fabrication of smooth and rough mesh pipes by
a coating method. Rough mesh SHB pipes were capable of
supporting plastron and subsequently resulted in higher drag
reduction as compared to those with smooth surface pipes.*

Drag reduction studies performed to date have mainly used
water and much less is known about the drag reduction of
proteins and other biological fluids. Protein adsorption is
commonly considered to be the first event following blood-
material contact.*® When medical devices encounter the
blood, the surface charge activates the protein factor XII present
on the platelets. Thrombin starts to polymerize fibrinogen and
results in clot formation within minutes.**** To prevent blood
clotting, anticoagulants such as sodium citrate, citric acid,
lactic acid and heparin have been reported, yet they could slowly
leach and interfere with medical procedures and patient
medication.*® An alternate solution to meet the challenge of
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blood coagulation is to utilize a surface which can minimize the
contact with blood. SHB surfaces with different textures have
shown the ability to repel proteins, platelets, and cells, thereby
minimizing blood adhesion and preventing coagulation.*”?*
Protein adsorption in biomedical devices is generally not
desirable as it can lead to cell adhesion, blood coagulation, and
device contamination. Therefore, it is highly desirable to
explore the ability of transparent SHB tubular surfaces to
enhance drag reduction of biofluids with subsequent applica-
tion of such surfaces in medical and clinical devices.

Here, we present the fabrication of a SHB nanograss coating
inside glass capillaries to address the lack of transparent, anti-
fouling tubing compatible with complex biological fluids. The
coating is formed through atomic layer deposition, hot water
treatment, and silanization, resulting in a conformal, low-
adhesion coating throughout the tube. Unlike previous
studies, which focused on pure water, our capillaries exhibit
substantial hydraulic resistance reduction for protein-rich
solutions. The tubes can also stay clean and transparent on
short-term exposure to blood, unlike glass or polymer controls.

2. Experimental section

2.1. Fabrication of SHB tubes and monitor Si chips

Glass capillary tubes (Duran borosilicate glass) and Si wafer
chips (1 x 1 cm) were cleaned by ultrasonication in isopropanol
(IPA) and water and subsequently deposited with amorphous
ALD alumina using a BENEQ TFS500S atomic layer deposition
(ALD) tool. The reactor temperature and pressure were set at
120 °C and 5 mbar, respectively. The pulse time for tri-
methylaluminum (TMA) and water was 200 ms. In addition,
nitrogen gas flow was maintained at 150 sccm into the reactor
throughout the deposition process. The number of cycles was
set at 340. Glass tubes and Si wafer pieces (chips) were coated
with ALD Al,O; in the same batch to ensure identical deposition
conditions. The thickness of the coating on both monitor Si
wafer pieces was measured before and after HWT by ellipsom-
etry (Plasmos He-Ne Ellipsometer).

HWT procedure for GLA was carried out in an IKA HBR 4
digital heat bath. HWT process is as follows: the temperature of
the heat bath was first stabilized to 90 °C and ALD Al,O; coated
samples (glass capillary tubes and monitor Si chips) were
immersed into water for 30 minutes. This process facilitated the
transformation of the deposited Al,O; layer into GLA.

GLA was then functionalized with the self-assembled mono-
layer of 1H, 1H, 2H, 2H, trichloroperfluorododecylsilane (TPFS).
TPFS was purchased from Good Laboratory Practice Bioscience
(GLPBIO). The surface functionalization begins with activation of
the surface of the samples. Oxygen plasma treatment of the
samples was carried out using a Tepla 400 plasma tool. The
treatment recipe was plasma power 40 W at an oxygen flow of 500
mL min~" for 2 minutes. Gas phase silanization was carried out
immediately after O, plasma treatment. For silanization, O,
plasma treated samples were placed in a glass container housing
a small Petri dish containing =35 pug TPFS (Fig. 1). The container
was then heated on a hot plate at 100 °C for 1 hour. SHB glass
capillary tubes and SHB Si chips were obtained.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic illustration of the fabrication process of SHB glass capillary tubes. (a) Clean glass capillary tube, (b) coating of alumina on the
walls of the tube using ALD, and (c) conversion of the ALD alumina layer into GLA by simple HWT. O, plasma treatment activates the GLA surface
and (d and e) gas phase silanization covers the GLA with the hydrophobic fluorosilane layer. (f) SHB tube which repels water and other biofluids.

The surface morphology of the fabricated SHB glass tubes
and monitor Si chips was studied by using a scanning electron
microscope (EBL Zeiss Supra 40). 10-cm long glass tubes were
divided into 5 equal sized pieces with 2 cm each. SEM studies
were carried out for two end pieces and a central piece. Glass
pieces of each section were cleaned and sputtered with an 11-
nm thick layer of gold prior to SEM studies.

2.2. Wettability characterization

Static and dynamic contact angle measurements were carried
out using a contact angle goniometer (Theta, Biolin Scientific)
to evaluate the wetting behavior of fabricated SHB surfaces. A 2
uL deionized water droplet was dropped on the surface with the
help of a goniometer needle and the contact angle was recor-
ded. Advancing and receding contact angles were measured
from 2 pL to 5 pL and 5 pL to 2 pL volume of water at a flow rate
of 0.1 pL s~ ', respectively. Measurements were taken at three
random spots of the fabricated surfaces and an average was
reported.

The angle at which a liquid droplet starts to slide across the
surface is known as the sliding angle. The sliding angle for
water droplets (10 pL) and BSA solution was measured by using
an in-house built sliding angle goniometer setup. SHB capillary
tubes or Si monitor chips were placed on the top of the leveled
goniometer. The sliding angle was quantified by gently placing
the water/biofluid droplet of desired volume on the Si monitor
chip or inside the SHB capillary tube. The sample was then
gently tilted until the droplet started to slide. Three readings
were taken, and an average was reported.

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.3. Scanning droplet tribometer (SDT) measurements

The scanning droplet tribometer is based on the oscillating
droplet tribometer.*** Both of these instruments scan the
sample surface with a ferrofluid droplet, which is moved with
a magnetic potential well created with two permanent magnets
and whose movement is captured with a camera. The SDT moves
the magnets in a slow scanning motion, which allows the ferro-
fluid droplet to follow the magnetic potential with a small
displacement. This ferrofluid droplet displacement (Ax) from the
potential well minimum (magnet axis) causes a magnetic spring
force (F, = —kAx). This spring force is equal to the friction force
that the droplet experiences when the droplet is moving with
a constant velocity (including staying still). The spring coefficient
(k) was calibrated by oscillating the ferrofluid droplet in the
magnetic potential and calculating the spring coefficient of the
potential well based on the oscillation frequency. The displace-
ment (Ax) was calculated by assuming that the magnet axis is the
median location of the measured droplet location over the back-
and-forth measurements. The used ferrofluid was created in-
house based on the coprecipitation method and stabilized with
citric acid near pH 7.*** The ferrofluid was then left to evaporate
until reaching 6.6 vol% of magnetite nanoparticles and then
diluted to 1.0 vol% for the experiment.

2.4. Biofluid preparation

All biofluids were freshly prepared. Three biofluids were
prepared for this study: 2 mg mL™" and 50 mg mL™" of bovine
serum albumin (BSA, Fisher Bio Reagents™) protein dissolved
in deionized (DI) water, in addition to the RPMI 1640 cell

Nanoscale Adv., 2026, 8, 67-79 | 69
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medium (Gibco™) containing 10% fetal bovine serum (FBS)
(Gibco™). All biofluids had 1% penicillin-streptomycin (10 000
U mL ™", Gibco™). BSA powder was dissolved in DI water by
stirring for 10 min at room temperature. The full cell media
solution was prepared by pipetting FBS into the RPMI 1640
media in a biosafety laminar hood.

2.5. Hydraulic resistance measurement

The experimental setup for the flow rate measurement is shown
in Fig. S1. SHB and control tubes were inserted in the wall of
a plastic laboratory beaker. Holes matching the outer diameter
of the four tube sizes were drilled at 10 mm above the bottom of
the beaker. For real-time mass measurement of the flowing
fluid, an electronic balance with a receiving container was set
next to the connected tube outlet. The mass and time to collect
the fluid were recorded using a camera. All tubes were pla-
narized at around 0-degree tilt and fixed at that position before
starting the experiment. The fluid collected in the receiving
container was poured back into the reservoir to keep the initial
conditions identical. The experiments were a combination of
four fluids; four tube sizes; and two tube types (control and SHB
tubes). Three repetitions were performed for each experiment,
and the mean value was reported. The reported datapoints are
at matched pressures within the experimental accuracy. Due to
the possibility of differing capillary pressure in SHB vs. control
tubes, we have chosen to use data only down to 50 Pa.

2.6. Protein adsorption experiments

Albumin-fluorescein isothiocyanate conjugate (Sigma Aldrich,
FITC-labeled BSA) was used to investigate protein adsorption on
tubes. First, a calibration curve (Fig. S2) was established to convert
fluorescence intensity into the corresponding amount of adsor-
bed protein. A series of FITC-BSA solutions were prepared with
RPMI 1640 as the solvent. Next, 5 uL of each concentration was
applied onto glass slides and allowed to dry. Fluorescent images
were captured using a Nikon Eclipse fluorescence microscope at
10x magnification with a FITC filter. Subsequently, FITC-BSA was
mixed with freshly prepared 10 mg mL ™" of non-labeled BSA di-
ssolved in RPMI 1640 (pH 7.4). This protein solution was intro-
duced into control and SHB tubes (6.0 mm in size) using three
different application methods: droplet mode —a 10 pL droplet was
placed on the inner wall of the tube; dynamic mode - the protein
solution was continuously flushed through the tube in a setup
similar to Fig. S1; static mode - the tubes were filled with the
protein solution and sealed. After a defined contact time in each
mode, the solution was removed, and the tubes were rinsed three
times with deionized water. Finally, the tubes were dried and
analyzed using fluorescence microscopy.

2.7. Fluorescence and blood contamination experiments

Whole venous blood was collected by a medical doctor (Sami
Puustinen) at the Kuopio University Hospital. The present study
was carried out with the approval of the Wellbeing Services
County of North Savo Ethics Committee (#1299/2022) and
informed consent was asked from the participants. The study
followed the institutional guidelines of Kuopio University
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Hospital and the Declaration of Helsinki for medical research
involving human subjects. The collected blood was aspirated
through the control tube (uncoated), ultrasonic aspirator tube
(Stryker Sonopet), conventional surgical suction tube and SHB
tube by using a suitable surgical suction device (Medela
Dominant). Blood contamination of tubes was evaluated by
visual inspection. The tubes were then flushed with tap water
and visually inspected.

Fluorescent tissue phantoms were prepared to simulate
cancerous tissue.*® Asymmetrical (1 x 0.5 X 0.5 cm) tissue
phantoms immersed in venous blood were aspirated using
a surgical suction device. After establishing the detection signal
baseline without a tube, the fluorescence intensity of the
samples was measured through the different tubes using an
aspirate tissue monitoring device.

3. Results and discussion

3.1.
tubes

Fabrication and characterization of SHB glass capillary

The fabrication process of SHB tubes utilizes GLA, a conformal
nanorough coating with a large surface area and distinct grass-
like morphology, treated with gas-phase silane. The fabrication
process is schematically illustrated in Fig. 1. The process starts
with atomic layer deposition of ALD alumina** on glass tubes
with different internal diameters (8.0 mm, 6.0 mm, 4.0 mm and
1.6 mm) but the same length (10.0 cm). The key steps of the
fabrication process to achieve uniform superhydrophobicity
inside the tubes are the ALD thin film deposition, HWT to
convert the ALD Al,O; film into GLA (Fig. 1a-c) and the hydro-
phobic gas phase silane coating (Fig. 1d and e). These steps
create suitable roughness and surface chemistry needed for
superhydrophobicity. This process is more conformal than the
previously reported process of making SHB GLA using plasma
deposited fluoropolymer on GLA"™ and is similar to a recent
report of silane treated GLA on planar glass.'®

The tubes were loaded into the ALD reactor with a monitor
planar silicon chip (cleaved from a polished, monocrystalline Si
wafer) at both ends (see Fig. S3 in the SI). The purpose of the
monitor Si chips was to be a conformality test of the ALD
process. If the monitor chips at the tube entry and exit have
different thicknesses then the ALD pulse lengths would be
insufficient, and the process was in non-self-limited growth
mode. If the monitor Si chips possess similar thicknesses, then
the tube with a macroscopic (mm-scale) opening likely would
have a conformal ALD alumina coating that could be verified
later using scanning electron microscopy (SEM). Although ALD
is often considered time-consuming, industrial-scale reactors
(e.g., Beneq P1500) and commercial deployments (e.g., Forge
Nano cathode coating systems) show that large-scale ALD
production is already feasible.***® ALD Al,O; coated tubes and
monitor Si chips were then immersed in hot water (90 °C) for 30
minutes. This HWT transforms the ALD Al,O; layer into GLA as
depicted in Fig. 1c.

The resultant average ALD alumina film thickness at the
inlet Si chip after ALD was 26.2 £ 0.3 nm, and the average
thickness at the outlet Si chip was 25.1 & 0.6 nm. The deposited

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Surface characterization and wetting properties. (a) SEM image of the monitor Si chip placed at the end of the glass tube. A similar rough
surface was observed for the hot water treated 8.0 mm glass tube as indicated in SEM images of the tube (b) front end, (c) middle part, and (d)
back end. The inset in image (a) shows a water droplet on the SHB monitor Si chip. Water contact angle of (e) Al,O3 coated, (f) GLA surface, (g)
silane coated smooth, and (h) silane coated GLA surface. (i) Sliding angle of water (10 ulL droplet) for the SHB planar surface and three SHB tubes.
(j) Sliding angles of water and 2 mg mL™* (2BSA) and 50 mg mL~* (50BSA) (indicated as 2BSA and 50BSA) protein solution (40 uL droplet) for the
SHB planar surface and 8.0 mm SHB tube. Each data point in plot (i) and (j) represents the mean of three independent measurements (n = 3), and

error bars represent the standard deviation.

thicknesses on the monitor chips just at the tube entry and exit
are extremely similar. This indicates good conformality and
excellent uniformity of the ALD process. After HWT, He-Ne
ellipsometry was used to study the GLA formation on the Si
chips. From He-Ne ellipsometry both inlet and outlet Si chips
had films with an effective refractive index of roughly n ~ 1.2
and the effective thicknesses were 122.5 + 0.5 nm and 119.0 +
2.6 nm respectively. These results are consistent with the
referenced literature as Kauppinen et al. measured similar
effective film properties for the gradient refractive index GLA
film. Kauppinen et al. however noted that the actual GLA

© 2026 The Author(s). Published by the Royal Society of Chemistry

thickness in their studies is around 200 nm measured via SEM,
as simple single layer ellipsometric models only give an effective
refractive index and thickness for a gradient refractive index
film like GLA. Processing of the tubes was continued, as there
was high confidence in successful ALD and GLA formation, and
SEM was later used to verify the presence of a conformal GLA
film on the tube inner walls."”

The morphologies and wetting properties of the fabricated
tubes are shown in Fig. 2. We studied the uniformity of the GLA
inside the tubes. Fig. 2a shows the nanorough morphology of
GLA on a planar Si chip. Fig. 2b-d show the GLA formation at

Nanoscale Adv., 2026, 8, 67-79 | 71
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the front end, middle and back end of the capillary tubes with
8.0 mm inner diameter. SEM investigations of the tubes with
smaller inner diameters also showed rough surface
morphology. Fig. S4 shows a cross-sectional SEM image of the
GLA coating on the inner wall of the 6.0 mm glass tube. These
results show successful and uniform GLA film formation on the
inner walls of fabricated tubes and verify the indicative con-
formality result of the monitor Si chips.

The contact angles of the surfaces at various stages of the
fabrication process (Al,O; coated, Al,O; nanograss, silane
coated smooth, and silane coated nanorough surface Si chips)
are shown in Fig. 2e-h. Contact angle measurements using the
goniometer were not possible for glass tubes, therefore, the
monitor Si chips were used. As monitor Si chips and glass tubes
were coated under the same experimental conditions, and the
monitor Si surfaces have a native oxide of silica that is chemi-
cally similar to glass, the ALD alumina growth is similar on
glass and on the native oxide. We therefore assume that the
contact angles of the inner walls of the tubes should be similar
to the chips as the formed GLA on both chips and the tube inner
walls should be nearly identical. The advancing contact angle
for SHB Si chips was recorded to be 169° (+2°) while the
receding contact angle was 168° (£1°) resulting in low contact
angle hysteresis of 1° + 2.2°. It indicates the successful fabri-
cation of the SHB surface. The advancing contact angle ob-
tained here is similar to a previous study where fluoropolymer
coated GLA had an advancing contact angle of up to 173°."
However, the contact angle hysteresis of the previous work was
higher (12°) likely reflecting the different hydrophobic coat-
ings.* This shows the high quality of the obtained SHB surfaces
in this work. ALD Al,O; coated Si chips show a water contact
angle of 10° £ 2° which decreased to 5° £ 1° upon trans-
formation of smooth ALD Al,O; into GLA (Fig. 2e and f). It can
be attributed to the larger surface area provided by the GLA for
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better wetting leading to the Wenzel state. In contrast, GLA
surface with silane coating showed a water contact angle of 169°
+ 2° (Fig. 2h) which is the characteristic of SHB surfaces (Cassie
state). It is worth mentioning that the Si chip simply coated with
silane showed a water contact angle of 116° + 2° (Fig. 2g). It
implies that in addition to the silane coating, surface roughness
plays an important role in the conversion of a hydrophobic
surface into a SHB one. Entrapment of air (plastron) between
GLA and water and reduction in surface energy further helps to
bead up the water drop rendering the surface SHB.

Water and biofluid repellent properties of SHB capillary
tubes were further characterized by sliding angle measure-
ments. A very low sliding angle was measured for the SHB Si
chips and SHB glass tubes (Fig. 2i and j). A 10 uL water droplet
does not sit inside the tube and keeps rolling on slight tilting (SI
Video SV1). A water droplet with 10 pL volume starts to slide in
the tube when tilted at an angle of <3° (see Fig. 2i). The sliding
angle for the smallest capillary (1.6 mm diameter) could not be
measured due to its small diameter. The biofluid repellency of
the tubes was also characterized by sliding angle experiments.
Owing to the low surface tension, 10 pL bovine serum albumin
(BSA) solution could not be transferred out of the pipette as
a spherical drop. Therefore, higher volume of 40 uL BSA solu-
tion was dropped in the tube mouth. A sliding angle of <6° was
measured for 2 mg mL ™" (2BSA) and 50 mg mL ™' (50BSA)
solutions. The 50BSA solution slid off the SHB tube without
leaving any stain (Fig. S5a—c). On the other hand, BSA solutions
completely wet the control glass capillary tubes (Fig. S5d).
Higher sliding angles for biofluids as compared to water could
be attributed to lower surface tension of these solutions as
measured previously.”” These results indicate that the fabri-
cated SHB capillary tubes are not only water repellent, but they
also show repellent properties towards biofluids.

5 T T T T T 1
Planar control
0 ——————————————————————— e e p———
5 ( ‘ ; .
zZ
1 8 mm tube
g (e e E—— e e
kel
c5 T T T T
2 6 mm tube
O
S
T A A U 4 T AN PP
% 5 10 15 20 25 30 35
scan# 1 2 3 2 5 '8 | x-coordinate (mm)

Fig. 3 The scanning droplet tribometer friction force measurements on different samples with a 10 pL ferrofluid droplet with 1%-vol of iron
nanoparticles. Each measurement consists of 3 back-and-forth line scans of 40 mm and the lines and shading are moving average and standard
deviation of 50 points, respectively. The right column of subfigures is a rescaling of the data in the left column to 0.5 uN, which is shown with the
dashed line. The tube samples of diameter 4, 6 and 8 mm were compared with a planar control sample.
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Uniformity of the Al,O; coating and subsequent super-
hydrophobicity was further evaluated by performing scanning
droplet tribometer (SDT) measurements. This method scans the
sample by moving a ferrofluid droplet with a magnetic potential
well and determines the friction the droplet experiences based
on the displacement of the droplet from the potential well
minimum ie., magnet axis.*** The 50 point moving average
and standard deviation of the friction between the droplet and
the samples is shown in Fig. 3. The tube samples have similar
friction values to the planar control samples in the low puN
range. This indicates that the tubes have similar topography,
chemistry, and wetting properties to a planar surface. All
samples had a clear difference between the first and later scans
with the first scan having roughly 10 times higher friction
(around 2 uN) compared to the subsequent scans (around 0.2
uN). The reason for this is not clear, but the working hypothesis
here is that the droplet cleans the surface with the first scan
lowering the droplet friction for future scans. We also note that
in most use cases the tube is either continuously in contact with
water or biofluid, or else a priming step can be used, so the
lower value is likely more relevant for practical use cases. All the
samples are SHB from the friction force perspective, as the
friction is similar to or lower than that of known SHB
samples.*>*®* Most samples are also homogeneous without
spatial variability in the friction forces and very few pinning
sites were observed inside the samples.

As shown in Fig. S6, SHB-coated tubes retained optical
transparency at least as good as uncoated glass, consistent with
our fluorescence transmission data (Fig. S7) and with prior
reports using GLA coatings as an antireflection coating on glass
with 99% average transmittance in a spectrum including the
visible range."”

To evaluate short-term durability under sterilization-relevant
conditions, the 6.0 mm tube was subjected to a standard
biomedical protocol consisting of 15-min immersion in abso-
lute ethanol followed by UV irradiation applied through the
tube openings (as glass is not transparent to UV). The coating
performance was unaffected, with the sliding angle of water
remaining at about 3° before and after sterilization. These
results indicate that the SHB nanograss coating can withstand
basic sterilization treatment without loss of repellency, sup-
porting its potential applicability in biomedical settings.

3.2. Hydraulic resistance of water and biofluids

The flow rates of water, protein solutions, and cell media
solutions are compared to control (uncoated plain glass) and
SHB tubes with four different internal diameters (1.6, 4.0, 6.0,
and 8.0 mm) and the same length of 10.0 cm. The experimental
setup is illustrated in Fig. S1 similar to the one reported in Kim
et al®* The % drag reduction was calculated by using the
formula given in eqn (1).

Reontrat = Rsue 1000, (1)

% Drag reduction = R
-contro!

where Rcontrol and Rsyp are the experimental hydraulic resis-

tances of control and SHB glass tubes, respectively.
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Experimental hydraulic resistance (Rey) in the tubes was
calculated using eqn (2).

AP pah
[

where, AP is the difference in pressure between the liquid air
interface and center of the tube under investigation, p is the
density of water, g is gravitational acceleration, % is the height of
liquid between the tube center and fluid air interface, and Q is
the volumetric flow rate in the tube.

Fig. 4 shows the relationship between pressure and
percentage drag reduction in SHB glass capillary tubes of
varying diameters, relative to their correspondent plain glass
control tube. The data reveal three key observations. The first
observation is that the tube size has a clear effect on the drag
reduction. The 6.0 mm and 8.0 mm tubes show no measurable
drag reduction, whereas the two smaller tubes exhibit a clear
drag reduction effect of at least 10% for all tested liquids at all
tested pressures. The drag reduction effect in the SHB tubes is
attributed to the trapped air plastron on the SHB walls which
reduced the liquid-solid contact area and hence the frictional
forces. The drag reduction effect is stronger for the 1.6 mm tube
than for the 4 mm one, aligning with previous observations in
the literature®>* and theoretical models for the laminar flow of
water.”” The noise levels for the two largest tubes are quite high
due to the short time of each experiment in our set-up, but the
data are clear that if there is any reduction for the large tubes, it
is very minor.

The second observation is that the drag reduction effect
seems to increase as the pressure, and consequently the Rey-
nolds number, decreases. This observation is also supported by
previous experimental results.??%°%51:53-5¢ For the 1.6 mm tube,
the drag reduction starts at about 20% at 350 Pa (Re 400) and
increases to 40% at 150 Pa (Re 200). A similar trend is observed
for the 4.0 mm tube. The drag reduction is around 10% at 400
Pa (Re 1820) and increases to 20% at 100 Pa (Re 940). This value
is consistent with Shirtcliffe et al., who reported 30-50% drag
reduction in 1.9 mm SHB-coated copper tubes with water. From
the data we can also estimate the slip lengths using the slip-
corrected Poiseuille flow model:*

0-0,(1+%) ®)

where Q is the flow rate in a superhydrophobic tube, Q, the flow
rate in the reference tube at the same pressure, r the radius of
the tube and b the estimated slip length. For the 1.6 mm
diameter tube, we get slip length estimates of 50 um at the low
end of 20% drag reduction and 130 pm at the high end of 40%
drag reduction. For the 4 mm diameter tube, we get slip length
estimates of 50 pm at the low end of 10% drag reduction, and
125 um at the high end of 20% drag reduction. The slip lengths
obtained are consistent between the tube sizes and are in the
high end of the range of 1-100 pm that has been reported for
the slip lengths of SHB surfaces.®* It is noteworthy that in both
tubes, the flow remains within the laminar regime (Re <2000).
The third and most important observation is that the drag
reduction effect seems to work equally well with all the tested

Rexp = (2)
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Fig.4 SHB glass tubes’ drag reduction as compared to the correspondent plain glass control tube. Each tube was exposed to different flow rates
of water, 2 mg mL™ BSA, 50 mg mL™?, and full cell media containing 10% fetal bovine serum (10% FBS). Glass tubes with (a) 1.6 mm, (b) 4.0 mm,
(c) 6.0 mm, and (d) 8.0 mm internal diameters. Error bars represent the standard deviation of three independent measurements of each

experiment (n = 3).

biofluids as with pure water. There is no significant difference
in our data between water and the biofluids in any of the four
tube sizes, although we note that the exposure here was only
short term. This seems to us to be a promising finding as it
could significantly expand the use cases of SHB drag reduction
in biomedical applications. There are scarce prior studies on
SHB drag reduction of biofluids flowing in tubes. Li et al
demonstrated a blood drag reduction effect of up to 76% on
a TiO,-Si0,-polydopamine composite surface, but this experi-
ment was done with a planar surface using a rheometer.””

3.3. Protein adsorption

The results shown in Fig. 5 illustrate the adsorption behavior of
bovine serum albumin (BSA) protein on both plain control and
SHB glass tubes under different conditions. Fig. 5a shows the
comparison between control and SHB tubes using different
modes of protein application onto the tube walls (static,
dynamic, and droplet) for 5 min and suggests that surface
superhydrophobicity significantly reduces BSA adsorption.

74 | Nanoscale Adv, 2026, 8, 67-79

Similar observations are found in the literature.”**** SHB
surfaces often prevent protein adsorption mainly due to their
air plastron properties, forming a minimal contact area between
the protein and the surface.®” Adsorption is lower in the
dynamic mode (liquid is flowing through the tube) compared to
the static mode (the tube is filled with the liquid and then
capped), possibly due to increased shear forces in the flow
motion and reduced protein-solid contact time. The droplet
method had the lowest amount of adsorbed protein. In all
cases, the adsorption on the SHB tube was slightly less than on
the control tube.

Fig. 5b shows the time-dependent protein adsorption in the
static mode. The data reveal that adsorption increases over time
but at different rates for control and SHB tubes. Protein
adsorption increases significantly for the control tube over time.
Fluorescence microscopy images in Fig. S8 clearly show signif-
icantly lower fluorescence in SHB tubes after 24 hours of contact
time as compared to the control tube. These results suggest that
the air plastron lifetime of our SHB tubes is longer than 1 day

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Bovine Serum Albumin (BSA) protein adsorption on uncoated and smooth control and SHB (coated nanograss) glass tubes. (a) Protein
adsorption on control and SHB capillary tubes in static, dynamic and droplet application modes at a contact time of 5 min. (b) Protein adsorption
on the control and SHB glass tubes at different contact times. Error bars represent the standard deviation of three measurements of each

experiment.

making them potentially suitable for long-term exposure to at
least protein solutions. Koc et al. reported that nanoscale
roughness typically results in lower protein adsorption
compared to smooth surfaces due to the limited surface contact
area available for proteins to adsorb.” They also demonstrated
that exposure to flow shear significantly decreased protein
adsorption compared to the no-flow (static) application mode
on the surface.

3.4. Blood repellency and optical transparency

One possible application for transparent and SHB tubes is
monitoring medical and surgical suction fluids visually and by
optical detection methods. For example, in aspirate tissue
monitoring during cancer surgery, optical detection through
the suction tube provides near-real time feedback on tissue
properties.** The key requirement for this is optical trans-
parency and non-fouling of the tube walls upon contact with the

| Uncoated Glass Tube

surgically removed material, including blood. We compared
optical measurements through the 8.0 mm diameter SHB
capillary tube, a plain 8.0 mm glass control tube, a Sonopet
ultrasonic aspirator tube and a standard PVC polymer surgical
suction tube. Fluorescent phantom tissue samples were
immersed in human blood and aspirated through the tubes,
while exciting the samples and detecting their fluorescent
response. SI Fig. S7 shows the results of the fluorescent
phantom tissue samples being aspired through the SHB glass
capillaries and controls. The data have two components: the
peaks are the fluorescent tissue samples passing through the
sensor while the baseline is established on moments without
a sample passing through the sensor. The data show that the
SHB glass capillary is optically very close to the control glass
capillary, which means that the optical properties are not
degraded by the topography and hydrophobic coating proce-
dures. The plastic control in contrast has a higher baseline.

Plastic Tube

Sonopet Surgical Tube

Fig.6 Blood contamination manifested by SHB glass, control glass, Sonopet surgical and control plastic tubes. Image (a), (c), (e) and (g) represent
the respective tubes after blood flow had fully filled their entire cross section. (a) SHB tubes repel the blood and therefore no blood adherence
was observed. Images (b, d, f and h): after flushing with air, blood adhesion was observed in control glass, Sonopet surgical and plastic tubes. No

blood staining was observed in the case of SHB glass tubes.
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Overall, these results translate to reliable, high-specificity
detection of the fluorescent signals.

Next, we visually compared the tubes upon exposure to blood
(Fig. 6). Fig. 6a shows the SHB glass capillary tube after exposure
to blood. The SHB glass capillary tube remains visually very
clean while the Sonopet surgical tube (Fig. 6e) and plastic tubes
(Fig. 6g) are completely contaminated. The tubes were then
flushed with air. Fig. 6b shows the SHB glass capillary tube after
flushing with air without much effect since the walls were
already clear. Fig. 6d, f and h show the control glass capillary,
Sonopet surgical and plastic tubes after flushing. It is evident
that before flushing, the walls are coated with blood leading to
a loss of transparency. Tubes were further flushed with water to
see if transparency could be regained. After a separate flushing
step, transparency could be regained although there was still
some contaminating blood present. Fig. S9 shows that in
control and other tubes, although some transparency is
regained by flushing with water, they are not as transparent as
the SHB capillary is. SHB tubes stay clean and do not require
additional cleaning steps. Contamination by blood can be
observed with the naked eye in all tubes except SHB capillaries.
Thus, SHB glass capillary tubes outperform control glass,
Sonopet and control plastic tubes. These results show that
a transparent SHB capillary tube can remain optically clear, at
least on short term exposure to blood.

4. Conclusion

We demonstrated a transparent, nanostructured SHB coating
that renders glass capillary tubes repellent to water, proteins,
and whole blood while preserving their optical transparency.
The conformal grass-like alumina layer, fabricated via atomic
layer deposition and hot water treatment, created a uniform
repellent coating inside a 10-cm long capillary tube.

Unlike prior work, which focused on planar surfaces or pure
water, we show that 10-50% drag reduction is possible also for
biofluids, such as concentrated protein solutions. This result
suggests that bio-repellent coatings could find use in biomed-
ical devices where high flow rates delivered through as small
tubes as possible are preferred. The coated tubes resisted
biofouling during short term blood exposure and retained
optical transparency, unlike glass and polymer controls. The
SHB coating was sterilized using a standard biomedical steril-
ization protocol with ethanol and UV and its properties were not
affected. These results together indicate potential use in blood
contacting medical and diagnostic devices where transparency
is required.
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