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ABSTRACT: Endoscopes are ubiquitous in minimally invasive or
keyhole surgeries globally. However, frequent removal of endo-
scopes from the patient’s body due to the lens contaminations
results in undesirable consequences. Therefore, a cost-effective
process chain to fabricate thermoplastic-based endoscope lenses
with superior antifouling and optical properties is proposed in this
research. Such multifunctional surface response was achieved by
lubricant impregnation of nanostructures. Two types of top-
ographies were produced by femtosecond laser processing of
metallic molds, especially to produce single-tier laser-induced periodic surface structures (LIPSS) and two-tier multiscale structures
(MS). Then, these two LIPSS and MS masters were used to replicate them onto two thermoplastic substrates, namely polycarbonate
and cyclic olefin copolymer, by using hot embossing. Finally, the LIPSS and MS surfaces of the replicas were infiltrated by silicone
oils to prepare lubricant-impregnated surfaces (LIS). Droplet sliding tests revealed that the durability of the as-prepared LIS
improved with the increase of the lubricant viscosity. Moreover, the single-tier LIPSS replicas exhibited longer-lasting lubricant
conservation properties than the MS ones. Also, LIPSS-LIS replicas demonstrated an excellent optical transparency, better than the
MS-LIS ones, and almost match the performance of the reference polished ones. Furthermore, the LIPSS-LIS treatment led to
superior antifouling characteristics, i.e., regarding fogging, blood adhesion, protein adsorption, and microalgae attachment, and thus
demonstrated its high suitability for treating endoscopic lenses. Finally, a proof-of-concept LIPSS-LIS treatment of endoscope lenses
was conducted that confirmed their superior multifunctional response.

1. INTRODUCTION

In recent years, minimally invasive medical operations such as
laparoscopy and endoscopy have attracted considerable
attention among surgeons, as they are relatively quick and
safe procedures to treat patients. Because such keyhole
surgeries require small incisions, less blood loss is associated
with them and also the infection risks are less, while the
postsurgery recovery time of the patients is much shorter.””
For instance, endoscopes have been deployed widely to probe
organs for cancer, collect biopsies from tissues, and deliver
treatments inside the human body. The principal procedures
and overall performance of these contemporary techniques are
strongly dependent on visualization capabilities of optical
devices, such as endoscopes, and thus their field of view must
be maintained intact throughout these surgical interventions.
However, the endoscope lenses can be contaminated/fouled
by blood and other body fluids, i.e., fluids that contain fats and
proteins, or even become foggy due to some condensations
during endoscopic surgeries.”" In general, these substances can
adhere to the lens surfaces, resulting in impaired vision and
hence low efficiency of such surgical interventions.” Therefore,
there is a pressing need to design and manufacture endoscope
lenses with enhanced antifouling functionalities without

© 2022 The Authors. Published by
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sacrificing their optical transparency under harsh surgical
conditions.

To date, the most common methods for removing any
impurities from the endoscope lenses in vivo surgeries involve
manual wiping, i.e., the rubbing of the lens against adjacent
tissues/organs or the extraction of the endoscope from the
human body to wipe it off, and also the inte§ration of extra
working channels for irrigation and suction.” Although the
clarity of endoscopic vision can be retained to a certain extent
by using these techniques, their practical implications might
lead to internal organ injuries, surgical site infections, extended
operation times due to unnecessary disruptions, and patient
discomfort.”

To address such challenging requirements, various surface
treatment methods have been deployed to tailor the functional
responses of materials by modifying their surface topography
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Figure 1. Overview of the process chain employed to fabricate disposable endoscope lenses.

and/or chemistry.”” Coating-based methods were proposed
for creating hydrophilic surfaces with dual-functional antifog-
ging/antibacterial response for optical devices.'"”"* Especially,
a stable liquid film on the surface can be formed by applying
such coatings that obstructs the creation of scattering droplets
and thus inhibits fogginess and maintains transparency in
humid environments. Nevertheless, without applying any
aftertreatment, e.g, rinsing with water, nontransparent liquids
can spread and eventually adhere to such hydrophilic surfaces,
and therefore they are prone to contaminations and vision
losses during endoscopic surgeries.

Superhydrophobic surfaces have received great attention,
too, from researchers because of their excellent antiwetting,13
anti-icing,14 antibiofouling,15 antifriction,'® and antibacterial'”
responses. Specifically, the use of a low surface energy coating,
e.g, perfluorinated compounds, and hierarchical micro-/
nanoscale topographies to entrap air were applied to achieve
robust superhydrophobic and/or superoleophobic behaviors.'®
The heterogeneous wetting state, ie., Cassie—Baxter state
(CBS), on such surfaces can exhibit an extreme repellency
even against complex fluids like blood."”?° However, CBS is
metastable, especially upon exposure to low surface tension
liquids®* and moderate pressure,”” and a transition to the
Wenzel state can completely destroy the attractive wetting
properties of such surfaces. In addition, a relatively high surface
roughness is beneficial for their superhydrophobic properties,
while impacting negatively their transparency. Therefore,
attaining both functionalities is technically challenging and
hence a time-consuming task’”** that together with the
limitations of such treatments can render them inadequate for
fulfilling the requirements of medical optic devices.

At the same time, lubricant impregnated surfaces (LIS) have
gained significant interest as a way to address the
aforementioned shortcomings, especially by impregnating
micro/nano-structured surfaces with a low-energy lubricant.
Specifically, LIS can offer excellent long-lasting liquid shedding
characteristics, i.e., display very low critical sliding angle (CSA)
even against yield stress fluids,” stability under high-pressure
and -temperature conditions,26 and antibiofouling/antibacte—
rial /antithrombogenic/drag-reduction properties.”’ ">’ In ad-
dition, numerous studies have demonstrated that LIS with such
functional characteristics can be prepared with coating
techniques without compromising the optical properties of

- 1o 3033
transparent materials. >
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Because of these advantages, LIS have emerged as a very
promising option for improving the efficacy of endoscopic
surgical procedures by keeping the camera lens clear from
foulants. For example, two relatively similar treatments have
been proposed to produce antibiofouling materials for
endoscope lenses by depositing silica nanoparticles onto glass
substrates as a base porous structure and then lubricating it
with either silicone or plant oil.>**” Even though both
materials were capable of maintaining a clear endoscopic
vision by repelling blood and body fluids repeatedly, the
employed surface treatment methods did not meet the
requirements for their scale-up production. In this regard,
Tenjimbayashi et al.*® reported a simple one-step procedure to
produce a lubricated fiber-filled porous material, which can be
synthesized in situ and then adhered to the endoscope lens for
single use. Nevertheless, the nanofibrous LIS proposed in this
research raised significant concerns about their mechanical
durability and chemical stability. To overcome the intrinsic
limitations associated with the coating-based techniques, Lee
et al.>” proposed an alternative surface treatment to function-
alize endoscopic lenses by direct laser texturing. Prior to
lubricant infusion, only a fluorinated self-assembled monolayer
was applied to the textured surface and thus to enhance the
longevity of its antibiofouling performance. While highly
ordered structures could be produced selectively by laser
surface texturing even onto freeform surfaces with high
precision, the high operating costs associated with this stand-
alone process hamper its broader application. At the same
time, the use of coatings that contain long chain perfluorinated
compounds for preparing LIS can have a negative impact on
both human health and the environment.**' Therefore,
further research is necessary to address the issue of vision loss
in endoscopic surgeries by developing a cost-effective process
chain for producing optical lenses with a multifunctional
response. Also, the environmental impact of any method for
their scale-up manufacture should be considered, especially
they should be recyclable without requiring any aftertreat-
ments.

This research reports an efficient and cost-effective process
chain for producing recyclable disposable endoscopic lenses
with superior durability while exhibiting excellent antifouling
properties and transparency. The method that includes, first,
the manufacture of metallic masters with both submicrometer
and multiscale topographies, then replicating them on
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thermoplastic substrates, and finally impregnating the replicas
with silicone oil is described. Next, the optical and antiadhesive
properties of produced LIS together with their lubricant
retention capabilities were investigated under shear flow
conditions. To demonstrate the effectiveness of such lens
treatment for preventing vision loss during endoscopy, LIS
were further subjected to protein adsorption, microalgae
adhesion, blood fouling, and fogging tests. Finally, a set of
LIS lenses was integrated into an inspection endoscope device
to demonstrate the proof of concept.

2. MATERIALS AND METHODS

An overview of the proposed process chain for producing disposable
and recyclable endoscopic polymer lenses that exhibit multifunctional
responses is shown in Figure 1. The employed processing steps in this
chain together with the respective methods used to characterize the
surface of produced lenses are described in this section.

2.1. Fabrication of Metallic Masters. Commercially available
AISI 316 stainless steel (SS) plates with a surface area of 40 X 40 mm?*
and a thickness of 0.5 mm were used as metallic masters. The as-
received substrates had an initial average surface roughness (Sa) of 35
nm and were then laser treated. The surface texturing was performed
on a laser processing workstation (LASEA LSS, Belgium) under
atmospheric conditions. In particular, the system integrates a
femtosecond Yb-doped laser source (Satsuma, Amplitude Systems)
with the following technical specification: a pulse duration of 310 fs,
nominal wavelength of 1030 nm, pulse repetition rate (f) up to 500
kHz, and maximum average power of S W. In addition, a half-
waveplate was incorporated into the beam delivery subsystem to
texture the SS substrates with an s-polarized Gaussian beam.
Thereafter, a galvo scan head was employed to deflect the focused
laser beam across the samples at a maximum scanning speed (v) of
2000 mm/s, and a 100 mm telecentric lens was used to focus the
beam to a spot size of 40 um at 1/e” of the Gaussian intensity. Finally,
a high precision stack of three linear motorized stages (X, Y, Z) in
combination with a high-resolution camera was utilized for position-
ing samples with high accuracy and repeatability prior to the laser
surface texturing operations.

Two different surface topographies, namely, single-tier laser-
induced periodic surface structures (LIPSS), i.e.,, nanoscale ripplelike
structures, and two-tier multiscale structures (MS), i.e., microscale
protrusions with nanoscale ripples on top of them, were produced
onto the SS substrates, following the approach reported in another
research.” Briefly, MS had a gridlike microtopography that was
produced employing the following process settings: a fixed f of S00
kHz, a v of 1000 mm/s, and a constant hatch () distance of 40 um
between any two consecutive lines in X and Y. In total, 40 scans, i.e.,
20 scans per line, with a single pulse fluence (¢,) of 178 mJ/cm? were
required to produce a relatively shallow grid of microprotrusions on
the SS surface. At the same time, the single-tier LIPSS were generated
by employing a raster scanning strategy and a single pass over the
surface with a fixed f of 250 kHz, a v of 1000 mm/s, an h of 3 ym, and
the same @,. The laser parameters used for creating the two surface
topographies investigated in this research together with the overall
processing time required to complete their texturing operations over
an area of 30 X 30 mm? are summarized in Table 1.

2.2. Fabrication of Lubricant Impregnated Polymer Lenses.
Single-tier LIPSS and two-tier MS textures on SS surfaces were

Table 1. Key Laser Parameters Used to Produce the MS and
LIPSS onto the SS Molds Together with Their
Corresponding Processing Time

f v @ h total no.  processin;
topography (kHz) (mm/s) (mJ/cm?) (um) of scans time (min%
MS 500 1000 178 40 40 15
LIPSS 250 1000 178 3 1 4

replicated onto commercially available transparent polycarbonate
(PC) and cyclic olefin (COC) polymer sheets with a thickness of 1.5
mm (purchased from Microfluidic ChipShop, Germany) by using a
hot embossing system. These thermoplastics are commonly used for
optical lenses and can withstand autoclave temperatures. The glass
transition temperatures of these polymers as received are given in
Table 2. During the embossing process, the textured SS molds

Table 2. Optimized Settings Used to Produce the PC and
COC Replicas Together with Their Respective Glass
Transition Temperatures

load operating glass transition  compression time
polymer  (kN) temp (°C) temp (°C) (min)
PS 9.2 150 145 10
CcOoC 10.8 145 142 10

together with the as-received polymer sheets were pressed to each
other at an elevated temperature, i.e., higher than their glass transition
temperatures. Because the replication quality was strongly affected by
the applied temperature and load, the influence of these two
parameters was investigated to identify the optimum processing
window for both polymer substrates. The process settings used to
produce the PC and COC replicas are provided in Table 2.

Lastly, silicone oils (Sigma-Aldrich) with different viscosities, i.e., S,
20, and 100 cSt, were used as lubricants to prepare LIS in this study.
After the lubricant oil was pipetted and completely spread onto the
entire surface of the textured replicas due to capillary forces, the
samples were kept vertically for an hour to drain any excess oil.
Compared to other types of lubricants, e.g, perfluorinated oils, the
rationale for selecting silicone-based ones for preparing LIS in this
research is associated with the fact that they are nontoxic to the
human body, and also their use has been approved by both FDA*
and EFSA*™ for medical applications as well as food additives.
Therefore, the as-prepared thermoplastic LIS can be considered of
being biocompatible and thus suitable for the usage as objective lenses
in endoscopes.

2.3. Morphology and Optical Characterization. The LIPSS
and MS topographies produced on the SS and then replicated on the
thermoplastic substrates were initially inspected by using a scanning
electron microscope (SEM, Hitachi TEM3030Plus). The dimensional
characteristics of the MS structure were obtained by using a focus
variation optical microscope (Alicona GS), while an atomic force
microscope (AFM, MFP-3D, Asylum Research) was employed to
study the morphology of the nanoscale surface topographies. An
open-source image analysis software (Gwyddion) was used to process
the acquired 10 X 10 gm* AFM scans and thus to obtain the LIPSS
cross-sectional profiles. At the same time, this software was also
utilized to gain information about their orientation and spatial
periodicity by performing a 2D-FFT analysis. The transmittance of
the as-received, textured, and lubricated thermoplastic surfaces was
analyzed over the visible spectrum, ie, from 400 to 700 nm,
employing a UV—vis spectrometer (Lambda 365, PerkinElmer). To
ensure the reliability and validity of these results, the transmittance
measurements were conducted in triplicates.

2.4. Wettability Characterization. The wettability of the as-
received, textured, and lubricated thermoplastic substrates was
investigated by using the sessile drop technique. Specifically, 5 uL
water droplets were dispensed onto these surfaces, and then their
static contact angle (CA) values were measured with a goniometer
(OCA 1SEC, Data Physics GmbH, Germany). Also, the contact angle
hysteresis (CAH) of the aforesaid surface topographies was analyzed
by gradually increasing and decreasing the volume of the water
droplet on the surface, and the difference between the advancing and
receding contact angles was quantified. At the same time, the
shedding characteristics of the thermoplastic plain, textured, and LIS
samples were examined, too. First, the critical sliding angle (CSA)
values of 10 yL water droplets were measured on these surfaces by
employing a motorized tilting stage with positioning accuracy and

https://doi.org/10.1021/acs.langmuir.2c01671
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Figure 2. Surface morphologies of LIPSS: (a—c) SEM and (d—f) 3D AFM micrographs of LIPSS on the SS, PC, and COC surfaces, respectively.
(g) Plot showing the surface profiles of LIPSS on the SS master and PC and COC replicas. Scale bar: 6 ym.

resolution of 10 arcsec and 0.01° respectively. Thereafter, CSA of
other liquids such as Xanthan gum solution and pH liquids was
investigated to simulate the response of LIS against viscous fluid
substances, e.g., mucus, body fluids, and gastric fluids with different
pH levels. The concentration of Xanthan gum in the aqueous solution
was 2 g/L, while the preparation procedure and the shear viscosity
properties of this liquid were analytically described in our previous
study.45 Finally, it should be stated that the average CA, CAH, and
CSA values reported in this study were calculated based on five
repeated measurements taken at different locations on each sample.

2.5. Durability Characterization. Generally, the LIS perform-
ance is expected to degrade when body fluids start wetting
continuously their surfaces. Sooner or later, this will allow
contaminants to foul the camera lens and obstruct vision during
endoscopic surgeries. The reason for the loss of the LIS functionality
can be mainly attributed to the depletion of impregnated lubricant
under persistent shear flow conditions.*® To assess the LIS durability,
LIS prepared with the silicone oils of varying viscosity were tilted at
15° by using a motorized stage, while 10 yL water droplets were
continuously dispensed on their surfaces up to the point where no
motion could be detected; i.e., the droplet was completely pinned to
the surface. To ensure that the droplets flowed at exactly the same
spot and also to avoid them bouncing on the surface during the tests,
a fixture was used to hold the pipet above the substrates and release
the droplets from a maximum height of 2 mm. A camera (Canon
2000D) mounted on a tripod was employed to record the mobility of
water droplets at 60 frames/s. Lastly, an open-source video analysis
and modeling software (Tracker) was used to obtain the steady-state
shedding velocity of the water droplets.

2.6. Antifouling Characterization. To characterize antifouling
capabilities of LIS on the embossed thermoplastic substrates, three
different tests were conducted with different foulants, as expected in
potential endoscopic procedures, i.e., blood, protein, and micro-
organisms. First, the experiments were conducted to examine the
antiadhesive ability of LIS against defibrinated sheep blood (Darwin
Biological, UK). In particular, the mobility of single blood droplets

was monitored on LIS when tilted at an angle of ~45°. Thereafter,
their blood-shedding capabilities were tested by immersing them into
containers filled with blood for up to 30 times.

Next, LIS were assessed for their protein adsorption. For this, the
thermoplastic plain and LIS substrates were incubated overnight with
a solution of CFSE (carboxyfluorescein succinimidyl ester, Aeitation:
492 nm; Agmision: 517 nm) dye (ThermoFisher Scientifics, USA)
tagged bovine serum albumin (Sigma-Aldrich, USA) (1% (w/v)) in a
Petri dish under a dark environment. Subsequently, the plain and LIS
substrates of both PC and COC were imaged by using a CCD camera
(Retiga EXi, QImaging) connected to an inverted fluorescence
microscope (Olympus IX71) with a 4X magnification lens. Both the
bright field and the fluorescence images (Semrock LF488/561 green
filter cube) of PC and COC were acquired with the microscope and
were later merged into a composite image by using Image].

Finally, the Chlorella vulgaris (CV) strain CCAP 211/11B (Darwin
Biological, UK) was chosen for the assessment of microalgae adhesion
to LIS. To this end, a preculture of CV along with the modified Bold’s
basal medium was added to the glass containers, and the culture was
incubated at 28 °C for a week under the cool white fluorescent
illumination with a light-to-dark ratio of 12:12 h. The plain and LIS
substrates of both PC and COC were placed inside the glass
containers during the incubation. After a week, the substrates were
imaged with a custom-made setup by taking advantage of the CV
autofluorescence. To capture the fluorescence from the CV-settled
substrates, a camera (Canon 2000D) fitted with an 18—55 mm lens
and yellow and magenta filters was used. These fillers were employed
to filter out the undesired wavelengths, apart from 680 nm red light,
under the ultraviolet light excitation of the chlorophyll. In addition, a
dioptre lens was also attached to the camera to obtain the magnified
images. The obtained fluorescent images from the substrates were
analyzed by using the Image] software to calculate the area covered by
CV in percentages.

2.7. Proof-of-Concept Demonstration. Finally, to demonstrate
the applicability of these surfaces for preventing blood fouling during
endoscopy, the LIS lenses were integrated into a representative
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Figure 3. Surface morphologies of MS: (a—c) the 3D height map and (d—f) the SEM images of MS on the SS master and PC and COC substrates,
respectively. (g, h) Plots showing the height profiles of micropeaks on the SS master and PC and COC substrates along X and Y, respectively. Scale

bar: 20 pm.

inspection endoscope device as follows: (i) a round flat lens of 8 mm
in diameter was cut out of the textured polymer replica, (ii) the lens
was thoroughly cleaned with isopropyl alcohol and lubricated as
described in subsection 2.2, and (iii) an adhesion layer (Glue Dots)
was used to attach it onto the endoscope camera. In this research, the
visibility through the LIS lenses was verified by directing the
endoscope onto a printed QR code and then trying to read it with a
smartphone camera. In addition, their resistance against blood fouling
was assessed by immersing/dipping the endoscope into blood
multiple times until its vision was totally lost; i.e., the treated lens
was fouled by blood. It should be stated that this blood fouling test
was repeated for three identical LIS lenses. During these experiments,
the integrated endoscope camera was employed to capture images of a
printed chessboard. Thereafter, they were postprocessed with an
open-source image analysis software (Image]) to quantify the
percentage of the area visible after a certain number of dips.

3. RESULTS AND DISCUSSION

3.1. Surface Morphology Analysis. The first part of this
study was focused on generating LIPSS and MS over an area of
30 X 30 mm® on the SS substrates. Figure 2a shows a SEM
micrograph of LIPSS generated on the surface when the SS
master was irradiated with the femtosecond pulsed laser. As
can be seen, the surface topography obtained represents
uniform periodic ripplelike structures with an orientation
perpendicular to the laser beam polarization vector (indicated
by yellow double arrows in Figure 2a). From the 2D-FFT
analysis performed at different areas on the textured SS surface,
the main LIPSS spatial periodicity was slightly below the laser
wavelength of 1030 nm and varied in the range from 800 to
900 nm. At the same time, the well-defined linear 2D-FFT
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image (see the inset of Figure 2a) can be considered as proof
of the LIPSS regularity on the SS surface. After the hot
embossing process, the LIPSS topography was successfully
replicated onto the thermoplastic substrates. SEM micrographs
of the LIPSS embossed onto the PC and COC substrates are
depicted in Figures 2b and 2c, respectively. The 3D AFM
images of LIPSS on the SS master and PC and COC substrates
demonstrate the replication quality achieved, and they are
given in Figure 2d—f, respectively. In addition, Figure 2g shows
their respective surface profiles over a scan distance of 8 ym.
These cross-sectional profiles were obtained based on the
average values of scans taken at five different locations on the
textured SS master and its polymer replicas. On the basis of the
AFM profiles, the LIPSS average height was calculated to be
within the range of 152—172 nm on all substrates, and this
signifies an excellent replication quality. More specifically, the
deviation in percentages from the average LIPSS height was
less than 11 and 5%, when the average values obtained on PC
and COC substrates were compared with that on the SS
master, respectively.

Next, the MS topographies were produced on a SS master.
Because of the higher fluence accumulated at the intersecting
points of the perpendicular beam vectors in the gridlike
scanning strategy, “peaks” and “valleys” were formed on the SS
surface as shown in Figure 3a. By taking a closer look at Figure
3d, it is apparent that the microtopography is fully covered
with nanoscale ripplelike structures. In reality, the dimensional
and geometrical characteristics of these ripples should be
almost identical with that of LIPSS. Following the embossing
step, the negative patterns of the MS on the SS surface were
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(e) PC and (f) COC.

replicated onto the PC and COC substrates as depicted in
Figure 3b,c. At the same time, it is evident from Figure 3e,f that
the nanoscale morphology on top of the peaks and valleys was
replicated successfully onto the polymer substrates. To analyze
further the replication quality achieved during the embossing
process, the height profiles of micropeaks on the SS master and
the PC and COC samples along X and Y were captured as
shown in Figures 3g and 3h, respectively. No significant
discrepancies were detected in the peak spacings onto the SS
and polymer surfaces; i.e., they were consistent close to 40 ym
on all of them. However, some relatively small variations can
be observed in their heights across the substrates. For instance,
the average height of micropeaks on the SS surface was 5.1 and
4.2 pm when measured at five different locations along X and
Y, respectively, whereas the same measurement procedure led
to average heights of 4.8 and 3.9 ym on PC and 4.9 and 3.6 um
on COC along X and Y, respectively. Overall, it can be stated
that the difference of thermoplastic replicas from their metallic
masters was less than 14%.

3.2. Wettability Analysis. An important part of this
research was focused on characterizing the wettability of all
thermoplastic functionalized surfaces, while using as a
reference untreated ones. The static CAs obtained on as-
received (plain), textured (MS, LIPSS), and lubricated (MS-
LIS, LIPSS-LIS) surfaces of PC and COC substrates are given
in Figure 4a. Initially, the plain surfaces of both thermoplastic
materials exhibited a slightly hydrophobic behavior with
average CA values just above 90°. However, CAs increased
substantially when the laser textured SS masters were
embossed onto them. As expected, the surfaces covered with
MS displayed higher CA values on both PC and COC replicas
compared to those with single-tier LIPSS. For instance, the
average CA value measured on the MS of COC replica was
131°, while the single-tier LIPSS embossed on the same
material had CA of 114°. A 5 uL water droplet led to a larger
CA on MS than that on LIPSS, as depicted in Figure 4b. After
the infusion of lubricant with 20 cSt viscosity onto the textured
polymer substrates, the apparent CA decreased, especially on
the MS-LIS samples, and a small wetting ridge appeared at the
periphery of the hemispherical water droplets on all LIS (see

the red arrows in Figure 4b). The formation of such wetting
ridge was attributed to the vertical component of the water’s
surface tension, which was high enough to lift the lubricant
up.”” At the same time, the differences in the average CA
between MS-LIS and LIPSS-LIS on both polymer materials
became marginal and did not exceed 2°. The insignificance of
surface topography on the wettability of as-prepared LIS
clearly suggests that both surface topographies were fully
encapsulated by the lubricant and most likely sharing the same
spreading coeflicient.

Next, the shedding behavior of water and Xanthan gum
solution droplets on the plain, MS, LIPSS, MS-LIS, and LIPSS-
LIS samples was investigated by measuring the minimum angle
required to initiate their motion. Figure 4c,d shows CSAs of
these liquids on all aforementioned surfaces of PC and COC
substrates. Low droplet mobility was observed at CSAs ranging
between 26° and 47° on the plain surfaces for all the tested
liquids. Surprisingly, the textured surfaces of both thermo-
plastic materials did not facilitate any droplet movement even
when the substrates were positioned vertically, ie., at an
inclination angle of 90°. In this case, the high adhesion forces
induced from the water/solid contact resulted in pinning the
droplets onto these surfaces. Instead, all LIS exhibited great
shedding characteristics against water as the droplets slid on
their surfaces at an average CSA below 13°. At the same time,
CAH of water droplets was measured to vary within the ranges
8°—13° and 5°—8° on the MS-LIS and LIPSS-LIS samples,
respectively. In reality, the infusion of lubricant into the
textured surfaces dramatically lowered the contact line pinning
and hence enabled the droplets to easily flow down their
surfaces. However, it should be stated that only the LIPSS-LIS
samples managed to repel both tested liquids at CSA smaller
than 10°, indicating impressive shedding capabilities even
against viscous liquids. Finally, because the endoscope lenses
may be exposed to alkaline or acidic liquids, such as pancreatic
and gastric juices, contained in the human body, CSAs for
liquids with pH levels ranging from 1 to 9 were measured on
all LIS onto the PC and COC substrates, as shown in Figures
4e and 4{, respectively. All the pH-adjusted water droplets were
observed to start sliding on LIPSS-LIS of both polymer
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MS-LIS samples.

samples at CSA below 7°, while larger tilt angles were required
to aid their movement on the MS-LIS ones, i.e., CSAs ranging
from 8° up to 18°. The aforementioned results demonstrate
the potential of LIPSS-LIS treated surfaces to shed almost any
kind of biological fluid.

3.3. Durability of LIS under Shear Flow Conditions. As
multiple single drops on LIS exert shear forces on them, thus
they can cause severe depletion of the impregnated lubricant
and subsequently lead to their failure. Therefore, the effect of
such shear-induced lubricant depletion on the LIS shedding
characteristics was investigated. In particular, LIS were tilted at
an angle of 15° as depicted in Figure Sa and then subjected to
water shear forces by repeatedly dispensing droplets at the
same spot on their surfaces. Initially, all LIS exhibited low
pinning forces regardless of the infused lubricant viscosity, and
hence the water droplets shed off their surfaces by the gravity.
An example of a water droplet sliding down LIPSS-LIS
impregnated with the 5 ¢St lubricant is given in Figure Sa. At
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the same time, the average shedding velocities of water
droplets are plotted in Figures Sb and Sc as a function of the
number of droplets deposited on the MS-LIS and LIPSS-LIS
samples prepared with the lubricants of varying viscosity,
respectively. In most cases, the droplet velocity decreased with
the increase of lubricant viscosity because of the enhanced
viscous dissipation at the liquid—lubricant interface. This trend
agrees with previously reported studies.***’ However, it should
be noted that the lowest droplet sliding velocity was recorded
on the MS-LIS sample when impregnated with the 5 cSt
lubricant. This finding contradicts completely with the results
obtained from the respective LIPSS-LIS one, on which the
droplets exhibit the highest sliding velocity. It could be because
there was not a stable entrapment of the low-viscosity lubricant
within the microscale topography of the MS-LIS sample, and
most likely it overflowed from the valleys when the surface was
tilted.
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textured, and lubricated PC surfaces.

After dripping multiple water droplets on the MS-LIS and
LIPSS-LIS substrates prepared with varying lubricant vis-
cosities, their slippery performance started to degrade.
Especially, the droplet velocity decreased, and eventually the
droplets were pinned to their surfaces. The degradation of the
LIS response can be attributed to the gradual lubricant
depletion. More specifically, the sliding droplets took away
and/or displaced the lubricant from the impregnated structures
due to the shear forces, resulting in a severe lubricant depletion
along their flow track. However, LIPSS sustained the shear
forces from a greater number of droplets than the MS ones.
This is because the relatively strong nanocapillary forces
manifested by the nanoscale ripples have rendered a longer
lubricant storage capacity, as illustrated in Figure S5d, whereas
the lubricant stored in the micrometer scale valleys of the MS
topography was quickly depleted by the traveling train of
droplets (see Figure 5d) which impacted the performance of
MS-LIS. The images in Figure 5f also confirm that the infused
lubricant was gradually removed by the sliding droplets and
thus revealing the micropillar structures underneath the MS
topographies. In addition to the strong capillary forces induced
by the nanoscale structures,” the droplets on the LIPSS-LIS
samples were highly mobile. This is because LIS with
nanostructured topographies alter the molecular orientation
of water near the liquid—lubricant interface and have weaken
the hydrogen-bonding interactions at the interface.”"

At the same time, it can be noticed in Figure Sc that there
are fluctuations in the shedding velocities of the droplets on
LIPSS-LIS, irrespective of the lubricant viscosities. The
lubricant redistribution might have caused a localized but
temporarily finite replenishment of the lubricant layer,”* which
can explain the fluctuations of droplet velocities. Especially, in
the case of LIPSS, the depleted nanoscale ripple structures
were swiftly replenished by the stored lubricant due to their
strong capillary action as depicted in Figure Se. Consequently,
the velocity of the successive droplets increased until the next
event of the lubricant depletion. This cyclic replenishment
continues until all the stored lubricant had been completely
depleted, and then the final pinning of the droplet occurred.
Furthermore, it can also be noted that the lubricant depletion
from the topographies was at a much slower rate when its
viscosity increased. For instance, the samples impregnated with
100 cSt lubricant were able to retain their slippery properties
much longer than those impregnated with S and 20 cSt ones.
Overall, the LIPSS-LIS sample with 100 cSt lubricant viscosity
exhibited the most robust and stable performance, and 160
droplets were required to lose completely its functionality.

3.4. Optical Analysis. One of the most critical require-
ments for endoscope lenses is their high transparency.
Therefore, the optical properties of all treated thermoplastic
surfaces together with the as-received ones were assessed. As
the refractive index was the same for all lubricants (n ~ 1.4)
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used in this research irrespective of their viscosities, only the
samples impregnated with 100 cSt lubricant were considered
for these experiments. A comparison of the average trans-
mittance obtained from the plain, MS, LIPSS, MS-LIS, and
LIPSS-LIS substrates of PC and COC over the visible
spectrum (400—700 nm) is provided in Figure 6a. As expected,
the plain surfaces of both polymer materials showed an
outstanding transparency of the visible light with peak
transmittance values slightly below 90%. On the contrary, all
the textured thermoplastic surfaces exhibited significantly low
transmittance, indicating a translucent behavior. Such a
dramatic loss of light was mainly attributed to its scattering
by the relatively rough surfaces of the treated samples.”**
Because such effect is typically more pronounced on surfaces
with microscale roughness, the substrates with LIPSS appeared
to be less opaque compared to the MS ones.

After the lubricant infusion into the textured thermoplastic
surfaces, a substantial increase in transmittance was detected.
Actually, the infused lubricant was able to minimize the
negative effects of both light scattering and reflectance by
smoothening the textured topographies and also reducing the
large step change in the refractive index*” between air (n = 1)
and the two thermoplastic materials (npc = 1.59 and ncoc =
1.4), as shown in Figure 6b. However, it should be stated that
only the LIPSS-LIS samples exhibited an excellent trans-
mittance of the visible light due to the relatively small surface
area for a diffusive reflectance. In particular, the transmittance
spectrum of the LIPSS-LIS sample almost matched that
obtained on the plain COC one, whereas it dropped up to 10%
on the treated PC surfaces within the visible spectrum. To
compare further the transparency of the plain PC surface to
that of LIPSS-LIS and MS-LIS, images of a colorful logo were
captured with a camera when the samples were placed in
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contact with it and also with an offset distance of 30 mm, as
shown in Figure 6c¢. In the former case, the logo was clearer
through the LIPSS-LIS sample than the MS-LIS one, and it
was also comparable with that taken through the plain surface.
After positioning the substrates at a particular distance, the
logo image appeared blurry through the MS-LIS sample due to
light scattering by its microscale surface topography while its
visibility was almost preserved through the LIPSS-LIS one.
Therefore, only the LIPSS-LIS substrates were selected for
further investigation in this research.

3.5. Antifouling Properties. 3.5.1. Antifogging and
Blood Fouling Resistance. The clarity of endoscope lenses
can significantly be reduced due to fogging or blood fouling,
resulting in impaired vision and consequently unnecessary
disruptions during surgical procedures. Therefore, water
condensation and blood adhesion experiments were performed
to assess the functional response of LIPSS-LIS substrates. It
should be stated that only the LIPSS-LIS samples prepared
with the 100 cSt lubricant were subjected to testing because of
their long-lasting slippery properties. Figure 7a shows the
motion of a 10 yL blood droplet both on the plain and LIPSS-
LIS samples of PC when tilted at an angle of ~45°. The
shedding behavior of such droplet on these surfaces can also be
seen in Video S1. It is apparent that the droplet slowly slid
along the plain surface and seemed to have sagged, leaving
behind traces of blood. In contrast, a high blood droplet
mobility was observed on the LIPSS-LIS sample without
leaving any stain behind, which indicates an exceptional
antifouling response. Similar results were obtained by the
respective COC surfaces, too. Thereafter, the antifouling
performance of LIPSS-LIS samples was evaluated by perform-
ing 30 dipping cycles into blood. Figure 7b shows that only a
single dip was sufficient for the blood to adhere to the as-
received PC and COC sheets. In contrast, the LIPSS-LIS
samples of both polymer materials exhibited an excellent
fouling resistance against blood because only a few micro-
droplets of blood were left behind on their surfaces after 30
blood dipping cycles (see Figure 7b).

Some fogging usually appears on lenses when the endo-
scopes enter the patient’s body due to the sudden change in
humidity and temperature levels. Therefore, the antifogging
properties of the LIPSS-LIS PC substrate were evaluated by
using the so-called hot-vapor method, and they were compared
with those obtained on the plain surface. More specifically, a
printed QR code was attached to the back of these samples,
and then they were placed vertically at a distance of roughly 50
mm above hot water (~80 °C). Snapshots of the QR code
through the plain and LIPSS-LIS samples were captured with a
camera every 10 s and thus to test if they can retain their initial
transparency. The sequential images in Figure 7c reveal that
the hot vapor condensed on both surfaces and initially formed
as small water droplets, exhibiting a “dropwise” condensation
behavior. However, it should be stated that the nucleation rate
of water droplets was more intense on the plain surface, while
the low surface energy lubricant infused into the LIPSS-LIS
sample delayed their formation. Such findings are consistent
with a recent study, which investigated the droplet
condensation on low and high surface energy materials.’®
Within a period of 1 min, the small droplets appeared to
gradually grow on the plain surface via a direct condensation
and merged with the neighboring droplets to form larger ones.
However, they were still not capable of shedding off the surface
due to strong pinning forces. As a result, the large droplets

formed on the surface scattered the transmitted light and
distorted the vision through the plain sample (see the distorted
image of the QR code in Figure 7c). In contrast, it can be seen
in Figure 7c that some of the droplets condensed onto the
LIPSS-LIS sample were removed due to some coalescence
between them within less than 60 s, and thus the QR code
could be clearly visible through the droplet-vacant regions.
This shows that the low CAH of the LIPSS-LIS substrate led
to high mobility of the condensed water droplets, which then
promoted their fast coalescence with nearby droplets and led
to droplets sweeping by gravitational force.

3.5.2. Protein and Microalgae Fouling Resistance. In
clinical environments, the usage of endoscopes in surgical
procedure where they are in contact with blood increases the
risk of thrombosis.”” The plasma protein adsorption on blood-
contacting surfaces is the first event in the thrombus formation.
Thus, the inhibition of protein adhesion to such surfaces is
imperative in designing endoscopes, especially this applies to
their lens surfaces. Therefore, the antiadhesive response of
LIPSS-LIS when in contact with serum albumin has been
investigated in this research as it is one of the most common
blood proteins. Figures 7d and 7e show the composite
fluorescent and bright field images of albumin fouling onto
plain and LIPSS-LIS surfaces of PC and COC and their
fluorescent intensity obtained, respectively. The serum
albumin adhered to the plain PC and COC surfaces in a
distinct dendritic pattern due to the NaCl present in the buffer
after the thin film of a protein solution was evaporated, which
is in accordance with the previous studies.”® At the same time,
it is apparent that the protein adhesion is greatly inhibited on
LIPSS-LIS when compared to the plain ones; especially there
was more than 90% reduction. Therefore, the LIPSS-LIS
treatment of endoscope lenses can decrease the risk of
thrombus occurrence and thus reduces the probability of
postsurgical complications in patients.

Microbial attachments to the endoscope surfaces, including
lenses, during the surgical procedures can lead to endogenous
infections. Therefore, there is a need to design the lens surfaces
in such a way that they can inhibit the microbe’s adhesion. In
our previous research, it was demonstrated that LIPSS and
LIPSS-LIS exhibited antibacterial (E. coli) properties on
polymer materials.”” The antifouling functionalities of thermo-
plastic LIPSS-LIS were investigated in this research under the
influence of a microalgae Chlorella vulgaris (CV). Figure 7f
shows the experimental setup used to investigate the CV’s
attachment onto LIPSS-LIS-treated PC and COC substrates.
As it is evident from both optical and fluorescent images in
Figure 7g, CV favored the plain surfaces for settlement, while
the LIPSS-LIS ones inhibited the CV’s adhesion to a larger
extent. The image analysis results showed that LIPSS-LIS
reduced the CV’s adhesion by almost 80% when compared to
the plain surfaces (see Figure 7h). To assess further the
durability of the LIPSS-LIS functional response, a set of
substrates was initially attached to the wall of a glass container
filled with water, and then the shear force was applied with a
magnetic stirrer for 8 h. Such shear-induced LIPSS-LIS
substrates were kept in culture baths as stated in section 2.7,
and the fluorescent images were obtained to compare their
performance with that of fresh LIPSS-LIS substrates.
Impressively, even the shear-induced LIPSS-LIS have shown
to reduce the CV’s adhesion by half when compared to the
plain surfaces (see Figure 7gh). This indicates that the strong
nanoscale capillary forces of LIPSS resisted the lubricant
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Figure 8. A pilot application of the LIPSS-LIS treated endoscope lenses: (a) Test procedure used to verify the vision performance after integrating
the plain (left) and LIPSS-LIS (right) treated COC lenses into an endoscope device. (b) Blood dipping experimental setup and the visual fields
retained by the plain and LIPSS-LIS treated COC lenes after a single dip. (c) Visible area in percentages of an endoscope with LIPSS-LIS lenses as
a function of the dipping cycles number. Note: insets in (c) depict the surface of LIPSS-LIS lens after a certain number of dips; (d) sequential
images showing the field of view after 35, 40, 45, and 50 dips, again for the LIPSS-LIS lens.

depletion even under harsh condition, and their functionality
was retained for longer.

3.6. Pilot Application. As proof of concept, a set of LIS
lenses was integrated into an inspection endoscope device as
stated in section 2.6, and then in vitro experiments were
conducted to demonstrate its performance. In particular,
LIPSS-LIS-treated COC lenses with 100 cSt lubricant were
used in these tests as they fulfilled the criteria for slippery,
durable, antifouling, and transparent surfaces. First, their vision
performance was analyzed by reading a QR code. As shown in
Figure 8a and Video S2, the QR code was imaged clearly
through the LIPSS-LIS lens, and the time required to read it
was less than 1 s, which was comparable with that achieved
with the plain COC lens. In addition, the effectiveness of the
LIPSS-LIS lens in maintaining a clear surgical field was
investigated, too, by immersing the endoscope into blood once
and then observing a printed boarding chess. From Figure 8b
and Video S3, it is apparent that the visibility through the plain
lens was immediately lost due to blood adhesion, while the
LIPSS-LIS lens resisted blood fouling and retained its original
clarity.

Finally, it was essential to test the LIPSS-LIS lens under
harsh surgical conditions that might be encountered, e.g., when

there are surgical complications with severe bleeding. There-
fore, to validate its antifouling response under such conditions,
the endoscope was repeatedly immersed into blood until the
boarding chess could not be recognized anymore. In this
regard, the visible area in percentages was measured every five
blood dipping cycles, and the average results obtained from
three LIPSS-LIS lenses are plotted in Figure 8c. From this plot,
it is evident that the as-treated endoscope lenses did not
exhibit any adhesion of blood after 30 dipping cycles (see the
inset in Figure 8c), retaining 100% visibility. At the same time,
only a small droplet of blood was formed on all the LIPSS-LIS
lenses after 35 dips as shown in Figure 8d, leading to an
average visibility decline of 20%. These findings confirm the
superior blood fouling resistance of the LIPSS-LIS lenses in
severe bleeding conditions and reinforce its performance
advantages in minimizing vision losses in surgical endoscopic
procedures. However, it should be noted that the antifouling
performance of LIPSS-LIS lenses deteriorated dramatically
afterward, i.e., after further immersion cycles into blood as
evident by the sequential images in Figure 8d. For instance, a
partial loss of visibility, i.e., an average vision loss of 46%, was
observed after 40 dips. This was mostly due to the adherence
of a larger blood droplet onto lens surfaces (see the inset in
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Figure 8c), and the visual field was less than 15% after 45 dips.
At the end, the vision through the integrated camera was
totally lost after SO consecutive dipping cycles in blood (see
Figure 8d), and they did not have any blood antifouling
properties anymore (see the inset in Figure 8c).

4. CONCLUSIONS

Surface contamination and fouling of endoscope lenses by
body fluids is a critical issue in surgical procedures, and
therefore a cost-effective method for “imprinting” an
antifouling functionality on them is proposed in this research.
This is achieved by combining the strong capillary forces of
LIPSS with the advantage of LIS in achieving long lasting
antifouling properties without transparency losses. To fabricate
lenses with such LIPSS-LIS treatments serially on thermo-
plastics, a process chain is proposed that combines synergisti-
cally the capabilities of a laser-based surface texturing of
metallic masters with polymer micro/nano replication followed
by lubricant infiltration onto the nanoscale surface ripples.
Although a femtosecond laser was used to “imprint” LIPSS
onto the masters, such topographies could be realized by less
expensive pico- and nanosecond laser sources, which can
further reduce the manufacturing cost. At the same time, micro
injection molding technologies could be utilized instead of the
lab-scale hot embossing to scale up the production of such
LIPSS-LIS-treated thermoplastic lenses, as demonstrated in
our previous research.”’

Because the glass transition temperatures of PC and COC
are less than the autoclave temperatures, such LIPSS-LIS
thermoplastic lenses could be reused by employing standard
sterilization procedures. Furthermore, it is worth noting that
the LIPSS-LIS thermoplastic lenses produced with the
proposed process chain are fully recyclable as no coatings are
required to impart the antifouling functionalities. A simple
washing step can remove the lubricant from the lenses for
downstream recycling after their disposal. Furthermore, the
functionality and durability of the proposed LIPSS-LIS
treatments can be further improved by taking advantage of
the LIPSS tunability. For example, instead of one-dimensional
LIPSS employed in this research, two-dimensional triangular
LIPSS®" can offer isotropic surface properties that can impart
both the lubricant depletion of LIS and also their functional
response.
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