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2D Titanium Carbide (Ti;C,T,) in Accommodating

Intraocular Lens Design

Emma J. Ward, Joseph Lacey, Cyril Crua, Marcus K. Dymond, Kathleen Maleski,
Kanit Hantanasirisakul, Yury Gogotsi, and Susan Sandeman*

While intraocular lenses (IOL) are used to restore visual acuity in cataract
patients, they are limited in their development as no clinically available lens
can effectively mimic the accommodative function of the eye’s natural lens.
The optoelectronic properties of 2D transition metal carbides and/or nitrides
(MXenes), including high electronic conductivity, optical transparency, flex-
ibility, biocompatibility, and hydrophilicity, suggest potential use within an
accommodating IOL. This study investigates the use of Ti;C,T, (MXene) as a
transparent, conductive electrode to allow changes in optical power. TisC,T, is
synthesized and spin-coated on hydrophobic acrylate 10OLs, achieving a sheet
resistance ranging from 0.2-1.0 kQ sq~' with 50-80% transmittance in the
visible region. Human lens epithelial and monocytic cells show no cytotoxic
nor inflammatory response to the coated lenses. An adjustable focus test

cell is fabricated using a liquid crystal (LC) layer sandwiched between Ti;C,T,
coatings on a solid support. Molecular reorientation of the LC layer, through
an applied electric field, results in changes in optical power as objects viewed
through the test cell appeared in and out of focus. This study is the first step
toward the use of Ti;C,T, within an accommodative IOL design through dem-

1. Introduction

Cataracts, formed by the aggregation of
proteins on the crystalline lens of the eye,
degrade visual acuity over time.l!! This age-
related disorder accounts for the majority
of the visually impaired population.
The number of patients requiring cata-
ract surgery will continue to rise with an
increase in the average human life span.
The eye’s natural ability to vary optical
power is known as accommodation or
pseudophakia,?3! with optical power being
the reciprocal of focal length measured in
dioptres or m™%. These changes in optical
power are produced through ciliary muscle
contraction and relaxation resulting in
changes of lens curvature to provide con-
tinuous focus.! However, accommodation
is lost as a result of cataract surgery when
the eye’s lens is removed and replaced with

onstration of reversible, controlled, adjustable focus.
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an intraocular lens (IOL). Even though the

existing mechanisms of the eye, such as

ciliary muscle contraction/relaxation and
axial movement remain, the IOL of fixed optical power does not
permit variable focus. IOL development is motivated to mimic
more closely the eye’s ability to retain focus at all lengths. Cur-
rent accommodative intraocular lens (AIOL) approaches uti-
lize the existing mechanisms of the eye. However, the main
limitation associated with these methods is producing a reliable
change in optical power. The ideal AIOL aims to have a con-
trolled, reversible, and fast switching mechanism to seamlessly
move from near to distant vision and vice versa. No clinically
available AIOL reported to date truly restores accommoda-
tion.’” In this article, a new transparent and conductive 2D
material (MXene) was investigated for AIOL design.

A recent development in the field of optoelectronics is smart
contact lenses.l They are wearable optoelectronic devices, pro-
posed for the correction of presbyopia; an age-related disorder
effecting the eye’s accommodative function as the lens hardens
and loses elasticity. These devices operate similarly to liquid
crystal (LC) displays, where the optical anisotropy of a nematic
LC is controlled by an electric field using transparent conduc-
tive electrodes (TCE).) LCs are mesogenic phases of matter,
intermediate between solids and liquids and their average long-
range orientational order is defined by their average direction,
known as the director. Due to their orientational order, they have
two refractive indices—parallel and perpendicular—that can be

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Check for
updates


https://core.ac.uk/display/326657223?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202000841&domain=pdf&date_stamp=2020-05-10

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

manipulated through external stimuli such as, mechanical, elec-
tric, or magnetic fields, allowing molecular reorientation of the
director. This allows switchable refractive indices making them
useful for adjustable focus lens systems.!'’! Many of the proposed
smart contact lenses use indium tin oxide (ITO), a standard TCE,
due to its characteristics of low sheet resistance and high optical
transparency, coated on poly(methyl methacrylate) (PMMA).M
However, the use of ITO comes with some limitations as it is
brittle and therefore not suitable for wearable optoelectronic
applications when flexibility is required.'? 2D nanomaterials,
with high flexibility and electronic conductivity, may be better
suited Graphene variants, for example, have gained interest in
wearable device applications owing to their optoelectronic prop-
erties and biocompatibility.}-1¢] MXenes are a newer family of
2D transition metal carbides and nitrides, that have also shown
potential for optoelectronic applications. These materials have a
unique blend of mechanical, electrical, and physical properties
including transparency in the visible spectrum, high electronic
conductivity (up to 15000 S cm™), flexibility, hydroxide/oxide-
like surface chemistry, and hydrophilicity."-2"!

MZXenes are synthesized from selective etching of layered pre-
cursors, such as ternary carbides and nitrides (MAX phases).?!
With the general formula M,, ;;AX,,, M represents an early transi-
tion metal, A is an element from group 13 or 14 of the periodic
table and X represents carbon and/or nitrogen.”] MXenes can be
produced through wet chemical approaches, selectively etching
away the A-element, resulting in the formation of M, ,X,T,
where T, are terminating groups whose abundance and type
are dependent on the etching process.??l More than 30 MXenes
have been synthesized, since their discovery in 2011, and many
more variants are theorized to exist.23-2% This family of materials
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has demonstrated outstanding potential in energy storage,!?’:%l

electromagnetic interference (EMI) shielding 23 and water puri-
fication.?3? Even though MXene research for biomedical appli-
cations remains in its infancy, they have been used for a number
of applications such as, diagnostic imaging,*334 biosensing,*>-3"]
as antibacterial materials,®®% and in theranostics.***2 The
most investigated MXene, Ti;C,T,, has shown low cytotoxicity to
normal cells when compared to cancerous cells lines.*]

Deposition techniques of MXenes, including spray-, spin-,
and dip-coating, produce high-functioning transparent and
flexible coatings.?** For example, Ti;C,T, antennas that were
bent through a series of different curvatures saw no change in
performance or structure.*! The study shows the flexibility and
stability of the coatings, properties that are useful for electrode
applications. Ti;C,T, electrodes for neural interfaces have been
investigated for sensing applications demonstrating low imped-
ance, high signal-to-noise ratio, and biocompatibility with
regard to neuron cell viability.*®l However, MXenes have not yet
been proposed for an AIOL design or any ophthalmic medical
device application.

Herein, we describe the synthesis and characterization of
Ti;C, T, colloidal solution. Once spin-coated onto a hydrophobic
IOL (Figure 1a), its optoelectronic properties were investi-
gated and biological interactions were assessed. As a proof of
concept design, an adjustable focus lens was fabricated within
a solid support. It was constructed with a LC layer sandwiched
between Ti;C,T, spin-coated glass slides and, through electric
field induced molecular reorientation, a change in refractive
index and therefore optical power was observed (Figure 1b).
The switchable focus demonstrates the incorporation of MXene
for an adjustable focus lens. This is the first study investigating

Proof of Concept Adjustable Focus Lens Design
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Figure 1. Accommodative intraocular lens (AIOL) design. a) A schematic of Ti;C,T, (MXene) spin coated onto an acrylate |OL (Rayner Intraocular
Lenses Ltd, UK) showing fundamental properties of electrical conductivity and optical transparency. b) A schematic of a proof of concept design for an
adjustable focus lens. The fabricated test cell was constructed with Ti;C,T, spin coated glass slides assembled to sandwich a liquid crystal (5CB) layer
in twisted nematic orientation. With no electric field applied the image is out of focus. When the electric field is applied the image is in focus due to

molecular reorientation of the liquid crystal layer.

Adv. Funct. Mater. 2020, 2000841 2000841 (2 of 9)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

the application of a 2D titanium carbide in optoelectronic AIOL
design. Furthermore, the MXene fabricated IOL contributes
to the field of ophthalmology and wearable electronics as cur-
rently no IOL designs involving MXenes have been explored.

2. Results and Discussion

2.1. Synthesis and Physical Characterization of Ti;C,T, (MXene)

Ti;C,T, was synthesized by chemical exfoliation of the MAX
phase precursor, Ti3AlC,. Solvated lithium ions from the lithium
fluoride (LiF) and hydrochloric acid (HCI) etchant facilitated
the intercalation of multi-layered Ti;C,T, to delaminate into 2D
Ti3C,T, flakes, resulting in stable colloidal solutions. A known
volume of the solutions was vacuum-filtered to produce a free-
standing film composed of Ti;C,T, flakes. The cross-section of
the film was captured with scanning electron microscopy (SEM)
(Figure S1, Supporting Information) showing the alignment of
single flakes compacted as a result of the filtration. X-ray dif-
fraction (XRD) patterns of the free-standing film along with the
powdered precursor Ti;AlC, (MAX) are shown in Figure S2, Sup-
porting Information. The (002) peak of the Ti;AlC, MAX powder
and free-standing Ti;C,T, film are 9.5° and =71°. The interlayer
spacing was calculated to be 18.6 and =25 A, respectively. The
increase observed in the c lattice parameter was a result of the
removal of Al and the introduction of surface termination and
intercalated water molecules. X-ray photoelectron spectroscopy
(XPS) of the free-standing film was used to analyze the chemical
composition of Ti;C,T,, as shown in Figure S3, Supporting Infor-
mation. Titanium and carbon were identified as core elements as
well as oxygen and fluorine as terminating groups. Aluminum is
absent in each analysis, consistent with the conversion of MAX
to MXene. Dynamic light scattering (DLS) was used to provide
flake size estimations. One peak was identified on the DLS dis-
tribution (Figure S4, Supporting Information) with an average
size of 1250 nm and a polydispersity index (PDI) of 0.5. UV-vis
spectroscopy was performed (Figure S5, Supporting Informa-
tion), and a peak in the near infrared region was observed for
Ti3C,T,. Corresponding with the literature, the broad peak at
700-800 nm is characteristic of a transverse surface plasmon
mode in Ti;C,T,.”) The extinction coefficient was calculated
from a plot of absorbance versus concentration (inset of Figure
S5, Supporting Information) as 31.34 L gl ecm™.

2.2. Coating and Physical Characterization
of Ti;C,T, Coated Lens

The key attributes of transparent electrodes are to be opti-
cally transparent and conductive, allowing the passage of light
while permitting the flow of electrons. Ti;C,T, was deposited
onto the lens and the coating’s ability to perform as a TCE
was evaluated. Commercially available, hydrophobic acrylate
IOLs (Rayner IOL Itd) were used for this study. First, the
lenses were treated with oxygen plasma to increase the hydro-
philicity of the surface which improves the uniformity of the
coatings. Ti;C,T, was deposited onto the treated lenses by
spin-coating. The optical transmittance of the coated lenses
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showed a broad peak at 700-800 nm, consistent with the
UV-vis peak observed for the colloidal solution as described
in Section 2.1. By varying coating thickness, the optical trans-
mittance can be optimized (Figure 2a). Nanoscale thick-
ness of the coatings was optimized by a combination of
varying the spin speed and concentration of the solution being
coated and by layering the coatings. A numerical formula,
A =0.005t,24 A being absorbance and t thickness in nm, was
used to approximate the MXene coating thickness (Figure S6,
Supporting Information).

Ti3C, T, coated lenses were evaluated as electrodes by meas-
urement of sheet resistance. The bulk conductivity of the
Ti3C,T, free-standing film (Figure S1, Supporting Informa-
tion) was ~6000 S cm?, indicating high quality of the 2D flakes
produced. Sheet resistance of the coated lenses was measured
using a four-point probe technique; the experimental setup,
and calculations are shown in Figure S7, Supporting Infor-
mation. Coatings with varied thicknesses were measured and
their sheet resistance was found to range from 0.2-1.0 kQ sq*
with optical transmittance of 50-80% (Figure 2b). An effective
means of evaluation for TCEs is through their electrical figure
of merit (FoM) which is defined as the ratio between electrical
conductivity (0pc) and optical conductivity (0p,).[*®! The FoM
for the MXene-coated lens was calculated as 1.8 (Figure S8, Sup-
porting Information). The substrate surface could be a limiting
factor with regards to increasing the FoM. When spin-coated,
the centrifugal force orients the Ti;C,T, flakes in plane with
the substrate that could increase resistance and affect electron
flow. The Ti;C,T,-coated IOLs were evaluated for optoelectronic
performance as a TCE. Future efforts will be made to enhance
performance for the desired high optical transparency and low
sheet resistance.

The purpose of an IOL is to allow good visual acuity for the
patient following the removal of a cataract. Visual acuity must
not be diminished when a coating is introduced to the lens.
Therefore, the Ti;C,T,-coated lenses were assessed to deter-
mine the impact of the coating on lens’ optical performance in
terms of optical power and spatial resolution. Since IOLs are
manufactured for the specific requirements of each individual
patient, the axial length of the eye is measured to determine the
optical power required. Standard characterization and quality
tests that are used in the industrial manufacture of IOLs were
performed. Here, no significant difference in optical power
was observed on a series of lenses measured before and after
coating (Figure 2c). Modulation transfer function (MTF) pro-
vides a universal metric based on a lens system’s contrast and
resolution abilities across the optic.*”! No significant difference
was observed in MTF before and after coating (Figure 2d). The
Ti;C, T, coatings did not significantly affect the optical perfor-
mance or quality of the lens. This showcases the advantage of
using Ti;C,T, as a conductive coating since it can provide suf-
ficiently high electrical conductivity at low coating thicknesses
and thus minimally affect the optical performance of the lens.

2.3. Biocompatibility of Ti;C,T, Coated Lens

To further assess the suitability of Ti;C,T, as a coating for
AIOL design, the biocompatibility was evaluated through

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Optoelectronic characterization a) Transmittance spectra of Ti;C,T, coated lenses (black, no coating, colored etc. sequential coatings) mean
SD, n = 3. b) Sheet resistance versus transmittance at 550 nm mean £ SEM, n = 3, error bars for transmittance are too small to be visible on the plot.
c) Optical power measurement on 3 different lens powers before and after coating with Ti;C,T, for each type n =5, mean + SD, analyzed by one-way
ANOVA, p < 0.05. Inset (c) Optical image of spin coated intraocular lens. d) Modulation transfer function (MTF) measurement on three different
lens powers before and after coating with Ti;C,T, for each type n = 5. Both measurements made using a NIMO (NIMO TR0815, Lambda-X, Belgium).

cytotoxicity testing using  (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) MTS
and lactate dehydrogenase (LDH) assays. The results of the MTS
assay (Figure 3a) indicated no significant difference in percent
cell viability for human lens epithelial cells (HLEs) incubated
with Ti3C,T, coated IOLs when compared to the cell and lens
only controls indicating no cytotoxic effects. Findings were sup-
ported by the data from the LDH assay (Figure 3b), showing no
significant cytotoxic effects by Ti;C,T, coated IOLs compared to
cell only controls. These findings demonstrate the cytocompat-
ibility of Ti;C,T, coatings and their suitability for contact with
ocular cell types. However, for IOL design, capsular and uveal
biocompatibility is essential. Understanding the full biocom-
patibility profile for IOL applications requires assessment of
potential interactions with inflammatory pathways which may
Dbe activated following exposure to a biomaterial. Since optoelec-
tronic films such as Ti;C,T, have potential for electron transfer,
it is thought that these materials may interact with biological
systems with the ability to drive harmful processes such as
oxidative stress through reactive oxygen species (ROS) produc-
tion.’% In order to explore this potential, both immunological
activation studies and ROS production were investigated.
Non-adherent THP-1 cells were used to investigate if Ti;C,T,
coated IOLs induced oxidative stress by measuring the gen-
eration of ROS. No significant difference in ROS production
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throughout the study period was observed (Figure 3c). This
demonstrates that under biological conditions, Ti;C,T, coat-
ings do not provoke an increase in ROS production, supporting
the MTS and LDH data indicating that the coatings were non-
cytotoxic, and confirming the suitability of these nanomaterials
for wider biological applications. The results of immunological
cellular studies also supported this conclusion, with no increase
in production of common ocular inflammatory cytokines
IL-6, IL-8, and TNF-o by THP-1 monocytes in the presence of
Ti3C,T, coated IOLs in contrast to LPS stimulated THP-1 con-
trols (Figure 3d-f).

2.4. A Proof of Concept Accommodative Focus Lens Design

To assess the potential use of Ti;C,T, as a TCE in an adjust-
able focus lens system, a test cell was fabricated as a proof of
concept design, (Figure S9, Supporting Information). The test
cell, similar to a LC display, was constructed by a LC layer, of
known thickness, sandwiched between Ti;C,T, spin-coated
glass slides, with twisted nematic alignment (Figure 1b). By
applying an electric field, a change in refractive index of the
LC was observed due to the reorientation of molecules, pro-
ducing a change in optical power of the lens. A typical ther-
motropic LC, 4’-Pentyl-4-cyanobiphenyl (SCB) was used. The

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Biological evaluation for Ti;C,T, coated lenses a) % Cell viability via MTS assay for Ti;C,T, coated lens with HLE cell line, mean + SEM,
n=3, p<0.05. b) % Cytotoxicity by LDH assay for Ti;C,T, coated lens with HLE cell line, mean £ SEM, n =3, p < 0.05. ¢) ROS activity of Ti;C,T, coated
lens with THP-1 cell line, mean + SEM, n =3, p < 0.05. d—f) ELISA data of IL-6, TNF- ¢, and IL-8, respectively for Ti;C,T, coated lens with THP-1 cell

line, mean £ SEM, n=3, p < 0.05.

optical effects observed for 5CB are due to its nematic behavior
at room temperature, positive dielectric anisotropy, and high
birefringence. The alignment of the LCs director field defines
the perpendicular (ordinary “n,”) or parallel (extraordinary “n.”)
refractive index.’Y The refractive index of the test cell, with the
electric field applied, was measured to be 1.7280 + 0.0479 (mean
+ SD, n=3) at 24 °C, 1 =405 nm (Figure S10, Supporting Infor-
mation). A study investigating the effects of temperature on
the refractive indices of 5CB for a range of wavelengths of the
EM spectrum found n. = 1.7232 at 25.4 °C, A = 546 nm,>? con-
firming the test cell with the electric field applied experienced
parallel orientation.

The optical effects of the test cell were observed showing
focused and out of focus objects using the set up detailed in
Section 4.6 and Figure S11, Supporting Information. As a
means of quantifying the switchable focus of the test cell, data
were captured and processed using a Laplacian operator for
edge detection. Differential edge detection operators are used
to provide edge information, for digital image analysis, through
rapid changes in pixel greyscale intensity.’®! The operator com-
pares the greyscale between neighboring pixels and reports the
overall variance (¢?%); if the greyscale values are similar between
pixels then it is assumed that at that point no edge is present.>
For the purpose of this study, the variance of the image’s pixel
greyscale was used as a metric for focus, since an image that
is in focus will have a higher degree of change in pixel grey-
scale than an out of focus image and therefore a higher com-
puted variance value. The inset of Figure 4a shows two digital
images taken with (top image) and without (bottom image)
the 30 V electric field applied. It is clear from the image that
it changed from out of focus to in focus state when the voltage
was applied, as a result of the realignment of the LC. Figure 4a
shows the histograms of each of the image’s greyscale intensi-
ties. There are distinct differences between the plots for each
image. The in focus state (electric field applied) shows a larger
frequency distribution, spread over more dark pixels, whilst
the out of focus state has less of a range. The corresponding
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variance values for the out of focus and in focus state are 3.7
and 24.3, respectively. For simplicity of image processing, the
following investigations were performed on a series of small
black lines (Figure S12, Supporting Information). Variance was
plotted as a function of applied voltage as shown in Figure 4b.
As voltage increased, a gradual increase in the variance value
was observed, implying that the image became more in focus
with the applied electric field. Fréedericksz transitions explain
how the dielectric anisotropy of LCs allow molecular re-orienta-
tion when an electric field is applied.

200

Grey level

70 20 30 0 20 4o
Voltage (V) Time (s)

Figure 4. Digital image processing using the Laplacian operator for the
proof of concept adjustable focus lens design a) Histograms of pixel
greyscale for the inset (a) images of institute logos viewed through the
fabricated test cell. b) Image processing to provide variance (6%) of image
pixels greyscale intensity for a range of voltages. c) Image processing to
provide variance (0%) of image pixels greyscale intensity for a range of
voltages as a function of time, with the switching time (dark purple) and
time the electric field was applied highlighted (light purple).

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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To investigate the dynamic of LC orientation, the variance
value was plotted as a function of time at different applied
voltages, as shown in Figure 4c. The time for LC reorientation
was calculated by subtracting the time at which the minimum
variance value was observed, from the time that the maximum
variance value was observed. For 10, 15, and 30 V, the switching
times were calculated as 2.30, 1.04, and 0.26 s, respectively,
demonstrating a decrease in time taken for reorientation as the
applied voltage was increased.

The purpose of the study was to achieve a change in optical
power through a MXene/liquid crystal lens design. This is the
framework for an AIOL design to allow optical changes as
seamlessly as the natural lens. A number of factors could be
investigated in further work to optimize the performance of the
test cell. These include improvements in electrode efficiency
through a reduction in the sheet resistance of the Ti;C,T,
coating which can be achieved through an increase in the bulk
conductivity of the initial Ti;C,T, solution. It has already been
shown that Ti;C,T, free-standing films composed of larger
flakes have greater conductivity than films produced with
smaller flakes. These smaller flakes have lower sheet resistance,
due to electron flow and less flake to flake electron hopping.l>’!
Larger Ti3C, T, flakes can be isolated after the delamination step
described in Section 2.1.

Next, unwanted optical aberrations could be reduced by
minimizing point defects at the substrate surface, ensuring
uniformity of surface anchoring of the PVA alignment layer.
The thickness of the LC layer determines the voltage required
for reorientation, by decreasing the spacing between the elec-
trodes and therefore the LC layer. This means less voltage is
required. The threshold voltage required for reorientation of LC
in test cell arrangements is a well-investigated topic and studies
have shown that doping LC with nanoparticles, such as gra-
phene oxide, decreases the voltage required to allow reorienta-
tion.”® The data presented in this study shows the potential for
the Ti;C,T, coating to act as a TCE for an adaptive focus lens
application.

3. Conclusion

The first attempt to use a MXene thin film coating as an opti-
cally transparent electrode for an accommodative intraocular
lens design was evaluated. The study demonstrates a syn-
thesis and coating method by which a transparent, conduc-
tive Ti3C,T, thin film can be coated onto an acrylate polymer
IOL surface using an approach which can be further opti-
mized to increase electrical FoM. The study shows the first
use of Ti3C,T, in an adjustable focus lens. Furthermore,
Ti3C,T, coatings did not negatively affect human lens epithe-
lial cell viability, stimulate upregulation of reactive oxygen
species or inflammatory cytokine expression in THP-1
monocytes, demonstrating the biocompatibility of Ti;C,T,
thin films coatings for this application. The Ti;C,T, coatings
did not alter image quality of the lenses with respect to lens
power or spatial resolution. The study demonstrates the use
of Ti3C,T, as a TCE in the first step toward an accommo-
dating lens design following further optimization of MXene
properties for improved sensitivity.
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4. Experimental Section

Reagents: MAX phase Ti;AlC, (A.]. Drexel Nanomaterials Institute,
Drexel University, USA), lithium fluoride (LiF) (powder 300 mesh)
(Sigma-Aldrich, UK), hydrochloric acid (HCl) (Sigma-Aldrich, UK).

Synthesis of TisC,T, (MXene): Hydrofluoric acid (HF), formed in situ,
when 0.8 g of LiF dissolved in 10 mL 9 M HCl. 0.5 g Ti;AIC, was added
gradually over 5 min, etched with continuous stirring for 24 h at 35 °C.
Reaction byproducts were removed by washing with deionized (DI)
water (200 mL) and repeatedly centrifuging (5 min, 3500 rpm) using an
ALC PK 120R Centrifuge. Once a pH of 5-6 was achieved the sediment
was redispersed and hand shaken for 15 min, then centrifuged for 1 h
at 3500 rpm to delaminate. The delaminate product was decanted,
and a known volume of the solution was vacuum-filtered and weighed
to establish concentration (mg mL™). During storage the solution was
frozen at —20 °C.

Physical Characterization of Ti;C,T, Solution: The Ti;C,T, solutions
bulk composition was analyzed by XRD with a powder diffractometer
(Rigaku SmartLab, USA) using CuKe radiation (A = 1.54 A) with 6-26
continuous scan with 0.02° 20 step size, 1's step time, and 10 X 10 mm?
window slit. Ultraviolet-visible (UV-vis) spectroscopy was carried out
using an Evolution 201 UV-vis spectrophotometer (Thermo Scientific,
USA) to characterize optical properties in the wavelength range of
200-1100 nm. Particle size analysis was carried out on MXene solutions
using dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern
Panalytical, UK). Scanning electron microscopy (SEM) (Zeiss Supra
50VP, Germany) was used to image MXene flakes using a MXene
film as the sample produced by vacuum filtering at low concentration
solution onto a porous membrane (Anodisk inorganic filter membrane,
Whatman). No sputter coating was required for the samples. A four-
point probe stand SR-4 (1 mm probe spacing) and Keithley SMU
2450 Source meter (Tektronix, USA) were used to measure the sheet
resistance of the Ti;C,T, free-standing films produced. The bulk
conductivity was calculated using the measured sheet resistance and the
crossectional thickness measured with SEM.

Ti3C,T, Spin Coating onto an Intraocular Lens Material: In order to
produce a uniform coating on a hydrophobic lens polymer substrate
(Rayner Intraocular Lenses Ltd, UK), surface pre-treatment was required
in the form of oxygen plasma using a Henniker plasma etcher (Henniker
plasma, UK). The substrate was subject to a 3-min treatment of pure
oxygen plasma at 100 W and 10 cm?® min~". The treatment cleaned
the surface and increased the hydrophilicity to allow the Ti;C,T, an
adequate coating. 20 UL of a 5 mg mL™ MXene solution was deposited
on to the substrate. A two-step spin coating method was used with an
Ossila spin coater (Ossila, UK), 5000 rpm for 2 min to evenly deposit the
coating followed by 6000 rpm for 1 min to ensure drying of the coating.

Physical Characterization of TisC,T, Coated Lens: The properties of
the coated lens surface were characterized by XPS (Physical Electronics
VersaProbe 5000, USA) and SEM. XPS spectra were collected using an Al
Ko X-ray beam. Dual beam stabilizer was used for charge neutralization.
High-resolution scans were obtained with a pass energy of 23.5 eV.
Spectral transmission of the coated lens was measured using a UV-vis
spectrometer in the wavelength range of 300-1100 nm (Shimadzu, UV-vis
Spectrophotometer, UV-2600, Japan) with an integrating sphere to
collect any light scattered by the lens optic. The Ti;C,T, coatings were
applied incrementally to the polymer lens (n = 3). Sheet resistance
was measured using an electrical transport option (ETO) puck. A four-
point probe orientation was made on the Ti;C,T, coating on the lens
using silver wire and silver conductive paint. The puck was fitted to a
circuit that was connected to the source meter described above. Three
measurements were made per lens and the average values (n = 3) were
reported. Lens quality was assessed through optical measurements
of lens power and MTF using a NIMO measurement system (NIMO
TRO815, Lambda-X, Belgium). These measurements were performed
before and after deposition to ensure that the Ti;C,T, coating did not
affect the lens optically or interfere with resolution or contrast.

Biocompatibility of the Ti;C,T, Coated Lens—Cell Viability: Cell viability
following exposure to material leachate was assessed using the
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CellTiter 96 AQueous One Solution Assay (MTS reagent) (Promega,
USA). A human lens epithelial (HLE) cell line (B-3, ATCC CRL-11421)
was purchased from the American Type Culture Collection (ATCC)
and cultured in growth medium Minimum Essential Medium (MEM)
supplemented with 20% FBS and 1% non-essential amino acids (NEAA)
at 37 °C, 5% CO,. Cells were passaged by standard trypsinization, plated
at a seed density of 5 x 10* cells per well in a 96 well plate and were
incubated at 37 °C, 5% CO, for 24 h. Material leachate was prepared
using lenses coated with Ti;C,T, (detailed in Section 4.4). Coated lenses
and controls were sterilized with ultraviolet (UV) light, allowing 60 min
per side. Uncoated lenses were used as a negative control. Tin maleate
coated polymer discs were cut to a surface area comparable to that of
the lenses and were used as a positive control. Each material type was
placed into the wells of a 48 well plate, 250 UL of medium was added, and
plates were incubated at 37 °C, 5% CO, for 24 h. Following incubation,
the material leachate was removed from the wells, 100 L of it was then
added to the plated cells. Plates were incubated at 37 °C, 5% CO, for a
further 24 h. The MTS reagent was prepared according to manufacturer’s
instructions and 100 pL was used to replace the spent leachate media.
After an incubation of 2 h at 37 °C, 5% CO,, the absorbance at 490 nm
was recorded using an ELx800 Universal Microplate reader (Biotek,
USA). The experiment was repeated in triplicate. Cell number was
calculated from a standard curve of cell density against absorbance at a
wavelength of 490 nm. Percentage cell viability was calculated relative to
the cell only control.

Biocompatibility of the TisC,T, Coated Lens—Cytotoxicity: Cytotoxicity
was assessed using the CytoTox96 non-radioactive cytotoxicity assay
measuring LDH release by lysed cells (Promega, USA). HLE cells were
passaged by standard trypsinization, plated at a seed density of 5 x 10*
cells per well in a 96 well plate and were incubated at 37 °C, 5% CO,
for 24 h. Leachate media was prepared and introduced to the seeded
cells as described in Section 2.6.1 and plates were incubated at 37 °C,
5% CO, for 24 h. 10 pL Lysis solution was added to half of the plate
to establish maximum LDH release and plates were then incubated for
45 min, 50 pL of media from each well were transferred to a new plate
and 50 puL of the substrate mix, prepared according to manufacturer’s
instructions, were then added to each well. The plate was incubated at
room temperature in the dark for 30 min prior to addition of 50 L of the
stop solution to each well. The absorbance at a wavelength of 490 nm
was recorded using an ELx800 Universal Microplate reader (Biotek, UK).
The experiment was repeated in triplicate.

Biocompatibility of the Ti;C,T, Coated Lens—Immune Response: Cytokine
production was quantified following incubation of coated lenses
with monocyte THP-1 cells (ATCC TIB-202) using an enzyme-linked
immunosorbent (ELISA) assay for interleukin 6 (IL-6), interleukin 8 (IL-8),
and Tumor necrosis factor (TNF-¢). The following ELISA assay kits were
used: BD OptEIA Human IL-6 ELISA Kit Il, BD OptEIA Human [L-8
ELISA Kit Il and BD OptEIA Human TNF ELISA Kit Il (BD Biosciences,
USA). THP-1 cells were purchased from the ECACC and cultured in
growth medium Roswell Park Memorial Institute (RPMI) with 10% FBS
at 37 °C, 5% CO,. The sterile, coated and uncoated lens samples were
transferred into the wells of a 48 well plate. THP-1 cells were centrifuged
and 300 puL of a 1x 10 cells mL™" cell suspension was added to each of
the lens and control wells. 30 uL of lipopolysaccharide (LPS) (Sigma,
UK) at a concentration 20 ug mL™' was added to half of the plate at
time zero as a positive control. The plate was incubated at 37 °C, 5%
CO, for 24 h. Media from each well was removed and centrifuged with a
Heraeus Pico 17 Microcentrifuge (Thermo Fisher Scientific, UK) at 800 g.
The supernatant was analyzed by ELISA (BD Biosciences, UK) according
to manufacturer’s instructions using sample dilutions of 1in 5, 1in 5,
and 1in 600 for IL6, TNF-¢, and IL8, respectively. Each experiment was
repeated in triplicate.

Biocompatibility of the TisC,T, Coated Lens—Oxidative Stress: Sterilized,
coated, and uncoated lenses in a 48 well plate were incubated with
THP-1 cells to evaluate ROS production on exposure to Ti3C,T, coated
lenses. Cells were stained with dichloro-dihydro-fluorescein diacetate
(DCFH-DA) at a working concentration of 50 mm for 40 min followed
by washing cycles with PBS until the cells were redispersed in FBS free
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RPMI. 300 pL of the cell suspension prepared at a seeding density of
3 x 10° cells mL™" was added to each well. Hydrogen peroxide (H,0,)
was added to half of the plate at a concentration of 0.8 mm at time zero
as a positive control for induction of ROS. The plates were incubated
at 37 °C, 5% CO, for 1 h. After incubation, 100 uL of the media was
transferred into an opaque walled 96 well plate and fluorescence was
measured at an excitation/emission wavelength of 485 nm/520 nm.
Each experiment was repeated in triplicate.

A proof of Concept Accommodative Focus Lens Design: A test cell was
fabricated when a LC layer was sandwiched between two Ti3C,T, spin-
coated microscope slides. Before spin-coating the microscope slides
(Superfrost plus microscope slides, VWR international, UK) were subject
to oxygen plasma using a Henniker plasma etcher (Henniker plasma,
UK) for 10 min at 100 W and 10 cm® min™". Next, 500 uL of a 5 mg mL™"
MXene solution was deposited on to the glass and a two-step spin
coating method was used with an Ossila spin coater (Ossila, UK),
5000 rpm for 2 min followed by 6000 rpm for 1T min to ensure drying of
the coating. MXene coated slides were placed in the oven at 80 °C for
24 h, to dry. A solution of 3% PVA (in water) was spin-coated onto the
Ti3C,T, coated slide (1500 rpm for 1 min) and placed in the oven (80 °C)
for 1 h. PVA coated Ti;C,T, slides were wiped with a microfiber cloth
parallel to the long edge of the slides for alignment of the LC. A 50 um
film was used as a spacer and the glass slides were assembled (Figure S9,
Supporting Information). Once constructed, the test cell was filled
with LC (5CB (Sigma-Aldrich, UK)), by allowing capillary action to draw
the 5CB into the void between the layers. Copper tape was placed on
the Ti;C,T, coating and wires connected to a Keithley SMU 2450 Source
meter (Tektronix, USA).

The refractive index of the test cell was measured both with
and without applying an electric field, using a purpose-built in-line
laser refractometer. The experimental setup (Figure S10, Supporting
Information) was composed of a diode laser (Thorlabs CPS405, USA)
emitting a beam at 405 nm, a 100 um precision pinhole to clip the laser
beam, translation and rotation stages to position the microscope slide
assembly, and a CMOS camera (Basler ace acA1920-40gm, Germany)
to record the beam’s position shift. The position of the laser beam was
recorded both with and without applying a 20 V electric field, allowing
the beam shift (measured by sub-pixel affine image registration) to yield
the change in refractive index using Snell’s law.

The angle of the test cell holder relative to the laser beam was
precisely measured by replacing the test cell with a sapphire optical
flat and computing its angle from the induced laser beam shift. Once
the angle of the test cell is known the only remaining unknown in the
beam shift calculation is the refractive index of the LC layer in the test
cell. Although the laser beam had a Gaussian profile, microscopic-scale
refractive index gradients within the LC disrupted the radial energy
distribution of the beam. The aberration was corrected by applying a
frequency filter to the distorted beam profile images, so that the beam
shift could be accurately measured.

Optical focus of the test cell was investigated when an electric field
was applied, and the changes observed. An Olympus em10ii camera
connected to a M.Zuiko 12-40 f2.8 pro lens was used to capture the
data. Figure S11, Supporting Information, shows a schematic of the
experimental setup, with the text being viewed through a lens, then
through the test cell, by the camera. The object, lens, and test cell were
all set at fixed distances in order to observe the expected change in
optical power and therefore focal length. The electric field was applied to
the test cell using a Keithley SMU 2450 Source meter (Tektronix, USA).
A range of voltages were applied incrementally and held for 15 s before
each image captured (Figure 4b). The investigation of the optical effects
over time was performed on 10, 15, and 30 V, the voltage was applied for
30 s. The camera was set to record for 1 min to allow the initial switching
time to be observed as well as the molecular relaxation time (Figure 4c).

The data were processed using a Laplacian differential function
of the OpenCV 4.2.0 library written in Python (Figure S13, Supporting
Information). All image frames were aligned prior to the processing.
Examples are shown in Figure S14, Supporting Information, as controls
to demonstrate the function of the operator with examples of high and
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low variance where the images are in and out of focus respectively.
An example of the image processing from the operator can be seen in
Figure S12, Supporting Information.

Statistical Analysis: The statistical software package GraphPad Prism
7 was used for all statistical analyses. All biological data were analyzed
using a Shapiro-Wilk normality test followed by a one-way ANOVA and a
Tukey's multiple comparison test, p < 0.05. Optical power measurements
were analyzed with the Shapiro-Wilk normality test followed by a paired
t-test, p < 0.05. Errors are shown as standard deviation (SD) and
standard error of the mean (SEM) where stated.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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