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Abstract

In this study, the potentiality to investigate hygel which can be injected into
crystalline lens is studied. Hydrogel base on tleesensitive poloxamer 407 block
copolymer is prepared by photo-polymerization. Tieeminal hydroxyl groups in
poloxamer 407 are acrylated to form poloxamer 4@¢nymer as the reactive polymer,
and is confirmed using NMR and FTIR spectrometrye Thwer critical sol-gel
temperature of poloxamer 407 macromer is highem ff@oxamer 407 itself when the
concentration is below 20%, but not significant a®2%. The Young’s modulus
would be decreased according to the higher ratipotdxamer 407 that in poloxamer
hydrogel or shorter UV irradiation times, but thencentration of photo initiator is not
significant.

In order to increase the refractive index of potara hydrogel, titanium dioxide
nanoparticle is introduced using the titaniuivi)(chloride as titanium source. Titanium
chloride through the process of hydrolysis, adpldt precipitate and acid-peptization
can get the rutile phase titanium dioxide nanopiagisolution. The refractive index of
poloxamer hydrogel can increase from 1.355 to 1a@brding to the concentration of
titanium dioxide nanoparticles, and all samples Radjood transmission (~90%)
comparable to a 5-year-old natural crystalline lens

Stretch and unstretch experiment shows the PDMSubapvhich filled with the
highest refractive index poloxamer hydrogel hasléngest change of diopter (2.53D),
and the lowest refractive index poloxamer hydradews the smallest change (0.87D).
The average change ability is 16.57%, better timnhuman crystalline lens, about
8.37%.

The gradient refractive index structure in the homerystalline lens also

v



reconstruct by using the electric field method. Tdistribution of titanium dioxide
nanoparticles can be controlled by electric figlgpoloxamer hydrogel, which presents
the radial gradient refractive index profiles. Hiynave cross-linked poloxamer hydrogel
that the gradient refractive index structure cammaéntained. The experiment data also
show the gradient refractive index does have thigyabo increase the image quality.
The novel organic/inorganic hybrid materials showe tpotential to be used for

crystalline lens applications.

Keyword : poloxamer hydrogel, lower critical sol-gel temparat titanium dioxide

nanoparticles, gradient refractive index, injectailaterials
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Chapter 1 Introduction

Human crystalline lens is a plate like transpatens, which contains about 65%
water and 35% organic materials. Crystalline lesms change the shape by tighten or
relax the ciliary muscle, so the objects in thdedént distance can be look clearly on
the retina. (Figure 1)

The crystalline lens would loss its penetrabilithem increases of ages or exposes
to external factors like UV-light. This chronic d&se is called the cataract. The cataract
will be a serious risk of blindness if there isfagther treatment. (Figure 2)

According to statistics of the Department of HealtBxecutive Yuan,
R.O.C.(Taiwan), cataract is th&?Zhronic disease in the aged person, about 42.53%,
just lower than high blood pressure disekase.

Artificial crystalline lens transplantation is th@st common surgical treatment of
cataract in recent years. (Figure 3) Traditionaifieial crystalline lens is made from
Poly (methyl methacrylate), also called PMMA. PMNWs good light transmittance,
but in the room temperature, PMMA is a rigid polymiherefore we need a larger
wound in the process of artificial crystalline lenglantation, about 7-8 mm. (Figure 4)

In recent years, the soft material for artificigystalline lens was invented, so that
the wound could be decreased down to 3-4mm, blitn&ed a wound to put the
artificial crystalline lens in. Current artificiatrystalline lens is single-focus or
multi-focuses, which can not provide the focusingdtion like the human crystalline
lens. The mainly reason is the material we put isttoo rigid, so the patients can not
use the healthy ciliary muscles to change the fo€as this reason, an additional
correction must be wearing.

Treatment method is still moving toward a smalleuwd. If we can remove the



necrosis crystalline lens and save the crystallares capsule, then the injectable
materials can be injected into the capsule by msedhd forming the origin structure.
Thus, the wound will be able to diminish than 1mamd after injected into the
crystalline lens, the shape of capsule is as sartkeaoriginal human crystalline lens.
This way can prevent some diseases due to theatiffshapes of the crystalline lens.

From the anatomy of human crystalline lens, we ktioat the crystalline lens is
not made from homogenous materials. The crystaléne can be roughly divided into
two parts: The lens core group and the externahrorgtions zone (Figure 5). The
refractive index would variation from the core zdoghe external zone according to the
different density of proteins. This gradient refrae index structure can help the
crystalline lens preventing some aberrations.

In this study we want to provide a novel processtly injection method to
simulate the properties of the human crystallims Jénclude the basic optical properties

and gradient refractive index structure.



Chapter 2 Paper review

2.1. Injectable materials

In 1964 Kessle et al. team grdufrst using the liquid silicone materials to injec
into the crystalline lens capsule of rabbits, antdaflexible crystalline lens. This new
development of artificial lens has opened a nevptera- injected crystalline lens.

Injected crystalline lens implantation is a newhtaque that the researchers were
researching on. This method can retain the compste of the ciliary muscle, ciliary
zonule and crystalline lens capsule, and injecteal materials we development to
replace the pathological changes of the crystaléne® When the material was form a
gelation state, the patients can change the cliystdéns curvature by using the origin
ciliry muscle, just like human crystalline lens &dion.

There are some properties we should conform to tleareal human crystalline
lens?

(1) It should be injected into the crystalline lexapsule easily, and the materials do not
leak from the capsule in the case if have extgrregsure.

(2) The materials will not lead to inflammatory ctan, and have good
biocompatibility.

(3) The materials should have good optical propsrtrhe degree of light penetration
should reach 96% or more, the refractive indexoisua 1.41, and has the ability to
filter UV-light.

(4) The materials’ density should a little biggkean the body fluid, and wouldn’t swell
in the water solution.

(5) The materials can inject in the liquid soluti@nd use the physical or chemical

reactions in the rapid cross-linked into an elagétstate.



The detail properties is show in Table 1

Phaco—Ersatz theohthinks a success-injected crystalline lens shéolldw the
four steps(Figure 6):
1. Cataract undergoes emulsification extraction

2. Capsule-zonule-ciliary body framework is mainéal

w

Refilling with an ersatz material

4. Ersatz lens designed to preserve accommodation

2.1.1. Silicon gelation

In the early scientific or technical literature, shoesearcher groups appear to use
poly (dimethyl siloxane), or called the PDMS as thaterial. The PDMS has the
refractive index about 1.40 and density about 0@8Y By copolymerizing PDMS
with other polymers, the refractive index of thetemmls can be increased and at the
same time the specific gravity increases well dugicnt. Such materials are used in
high refractive index foldable crystalline lens.

Kessler et al. team grotipses the following materials as the ersatz matesia
simulate the human crystalline lens: hyaluroniddaonethylcellulose, silicone fluids
(oils), epoxy gels, polyurethane gels, thixotrogaenpounds and silicone elastomers.

Agarwal et al. and Parel et al. team gréupsse the silicon rubbers as the main
material. This material is polymerization from th@nomer which containing the
silicon and other organics. The silicon rubber usethe medicine at middle of 20
because this polymer is very stable in human bodg. silicon rubber is a hydrophobic
material, so the affinity between human body andtene is very poor. The
solidification time is about 12h, so the siliconteral might be leaked out from the

crystalline lens, forming some eye pathologicalnges. Eventually, a silicon material
4



was chosen as the most promising.
Sverker Norrby et al. team groupses a ter-copolymer as the main material, and
combine the other materials as the cross-linkéorim a cross-linked network structure.

But there is no further statement about the mdseria

2.1.2. Hydrogel

Hydrogel is another candidate for a crystallinesleraterial. The hydrogel does not
like silicones, the hydrogel contains water, anelythre still some questions about this
material. The higher refractive index requires leigboncentration of polymers, but too
much polymers will make the hydrogel too viscousnject or too hard to deformation.
Therefore, polymers with high refractive index mus# looked for. Hydrogel is
intuitively attractive, as the hydrogel is feltemllie closer to human crystalline lens. In
fact, the human crystalline lens is a technicallgifogel building by different structures
of proteins.

Hettlich et al. team grofpused the acrylate or methacrylate solution asrthim
materials. Using the UV irradiation, which wave dém is about 400-500 nm, can
cross-link the materials very quickly in the lerspsule, preventing the leakage of
injected materials. But the materials in this ekpental is too hard, and the refractive
index is also too high (~1.51).

Groot et al. team grodpsed the different molecular weight poly (ethylgigeol)
diacrylate and different percentage acrylate medifto-polymer of vinyl alcohol and
N-vinyl pyrrolidone as the main material. The phaotiiator is the copolymer of
(4-vinyl-2, 6-dimethylbenzoyl)-diphenyl phosphineiade (4 mol %) and dimethyl
acrylamide (96 mol %). The absorbed of this phaitator is in the blue light region,

so the light damage on retinal can be reduced.pbihe (ethyleneglycol)diacrylate has
5



high reactivity and high transparency, but the Mgcosity will cause the leakage of
materials. The co-polymer of vinyl alcohol and Nwdi pyrrolidone is to increase the
viscosity and the refractive index of the materiddéhen the co-polymers adjust to
50wt%, the refractive index is about 1.42. With thiéerent percent acrylate modified

group, the mechanical properties can be adjusted, t

2.1.2.1. Pluronic tri-block-co-polyméfs'?

Pluronic tri-block-co-polymer (also called “poloxamer”) is aking up by
polyethylene oxide (PEO) and polypropylene oxidd*@y. The PEO chain is a
hydrophilic molecular, and the PPO chain is a hgtabic molecular. This structure
made poloxamer to be an amphiphilic copolymer. Wiitferent ratio of PEO and PPO
chain length, let polxamer has different charast&s, as show in Table 2.

Amphiphilic copolymer has self-assembling ability ithe solution phase. The
self-assembling structure will change from micétiehe hexagonal, and to the lamellar
with different concentration or the different temgere.

Poloxamer is a PEO-PPO-PEO amphiphilic copolymdrelthe concentration in
the solution is higher than the critical micellencentration (CMC), the solution will
change from solution state to gelation state, deddhe sol-gel transition. The sol-gel
transition temperature is also called the lowetiaai sol-gel temperature (LCST).
(Figure 12)

Ji Won, K. et al. team grotp used poloxamer hydrogel as an injectable
crystalline lens material, and to induce irrevdssilpoloxamer hydrogel by UV
irradiation. A mixture comprising 25% poloxamer &h@1% photo initiator produced a
poloxamer hydrogel that still have good transpayeimcthe rabbits crystalline lens

capsule for up to 6 months. But the refractive indé poloxamer hydrogel was 1.36,
6



and may be too low to be used for crystalline lefiling.(Figure 13)

2.1.3. Polyurethane

Polyurethane is a polymer consisting of a chaiorginic units joined by urethane
links. Polyurethane polymers are polymerizationrégcted a monomer which has at
least two isocyanate functional groups with anothenomer has at least two hydroxyl
groups.

With the different types of isocyanate and hydromgnomers, polyurethane will
has the different properties. Polyurethane has goedhanical strength, resistance to
bending of elastic material, especially its biocatrplity, excellent chemical and
physical stability.

Groot et al. team grodpused the different type of polyalcohols (PVA, PARHP
and EVA) and the different length diisocyanate {tbutane-diisocyanate and 1,
12-dodecyldiisocyanate) as the cross-linker. TheA E®o-polymer has good
transparency, but the Young's modulus is too |&d®1Pa). In the polyurethane system,
it has the rod and coil chain. In aqueous soluisoprone to phase separation, resulting
in the polymer surface scattering phenomena, amanidterial of the light transmission
rate. The experiment chooses the BDI-BDO-BDI ashtoek cross-linker, which can
lower the reactivity and prevent the phase semarabbtaining a product of uniform

and transparent material.

2.1.4. Disulfide gelation

Aliyar et al. team grouf used the acrylamide and N, N'-bis (acryloyl) cysiae

to make the co-polymer. N, N’-bis (acryloyl) cystam has S-S bond, which can be



broken by the dithiothreitol (dithiothreitol candak the S-S bonding to form of thiol
group). The materials will change from gelationtestao solution state. Injecting the
solution state polymers with the 3,3’-dithiodipropic acid in to the lens capsule. The
3,3’-dithiodipropionic acid can regenerate the $¢hd from the thiol group, so the
material is change from solution state to gelastate. This material has the similar
Young's modulus with human crystalline lens. Bt téfractive index of this material is

too low. (Figure 7)

2.2. The high refractive index materials

With the development of practical optics, the agitiproperties of the material
itself seem more important. The high refractiveeixanaterials in optical applications
have their special value. When we use in the priolucof optical lenses, the lens
thickness can be lower down according to the hgfhactive index material, so the
optical components with high refractive index mitecan reduce the space, making a
smaller, lighter optical componerits.

There are several methods to increase the refeadtilex, in the organic or
inorganic ways:

1. Combining the inorganic salts with the hydrodjek PbS'®
2. Combining the polymer that has highly conjugatedaromatic-type with the
hydrogel: like sulfur-containing aromatic methaetgs" 8

3. Combining the metal oxide with the hydrogelgltitanium dioxide?®

2.2.1 Titanium dioxid&" 2

Titanium dioxide has been studied widely accordimgts applications. In recent
8



years, nano-size titanium dioxide is well knowraasemiconductor with photo catalytic
activities

Titanium dioxide has very high refractive index,oab 2.6-2.7, and titanium
dioxide can be produced in the nano size to prethenlight scattering phenomenon.
Production of titanium dioxide nanoparticles can dieided into two reactants: the
inorganic salt of titanium or the alkoxide of titam.

Alkoxide of titanium is high purity and simple ré@mn, and most academics are
using it as the starting reactant to produce titandioxide such as titanium butoxide
(Ti(OBu),)?, or titanium ethoxide (Ti(OEf)?*. Because the hydrolysis of alkoxide
titanium and water was too fast, so we need tot rieathe organic solution without
water to prevent the larger particles produceslinot useful in the water reaction
system.

The inorganic salt is cheaper than the alkoxidditahium. In the production
process of titanium dioxide nanoparticles, firs¢é thorganic salt of titanium can be
reacted into titanium hydroxide, and use the aoidt®n to peptization the titanium
hydroxide to get the titanium dioxide nanoparticle the reactions can be reacting in
the water solution. It is more convenient for piaadt The use of inorganic precursors
rather than organic precursors not only reducesadsé of synthesis but also avoids the
use of organic solvents that could cause pollution.

Natarajan Sasirekha et al. team grdugsed titanium tetrachloride as a precursor
and reacted with an aqueous solution of ammoniatisal to form titanium hydroxide,
and hydrogen peroxide was then added to form pé&tar@ acid. The materials were
characterized by XRD, FTIR, and TEM. The primatariium dioxide particles were
rhombus with the major 10nm and minor 4nm in armatssucture. The sol was

excellent in dispersibility and was stable in nauéand even slight basic conditions with



out causing agglomeration.

2.3. Gradient refractive index (GRIN) structure

Traditional optical material is a homogeneous malteio the refractive index for
the material is a constant. In recent years, natiofgs in optical applications have
been developed such as modification on the reW@actndex of organic optical
material® A light is refracted because there is a diffemafitactive index between the
lens material and the air at the lens surfacejrtbeeasing refractive index of organic
materials can cause stronger refracted effect.

This unique property in material refractive indexprovement provides an
opportunity to produce gradient refractive indeXR({§) structure in optical lens system.
Gradient refractive index (GRIN) means the optio#hterials have a variation or
gradient refractive index inside. GRIN lens cantourally redirect the light beam to the
focal point without the need of tightly-control theurface curvature. It can also
ameliorate the Spherical aberration because o&GfREN structure. The curvature of the
lens and the refractive index gradient in the nialtdroth can affect the focal length
(Figure 8).

Current GRIN lens manufacturing methods are avilahly for glass materiaf.

In recent years, researchers are invented numeneti®ods to make a GRIN lens using
in the organic polymers. Different economic anctetifze methods have been explored,
such as vapor phase tran&ferswollen-gel polymerizatioh and organic-inorganic
composite materiald Controlling the concentration of nanoparticleste polymers in
the organic material can adjust the refractive xndehe nano-size particles play an

important role to prevent the light scattering, tigatarly in the visible wave length

(400-800 nm). A traditional lens design requiresagpheric surface to prevent spherical
10



aberration that decreases the optical quality.

Human crystalline lens is a radial gradient len$iere the refractive index
decreases from the center to the edge. This disiribb of radial gradients can add
focusing power and lower the spherical aberratiddascently, the highly refractive
index nanoparticles-polymer composite materialsehbgen developed. However, the
fabrication of organic within gradient refractivediex is still a challenge.

Franciscus G.H. et al. team grélipse the MMA monomer and PTFPMA polymer
as the materials. The refractive index of MMA igher than PTFPMA,; the density of
MMA is lower than PTFPMA. When the homogeneous mig$ were in a centrifugal
field, the heavier MMA was going toward out sidetbé tube to make the refractive
index higher. Homogeneous mixtures were rotate2Dd@00 rpm for 24 hours, and the
refractive index would decrease from center to dldge of the tube, forming the
gradient refractive index structure.

J.S. Shirk et al. team grotipused the polycarbonate (PC) and polymethyl
methacrylate (PMMA) coextruded from the two singtgew extruders. By adjusting
the melt pump speed the ratio of PC to PMMA carvdrged. Combining the different
ratio of PC and PMMA films layer by layer, the @@ftive index can increase from
center (1.58) to edge (1.49) continuously. Figush®ws the layer-by-layer method can
create a lens with gradient refractive index, bose materials are too hard to use in the
crystalline lens.

Weisong Wang et al. team grddpised the silica nanoparticles and polyacrylamide
hydrogel as the main material. Figure 10 shows shieta nanoparticles were moving
toward the opposite charged electrode and dis&thaccording to the electrical field.
The electrical field phenomena have also been wgdd a circular electrode. The

experiment data were examined by film measuremgstesn and XPS. It has been

11



proven that electrical field in hydrogel film thptesents the radial gradient refractive

index profiles could control the distribution ofnagarticles.
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Chapter 3 Experiment

3.1. Experiment materials

methylpropiophenone

# Material Purity Provider
1 | Pluronic F-127 (Poloxamer 407) - Sigma

2 | Acryloyl chloride 96% Alfa Aesar

3 | Triethylamine 99% Acros

4 | Tetrahydrofuran - Mallinckrodt

5 | n-Hexane - Mallinckrodt

6 | Titanium {V )chloride 99.9% Acros

7 | Sodium hydroxide - Fisher scientific
8 | Hydrochloric acid 36% Fisher scientific
9 | 2-Hydroxy-4’-(2-hydroxy-ethoxy)-2- 98% Aldrich

13




3.2. Experiment Instruments

1.

Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared (FTIR) absorptiorcpa were recorded between
4000 and 400 crhto identify the terminal function groups in poloxer.

Nuclear Magnetic Resonance

The terminal function groups in poloxamer polymesrevexamined by using the
NMR (BRUKER, AVANCE 400) in the D-chloroform solatn.

Abbe Refractometer

Measure all poloxamer hydrogel which containindedlént ratio alkene groups or
titanium dioxide nanoparticles using the Abbe Rsfimeter (Atago&Tokyo,
E1-243) at the wavelength 589.1 nm.

Tension

The mechanism properties of poloxamer hydrogel $esnprere examined by
using the Tension in the rate 5mm/min and stop wihenstrain is 40%. The
Young’s modulus was calculated from slope of thess:-strain curve.

Lithography Steppers

All poloxamer hydrogel which containing alkene guaares cross-linked by using
the Lithography Steppers (Jiann-Haur, JH-1000C)tlie 10mW/cri at the
wavelength UV-light region.

UV-vis Spectrometer

The absorptions of all poloxamer hydrogel were grened using the UV-vis
spectrometer (Thermo Spectronic, \M@Sy). The concentration of all samples
were the original concentration and measure irtia path length cuvette.

X-ray Diffraction

X-ray diffraction study (Philips, X’PERT), using ®ua radiation at 40KV and

14



40mA, was conducted to examine the crystalline @hak titanium dioxide
particles

Particle Size Analyzer

The size of the titanium dioxide particles disttibn was investigated using a
Malvern (Nano-ZS).

Auto Lensmeter

The focal length of PDMS capsule lens containinffetent refractive index

poloxamer hydrogel was measured by auto lensmetéeiunit Diopter.
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3.3. Experimental Procedure

Poloxamer 407 TiCly
Acryloyl chloride * H20)
Triethylamine TioCl,
THF 60C 24 hr

NaOHaq(10M)
pH =7

Poloxamer 407A

Ti(OH),4
Photo initiator —‘ * HCly (36%)

TiO2 nanoparticles

"Wy v 7

Poloxamer hydrogel without Poloxamer hydrogel with Ti©
TiO, (solution) (solution)
(Low refractive index (Hiah refractive index
Temperature > LCST
Sol-gel reaction
Poloxamer hydrogel without Poloxamer hydrogel with Ti©
TiO> (gel) (gel)

Diffusion Method /

Poloxamer hydrogel with
gradient refractive index

l UV-light irradiation

Cross-linked Poloxamer hydrogel with
gradient refractive index
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3.4. Experiment Methods
3.4.1. Modification of the terminal groups of potorer 407

15g of poloxamer 407 was dissolved in 80 ml ofaeydrofuran (THF) and
blended until being completely dissolved. Whengbkxamer 407 was dissolved, 0.67
ml of triethylamine and 0.39 ml of acryloyl chloeidvere added and the reaction takes
place for 24 hrs at 60 After the reaction, the solution was under grdiitel
filtration to remove white salt precipitation to talm a transparent end-modified
polymer THF solution. And then the end-modified ymoér THF solution was slowly
added into 240 ml of n-hexane. The solution wasdee by a stirrer to separate out the
end-modified polymer. Then, vacuum filtration wased to remove n-hexane so that
white precipitate of the end-modified polymer wabtained. Finally, the white
precipitate of the end-modified polymer was drigddm oven at 50 for 24 hrs and
thus puffy white powders of the end-modified polmex polymer (poloxamer 407A)

were obtained. The reaction step was show in Figjlire
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3.4.2. The lower critical sol-gel temperature ofgxamer hydrogel

Poloxamer 407 or poloxamer 407A was dissolved inrdeed water to obtain the
polymer solution which containing different conaation of poloxamer 407 or
poloxamer 407A in 20ml vials, as show in Table Beials were in the water bath
which increasing the temperature at the rate 1 fincim room temperature to 50
the lower critical sol-gel temperature of poloxan#)7 and poloxamer 407A was

determined when the samples did not drop or stijmfimverted vials, as show in Figure

12.
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3.4.3. The mechanism property of poloxamer hydrogel

The different ratio of poloxamer 407 and poloxa@7 A was dissolved in 4.1 ml
deionized water. And then the different concertrati of photoinitiator
(2-hydroxy-4’-(2-hydroxy-ethoxy)-2-methylpropiophame) was added to the mixed
polymer solution and injected 2ml polymer solutiorio a 1cm x 1cm x 2.5 cm
transparent containers. The UV irradiation was usedinitiate the reaction of
cross-linking with different times at the light émsity 10 mWi/crh The container was
removed to obtain the 1cm x 1cm x 2cm poloxamenrdyel sample. The mechanism
properties of poloxamer hydrogel samples were emathby using the Tension in the
rate 5mm/min and stop when the strain is 40%. Toeny’'s modulus was calculated
from slope of the stress-strain curve. The conegintr of materials in the experiment

was show in Table 4.
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3.4.4. Preparing the titanium dioxide nanoparticles

20 ml of titanium tetrachloride was placed in aa lath and 50 ml of ice was
added to obtain a light sticky liquid. Under the lwath, 10M sodium hydroxide solution
was added slowly into the above solution until pi¢ reach 7 and a large amount of
white solids were separated out. Then using theiwacfiltration to filtrate the white
solids. After the solution was removed, white ctagnium hydroxide (Ti(OHy)) cake
was obtained. The cake of titanium hydroxide waseahiwith 500 ml of dRHO again
and blended until being completely mixed. Repeatwhashing and vacuum filtration
steps at least three times, in order to removectileride ions completely. titanium
hydroxide cake was placed in a centrifuge at 90@0fpr 20 minutes to remove the
remnant water. In order to get the titanium dioxidoparticles solution, 0.3 ml of
36% hydrochloride is added into 1g of titanium lopdde cake and blended violently
for 30 minutes to obtain a transparent titaniumdexnanoparticles solution. The
solution dry in the 6@ oven for 24 hrs in orderémove the solvent, and the white
titanium dioxide powders was getted. XRD and Plertgize analyzer were used to

inspect the crystal phase and crystal size.
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3.4.5. Refractive index of poloxamer/titanium dabinanoparticles hybrids

0.3 ml of 37% hydrochloride was added into 1g tdrium hydroxide cake and
blended violently for 30 minutes to obtain a treargmt titanium oxide nanoparticles
solution. Different amount of deionized water walsled separately and blended until
becoming uniform. The poloxmer was added and blgéngeder the ice bath until
dissolved to obtain a polymer solution containing/2/7.5/10 wt% of titanium oxide,
the detail concentration is show in Table 5. UshngAbby refractometer to measure the

refractive index at the wave length 589.1 nm.
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3.4.6. Measuring the focal length based on PDMSwap

Polydimethylsiloxane (PDMS) prepolymer (A) and oagriagent (B) were mixed
together in the weight ratio 10:1, and using a vatypump to remove air bubbles
generated from mixing. The PDMS solution was pougieavly into the mold until the
mold is full up, and then combined the top and dattmolds carefully to prevent
bubble generation. The curvature of the mold was(in mm)for up and down, and

the thickness of the PDMS membrane was @8t Placing the mold in 60 oven for

12 hours, and strip away the mold after solidifydiotain the PDMS membranes.
Bonding two pieces of PDMS membranes together atdaghollow imitation of the
crystalline lens capsule. Poloxamer hydrogel sofutiontaining different concentration
of titanium dioxide nanoparticles injected with 48# needle, and then increases the
temperature to occur sol-gel transition to prewéstleakage. The UV irradiation was
used to irradiate the reaction of cross-linkingtre intensity 10 mWi/cf Place the
PDMS capsule in 1% agar gelation to simulate therenment of human crystalline
lens, and using the clamps to imitate the stretchuastretch state to measure the focal

length changes, the experiment samples were shéwume 14.
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3.4.7. Reconstruct the 1-dimension gradient rafraghdex structure

2 ml of poloxamer solution was injected into a 1gnicm x 5cm transparent
container. Then increasing the temperature t@ 3%oloxamer solution was changed to
the gelation state by sol-gel transition. 1 ml palmer solution containing 10 wt%
titanium dioxide nanoparticles was added aboveg#iatinoids poloxamer hydrogel at
the 35C .Using a paper with equal width lines as the bamltgd and through this
method to observe the change of the lines to déterrmoving distance, as show in
Figure 31.
3.4.7.1. The Fick’s law diffusion method

The container deposed in the horizontal state tevemt the gravity force

movement, and observe the change every 8 hrg2tlirs at the@C.

3.4.7.2. The centrifuged method

The container was deposed in the centrifuge aradewtn different rpm and times,
and observed the change every 5min, till the modistance was larger than 0.5 cm.
3.4.7.3. The electric field method

The container deposed in the horizontal state &vemt the gravity force. The
positive plate electrode was inserted in poloxamairogel which containing 10 wt%
titanium dioxide nanoparticles side and the negafiate electrode was inserted at
poloxamer hydrogel without titanium dioxide nandmdes. Accessing the different
electric field from 5V/cm and 10V/cm to move th&tiium dioxide nanoparticles, and
observed the change every 5min, till the movindadice was larger than 0.5 cm. The

experiment instrument was show in Figure 15.

23



3.4.8. The image quality tests

Polydimethylsiloxane (PDMS) prepolymer (A) and oagriagent (B) were mixed
together in the weight ratio 10:1. Using a vacuuomp to remove air bubbles
generated from mixing. The PDMS solution was pougieavly into the mold until the
mold is full up, and then combined the top and dattmolds carefully to prevent
bubble generation. The mold size was same whict usexperiment 3.4.6. Place the
mold in 60C oven for 12 hours, and strip away thddradter solidify to obtain the
PDMS membranes. Bonding two pieces of PDMS membragether and we can get a
hollow imitation of the crystalline lens capsuleoléxamer solution will be injected
with 18# needles, and then increase the temperait88°C to occur sol-gel transition
to prevent the leakage. Poloxamer solution comginil0% titanium dioxide
nanoparticles was injected into the middle of thestalline lens capsule sample to form
the high refractive index core. The crystallinesl@apsule sample was placed between
two circular electrodes tightly to prevent non-@mtit phenomenon. Applying the
voltage between the outside and central electrthge titanium dioxide nanoparticles
will move toward the oppositely charged electrodecteate the gradient refractive
index structure, as show in Figure 16. Using thie gicture as the background to
observe the image change in the different voltage @mes. The circular electron

instrument using in the experiment was show in FEdLy.
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Chapter 4 Results and Discussions

4.1. Modification of the terminal groups of poloxan#07

Poloxamer 407A is synthesized from the reactionpolioxamer 407 by using
acryloyl chloride. Figure 19 shows poloxamer 4085 la new absorption band at 1723
cm’, appoint to the C=0 stretching vibration becausacoylation, which is lacking in
poloxamer 407 itself. Poloxamer 407 and poloxan@®fAdboth show an absorption
band at 1110.7cth assign to the C-O-C stretching vibration.

The formation of poloxamer 407A is confirmed thrbutd-NMR spectrometry.
Figure 18 shows théH-NMR spectrum has three peaks in the vinyl groops
poloxamer 407A appear in thd.8—6.4 ppm range according to the acrylate groups.
The terminal hydroxyl groups in poloxamer 407 aubsequently converted to the
acrylate groups by the reaction with acryloyl clder The substitution degree of the

poloxamer 407 was about 70%.

25



4.2. The lower critical sol-gel temperature of p@mer hydrogel

Thermo-reversible transition is a unique charastieri of poloxamer, which
depends on the concentration and the ratio of REfioxamer. To observe the effect
of sol-gel transition of poloxamer 407, the loweitical sol-gel temperature tests of
poloxamer 407 and poloxamer 407A are examined.

Figure 20shows the lower critical sol-gel temperature deseeahen increase the
concentration of poloxamer 407 or 407A, and pologad07A shows similar sol-gel
behavior with poloxamer 407. When the concentraisdower than 16wt%, poloxamer
407A can not form a gelation state because thenatigerminal hydrophilic hydroxyl
groups of poloxamer are reacted into the hydropghaturylate groups. The sol-gel
transition phenomenon of poloxamer is known aslfaaseembling mechanism, so the
effect of terminal group modification on the sol-gépoloxamer 407 is significant. The
different lower critical sol-gel temperature betwgmloxamer 407 and 407A is clearly
when the concentration is under 20wt% accordingh® properties of the terminal
groups. But when the concentration is higher thawt%o, the difference is nearly
disappearing, because the increasing concentratipaloxamer can lower the terminal
acrylate effect. Temperature of human body is alB@(@ , so we choose the 18wt% as
the experiment concentration. The sol-gel tempegdtr 18wt% poloxamer solution is
about 25-2& , just little higher than the room terapgre and lower than Human body.
We do not choose the 16 wt% to prevent the critisé@lation appears in the

experiments.
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4.3. The mechanism properties of poloxamer hydrogel

To determine the Young’s modulus of poloxamer hgétcsamples, tension tests
are performed under a constant compression rabenat/min. The Young’s modulus
would determine from slope of the strain-stressesir

Figure 23 and Figure 24 show the Young’s moduluspoloxamer hydrogel
samples change significant when increase the dditfmoloxamer 407 or decrease UV
irradiation times. Poloxamer hydrogel which makenir pure poloxamer 407A and
irradiate for 60s shows the highest Young’s modubalsout 250kPa. The other side,
poloxamer hydrogel which make from 10 wt% poloxa@@rA, 8 wt% poloxamer 407
and irradiation for 30s shows the lowest Young'sdoias, about 18kPa. We also
decrease the concentration of photo initiator frof@5 wit% to 0.025 wt%, but the
experiment data show there is no distinguishabligyween each other. When we want
to increase the ratio of poloxamer 407 or decréAsanitiation times to let the Young’s
modulus fitted the human crystalline lens (~1.5kPalhe samples would be too soft so
we even can not remove the hydrogel from the malithough the Young’s modulus of
poloxamer hydrogel may closer to the human crystalens, but if poloxamer hydrogel
still has the mobility, it is bad for maintain ttsructure of crystalline lens or the
gradient structure we want to make. Because theeabiews, we choose the hydrogel
with 10 wt% poloxamer 407A, 8wt% poloxamer 407,5v®6 photo initiator and

irradiation for 30s as the nearest one.
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4.4. Identification of titanium dioxide nanoparésl

In order to increase the refractive index of poloea hydrogel, the titanium
dioxide nanoparticles is introduced using the titam chloride as titanium source.
Titanium chloride through hydrolysis, adjust the,gbtecipitate and acid-peptization
processes, the titanium dioxide nanoparticles mwlutan be obtained. By drying the
solution which contains titanium dioxide nanopdeicin 60C oven for 24 hrs, the
titanium dioxide nanoparticle is obtained. Comparisvith the original weight, the
solid ratio in the titanium hydroxide is about 20#%. The reducing weight is from the
water which contains in the titanium hydroxide atteé by-products which in the
acid-peptization process.

Figure 25 shows the XRD patterns of the titaniuroxidie nanoparticles, which
made from acid-peptization of the titanium hydrexide can find out all the XRD
peaks correspond to rutile phas®<27.495, 36.154, and 54.442) according to PDF
89-4920. The data show that rutile nanocrystalivas formed. And the experiment data
shows the same crystal phase when the pH in tklepegitization step is lowéf.Figure
26 shows the primary titanium dioxide nanopartictethe particle diameter distribution
has a nano-size about 11 nm. The refractive indextibe phase crystalline is about 2.6
% so we think when adds the titanium dioxide namtiglas into poloxamer hydrogel

can help us to increase the refractive index obxeiner hydrogel.
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4.5. Absorption and transparency of poloxamer hgekro

Poloxamer solution, Poloxamer gelation and poloxanyelrogel containing Owt%
or 10wt% of titanium dioxide nanoparticle are pmegphto measure the absorption and
transparency.

Figure 21 shows all samples have no absorptiohdrvisible region, 400 to 800 nm.
Poloxamer hydrogel containing 10wt% of titanium xdite nanoparticles filters out
most of the UV light and a considerable part of bhee light, due to the titanium
dioxide is a photocatalysis.

Figure 22 shows the pure poloxamer hydrogel hasra igh transparency even at
the 18 wt%, is about 95%. Poloxamer hydrogel coirgi 10wt% of titanium dioxide
nanoparticles will decrease the transparency $jigthdwn to 90%, but still higher than

human crystalline lens transparency at 8 years old.
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4.6. Refractive index of poloxamer/titanium dioxitenoparticles hybrids

The refractive index of poloxamer hydrogel contagndifferent concentration of
titanium dixode nanoparticles is measured by Ableénactometer.

Figure 27 shows the different ratio of poloxamer7 48nd poloxamer 407A
hydrogel mixture has the almost same refractivenadbout 1.355. The experiment
data show the terminal groups of poloxamer 407A mokt affect the refractive index
obviously.

Figure 28 shows the refractive index of poloxamgdrbgel containing titanium
dixode nanoparticles increases when the conceorrafititanium dioxide nanoparticles
increases. The refractive index increases from palexamer hydrogel, about 1.355, to
poloxamer hydrogel containing 10wt% titanium diaxiganoparticles, to 1.407.

The refractive index is an important property fbe toptics system and for the
material. The refractive index for the mixture iscaa function of the material’s density,
molar volume and mass. The refractive index forrtireed material can be calculated

from the Lorentz-Lorenz equation:

1
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n, = The refractive index for i material
f, =The volume ratio for the i material
m =The mass for the i material
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o, =The density for the i material

According to the Lorentz-Lorenz equation, we calcudate the theoretical values
to examine the experiment data are consisting arfigure 28 shows the experiment
data can be fitted to the theoretical values, whimte calculated from the
Lorentz-Lorenz equation. The refractive index ofnkén crystalline lens is nearly
1.41~1.42, so we think poloxamer hydrogel contgni®wt% of titanium dioxide

nanoparticles is practical.
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4.7. Reconstruct the gradient refractive indexcstme using different methods

The pure poloxamer hydrogel or poloxamer hydrogeitaining titanium dioxide
nanoparticles are all transparency, so it is diffico confirm the position of interface.
We use a paper with equal width lines as the backgt so we can through this method
to observe the change of the lines to determin@adisé@ion of the interface.

Figure 31 shows the different line width betweemeppoloxamer hydrogel state
and poloxamer hydrogel which has gradient refractindex structure. Pure poloxamer
hydrogel shows the same line width because thaatdfe index in the pure poloxamer
hydrogel is a constant. Poloxamer hydrogel whicls Igaadient refractive index
structure shows the line width is decreasing whieset to the high refractive index

zone. The different line width change can helpaigdtermine the length of interface

going.

The Fick’s law diffusion method

Fick’s law diffusion is a time-dependent procesganized by random movement
and causing the statistical distribution. The idédiffusion is based on mass transfer,
driven by the concentration difference. Unfortuhathe moving rate for this system is
too slow. The interface spent three days but onbwing about 3mm. According to

Fick’s law of diffusion:

| =2JDt 3)
| = The moving length
D =The diffusion coefficient
t = Moving time
The diffusion coefficient for this system is abo8t68E-8 crfis, which is
intermediate between liquid and solid values sipae@xamer hydrogel is gelation. The
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moving rate is too slow so it is not a good methothe convenient and practical way.

The centrifuge method

A centrifuge is an equipment which puts objectsatation around a fixed axis,
and applies a centripetal force vertically to tkéssaThe centrifuge works using the
sedimentation theory, where the centripetal acatter makes heavier materials to
separate out along the radial direction.

The density of the titanium dioxide is about 4.55tg/cn?, which is higher than
poloxamer hydrogel, so the titanium dioxide nanbplas will separate from the
topside to the bottom side to form the gradienguFeé 32 shows in the centrifuge
process, we find out the viscosity for poloxamedrogel is too high, therefore the
whole poloxamer hydrogel containing titanium dicxidanoparticles will move toward
the bottom side in the bulk state. For this reasee,try to cross-link the bottom
poloxamer hydrogel first to prevent the bulk-movisiguation. Figure 33 shows the
moving rate increase when centripetal acceleraticreases from 1000 rpm to 5000
rpm. When the centripetal acceleration is highant&000 rpm, the centripetal force is
too strong so the container will crack from theedg

According to the centrifugal force equation:

FOre? (4)
F= Centrifugal force

Rotational radius

r
= Angular velocity

The radius we use in the experiment was about 8atthe crystalline lens radius
is only about 0.4cm. We have to speed up the angelacity to maintain the same
centrifugal force to maintain the centrifuge effelttis not convenient for gradient
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refractive index forming and polymer hydrogel mayim the bulk state is still a
problem. The centrifuge is an effective methodawring the gradient refractive index
structure, but it is not suitable for the gradieefractive index forming in this

experiment system.

The electric field method

An electric field is a property that describes #ipace that surrounds electrically
charged particles. This electric field exerts aéoon other electrically charged objects.

The isoelectric point (PI1) of titanium dioxide ibaut pH 5-7. When the pH value
is lower than the PI, the particles will carry thesitive charge, otherwise will carry the
negative charg@ The pH value in the experiment is lower than BHeof titanium
dioxide, so the nanoparticles will carry the pesittharge. When we fixed the electric
field between two electrodes, the titanium dioxmBnoparticles will move from the
positive electrode side to the negative electrade. sTitanium dioxide nanoparticles
were the only charged material in poloxamer hydrkoge we can ignore the other
materials affection.

Figure 33 shows the moving rate by the electrildfraethod is higher than other
two methods even in only 5V/cm. The only chargedema in poloxamer hydrogel
was the titanium dioxide nanopatrticles, so we sthowlt cross-link poloxamer hydrogel
first to prevent the bulk poloxamer hydrogel movimgich we found out in centrifuge
method.

The electric field is defined as follow equation:

F =Eq (5)
F= Electric force
E= Electric field
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gq= Charge of the particles

When we double the electric field from 5V/cm to 10M, the moving rate also
increases from 1mm/6min to 1mm/3min. The highectele field may speed up the
moving rate of the titanium dioxide nanoparticlest the higher voltage might provide
too many energy to cause the temperature of polekamgdrogel increasing. The
electric field can be designed in the differentpgsaaccording to the electrode structure,
so it is possible to make the circular shape atetigld to help us forming the gradient

refractive index crystalline lens.
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4.8. Measuring the focal length based on PDMS dapsu

The focal length of the PDMS capsule is measuredhey autolensmeter. All
poloxamer hydrogel inject into the PDMS capsulecssasfully through #18 syringes.
The PDMS capsules were fully refilled with poloxarhgdrogel, leaving nonoticeable
intracapsule space for further refilling. Poloxanmgdrogel did not leak from the
capsule after refilling because when increase thgpdeature above the lower critical
sol-gel temperature, poloxamer hydrogel change fsmtotion state to gelation state
according to the sol-gel trasition phenomenon.

The PDMS capsule fill with poloxamer hydrogel isefdl in the 1wt% agar gel to
simulate the environment of human crystalline lens.

The stretch and unstretch state is using clampg$atop the PDMS membrane, so
we can tighten the ropes that connected at thepdam change the PDMS capsule
curvature like human ciliary muscles.

Figure 30 shows the unstretch PDMS capsule powerease from 4.2D to
13.875D, and the stretch state increase from 3.@3MD1.35D when we increase the
concentration of titanium dioxide nanoparticlespmloxamer hydrogel from Owt% to
10wt%. The force we apply to the clamp nearly 20fg] the diameter of the PDMS
capsule will change from 1.8cm to 2cm.

According to the lensmaker’s equation

=) Q
2h
1_afn -n), (an+elfo, ) .
rO rO nZ
D= 1fOC (8)
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f= Focal length

n = The refractive index of environment material

n, = The refractive index of the crystalline lens mitler
h= The thickness of the PDMS capsule

d= The thickness of the PDMS membrane

r= The radius of the PDMS capsule

o = The curvature of the PDMS capsule

D= Diopter

The curvature of the PDMS capsule can be calculated equation 6, and the
refractive index of poloxamer hydrogel was measuredh experiment 4.6. We can
calculate the diopter from equation 7 and 8 to campvith the experiment data.

The data which calculated from the lensmaker’s eguaare all conform to the
experiment data, and show the same tendency of PEayiSule power between stretch
and unstretch state when the concentration ofiitardioxide in poloxamer hydrogel
increased.

The change power of the PDMS capsule is about ¥.5vhich is better than

Human crystalline lens, about 8.37%(20.8+5.3D t¥22.4DY".
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4.9. The image quality tests

Spherical aberration is an optical effect obseilvean optical instrument due to the
increased refraction of light rays when they strékéens. The focusing power of lens
edge is stronger than the center, so the lighnhoafocus in one point. According to this
reason, it results in an imperfection of the praliznage.

For the purpose of decreasing the aberration & I gradient refractive index is
introduced. The refractive index in the centerighbr than the edge, so the focusing
power in the center will be enhanced. The gradiefractive index usefulness is just
like other lens, which can amend the path of light.

Figure 34 and Figure 35 show the image qualityubhothe PDMS capsule that
contains the gradient refractive index structureelsctric field method. We inject the
high refractive index poloxamer hydrogel containid@wt% titanium dioxide
nanoparticles in the center of the PDMS capsule.fdbal point in the center is shorter
than the edge due to the high refractive indexthgoimage in the center is blurred
because there is an intercept between the low &yid fefractive index poloxamer
hydrogel. By using the electric field in the ditet electric field strength and times, the
image becomes clearer according to the gradiergateéfe index forming gradually. The
refractive index of poloxamer hydrogel decreasenftbe center to edge, so the focal
length will increase oppositely, so the focal pouill focus on the same point to form
the clearly image. The stronger the electric fihe, less time would consume to get the
same moving distance.

The image quality tests also prove again the ate@igld method can move the
titanium dioxide nanoparticles in the circular foatectron, according to the results in

the reconstruct gradient refractive index strucexperiment.
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Chapter 5 Conclusion

In this article, a practical material for injected/stalline lens is investigated. We
use poloxamer 407 that has the thermo-sensitivpepty as the main material. By
acrylate the terminal groups from hydroxyl groupms dcrylate groups, poloxamer
hydrogel can be cross-linked by the UV irradiatidgsing the different ratio of
poloxamer 407A/407, UV irradiate times and concaian of photo intiator, we can
adjust the Young’s modulus of poloxamer hydrogelotder to increase the refractive
index to near the human crystalline lens, titandioxide nanoparticles was introduced
into poloxamer hydrogel. The PDMS capsule is usetha bionic crystalline lens, and
using the claps to simulate the focal length chamgger the stretch or unstretch state.
Using the electric field method to reconstruct gnadient refractive index is also test in
the experiment.

1. The lower critical sol-gel temperature of poloea 407A is higher than poloxamer
407 according to the terminal function groups. @ifeerent lower critical sol-gel
temperature between 407A and 407 is significantrwiine concentration under
20wt%, but not significant above 22%.

2. Young’'s modulus of poloxamer hydrogel decreasenf230kPa to 18kPa when
increase the ratio of poloxamer 407 and decreaseirtiédiate times, but the
concentration of photo initiate is not obviously.

3. The refractive index increase from 1.355 to 1.4¢hen introduce the titanium
dioxide nanoparticles from Owt% to 10wt% into paoxer hydrogel, and the
experiment data also can be fitted to the Loremtzehz equation theory value.

4. The diopter by using stretch or unstretch PDM#fpsale shows the higher
refractive index of poloxamer hydrogel will havedar diopter, and the different

diopter change between stretch and unstretch ssatalso larger, too. All
3¢



experiment data are fitted by the lensmaker’s eguatalues, which are calculated

according to the curvature and refractive indegarfiples.

5. The gradient refractive index structure by usthg electric field method also
success and pragmatic even at 5V/cm, this methsmd @kvents the bulk-moving
phenomenon that appears in the centrifuge methloe.image quality tests show
the gradient refractive index structure can makerage clearly.

However, the stability of titanium dioxide nanopeds is not test in the
experiment, the refractive index of poloxamer hygostill a little lower than human
crystalline lens (1.42), and the image quality loé ctrystalline lens that has gradient
refractive index structure test only by photod| séeds some accurate valves.

Regardless of the problems that remain to be redphthe results of the
experiment data show poloxamer hydrogel contaititagnium dioxide nanoparticles

has the potential to be an injectable materiatfgstalline lens.
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Figure 1. The human eye structdfe.

Figure 2. (A)The normal, clear crystalline lens (B}aract?®
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Figure 3. The IOL surgery processes: (A) removeptitbological crystalline lens (B)

the IOL inserted to the capsule (C) IOL final piusit™

Figure 4. The different wound size according totthaesplantation material (A) PMMA

(B) soft artificial crystalline lens.
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Anterior Capsule Epithelivm

Figure 6. The four steps of the Phaco—Ersatz theg@y Cataract undergoes
emulsification extraction (B) Capsule-zonule-c¥idnody framework is maintained (C)

Refilling with an ersatz material (D) Ersatz lemsigned to preserve accommodafion.
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Figure 7. The reversible disulfide copolymer hyariagystem*
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Figure 8. Strategy for spherical aberration coioecin a convex len¥
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Figure 9. Steps to fabricate a polymer GRIN [&hs.
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Figure 10. Circular electrophoresis equipment &sevorking schema
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Figure 11. Modification of the terminal groups afigxamer 407.

Figure 12. The sol-gel transition phenomenon (A)tsan state (B) gelation state.
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Figure 14. The PDMS capsule filled with poloxamgdtogel in the (A) stretch (B)

unstretch state. (The diameter of the dime is hg ¢
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Figure 15. The one-dimensional electric field methsing in the experiment

(A) (B)

Figure 16. Circular electrophoresis working schéAjeside view (B) top view.
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(A)

Figure 17. The circular electron in the (A) prof{l8) Lateral view (C) Top view (D)

Experiment instrument.
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Figure 21. UV-vis absorption of poloxamer hydrogginples.
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Figure 25. XRD patterns of titanium dioxide nanatigées (lines:rutile phase JCPDS no.
89-4920).
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Figure 26. The particle diameter distribution ¢dnium dioxide nanoparticles.
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Figure 27. The refractive index of the differertigaf poloxamer 407 and 407A.
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Figure 29. The lensmaker’s equation model.
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Figure 30. The stretch and unstretch focal lendthnges according to the different

concentration of titanium dioxide nanopatrticles.
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Figure 31. (A) The distance of the lines throughopamer hydrogel are equal before
interface moving method (B) The distance of thedithrough poloxamer hydrogel are

decreasing after the interface moving method.
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Figure 32. Poloxamer hydrogel bulk moving phenommeindhe centrifuge method.
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Figure 33. The moving rate with the different meth.o
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Figure 35. The change of image quality accordinthéodifferent times of electron field

at 10V/cm.
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Table 1. Physical properties material of the hueas contents and hypothetical values

of an ideal ersatz

Parameter Value
Refractive index 1.405+0.002
Dispersion coefficient 56.2+2
Transmission factor 0.95+0.05
Specific density 1.06+0.03
H,O absorption 0 (hydrophilic)
Elastic modulus 2X1m? (accuracy unknown)
Elongation limit 50% (accuracy unknown)
Anelastic coefficient 0.5 (theoretical valve)
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Table 2. Physicochemical characteristics of Plufdbiock copolymer®

Copolymer MW  Average no. Average no HLB Cloud point in CMC (M)
of EO of PO 1% aqueous
units(x) units(y) solution (C)
L35 1900 21.59 16.38 19 73 5.3X10°
L43 1850 12.61 2233 12 42 2.2 X10°
L44 2200 20.00 22.76 16 65 3.6 X10°
L61 2000 4.55 31.03 3 24 1.1 X10*
L62 2500 11.36 34.48 7 32 4.0 X10*
L64 2900 26.36 30.00 15 58 4.8 X10*
F68 8400 152.73 28.97 29 >100 4.8 X10*
L81 2750 6.25 42.67 2 20 2.3 X10°
P84 4200 38.18 43.45 14 74 7.1 X10°
P85 4600 52.27 39.66 16 85 6.5 X10°
F87 7700 122.50 39.83 24 >100 9.1 X10°
F88 11400 207.27 39.31 28 >100 2.5 X10*
L92 3650 16.59 50.34 6 26 8.8 X10°
F98 13000 236.36 4483 28 >100 7.7 X10°
L101 3800 8.64 58.97 1 15 2.1 X10°
P103 4950 33.75 59.74 9 86 6.1 X10°
P104 5900 53.64 61.03 13 81 3.4 X10°
P105 6500 73.86 56.03 15 91 6.2 X10°
F108 14600 265.45 50.34 27 >100 2.2 X10°
L121 4400 10.00 68.28 1 14 1.0 X10°
P123 5750 39.2 69.40 8 90 4.4 X10°
F127 12600 200.45 65.17 22 >100 2.8 X10°

Table 3. The concentration of poloxamer hydroge¢hasol-gel experiment

P407 or P407A(Q) O(Q)
16 wt% 0.8 4.2
18 wt% 0.9 4.1
20 wt% 1.0 4.0
22 wt% 1.1 3.9
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Table 4. The concentration of poloxamer hydrogeheaMechanical properties test

Poloxamer  Poloxamer H.O(g) Photo Irradiation

407A(9) 407(g) initiator(mg) time(s)
18/0 0.9 0.0 4.1 2.50 60
16/2 0.8 0.1 4.1 2.50 60
14/4 0.7 0.2 4.1 2.50 60
12/6 0.6 0.3 4.1 2.50 60
10/8 0.5 0.4 4.1 2.50 60
18/0 0.9 0.0 4.1 1.25 60
16/2 0.8 0.1 4.1 1.25 60
14/4 0.7 0.2 4.1 1.25 60
12/6 0.6 0.3 4.1 1.25 60
10/8 0.5 0.4 4.1 1.25 60
18/0 0.9 0.0 4.1 2.50 30
16/2 0.8 0.1 4.1 2.50 30
14/4 0.7 0.2 4.1 2.50 30
12/6 0.6 0.3 4.1 2.50 30
10/8 0.5 0.4 4.1 2.50 30
18/0 0.9 0.0 41 1.25 30
16/2 0.8 0. 4.1 1.25 30
14/4 0.7 0.2 4T 1.25 30
12/6 0.6 0.3 4.1 1.25 30
10/8 0.5 0.4 4.1 1.25 30

Table 5. Composition of the prepared poloxamer dgel containing titanium dioxide

nanoparticles

TiO, Ti(OH), TiO, HCI H)O P407 P407A Photo Total

(Wt%) (9) @ (m) (@ (9 (@) initiator  (Q)
(mg)

0.0 00 0.0 00 410 040 050 25 5.0

2.5 1.0 0.2 03 526 0.64 0.80 40 8.0

5.0 1.0 0.2 0.3 198 032 040 20 4.0

7.5 1.0 0.2 0.3 0.89 0217 0.27 1.4 2.7

10.0 1.0 0.2 03 034 016 0.20 1.0 20
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