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ABSTRACT

Preparation and properties of photoresponsive smart

hydrogel

Hee Ju Kim

Advisor : Prof. Hong Jin Who, Ph.D.
Department of advanced parts and
materials & Engineering,

Graduate School of Chosun

University

On this study, we synthesized photo responsive smart hydrogel using method of
photopolymerization. Photoisomerization of synthesized azo-compound was detected
by UV-vis spectroscopy. Effect of azo—compound was converted trans into cis and
cis into trans by way of dose of 365nm or 400~500nm respectively, and these
transformations were showed. We studied that when using hydrogel to disperse
drug, drug dispersion was showed differently according to physical of chemical
bonding of azo-compound which is inside of hydrogel. And added hydrogel in
azo-vinylether has excellent properties. The difference in switching phenomenon of
azo—compound has showed different aspect because of side chain in azobenzene.
Switching phenomenon of azo-compound in hydrogel was possibly applied to not
only DDS (drug delivery system) but also artificial muscle. Existing artificial
muscle system was progressed using a reversible reaction changes by voltage. but

we expect there is potential possibility of photo responsive hydrogel is reacted by

light.
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< Yong HE Z1&ol A= Azobenzene® ¥ o]Ad&dst Whg-& o] &3l 2% pH,
7], b8 ol Ba gle A, AR S o8& 9 hydrogels Al Ztstod]
S o] 83k hydrogelS X a3t tH14]. o5 IFolA 2HxHE F Bl
hydrogele % 43S o] &3te] Z+7; trans®t cis® A ZFste] #3834 hydrogel® W
3= et UV vis B9 ¢ hydrogels 9458 (pH 76)0] =1 F B9
hydrogelS uv® #|2tE AMZEFL visible?, 18] 1 visible® #A|ZFHE AMEZEL gz ZA}
A E™H hydrogel W9 Azobenzenz-salt: 365nme W& FALEE=E H9- o7 A
HZ o] gtal A4 gEEE FFo] whdoly 3 d-& s, cis Azobenzene ‘3 E| =
isomerization W] ®rh RFE cis JElS] Azobenzeneol| 400~500nme] ¥ & =
St A9 trans A HIE isomerization M ¥= & 4 Qlvh 1A pH 7.69 ¢4FE
2 uvZ AZHE hydrogel2 visibleE ZAFSHA H W cis — trans®  visible® A Z¥
hydrogel & uvsE ZAFSHAl H W trans — cis® v HAA pH 769 &8 HS w36}
A @}t Yong HE 2ol A 233 hydrogele © 7 T?% scheme 2.°] YERY AT}
o] 2] gk hydrogel> -8 7hsdk Lokoll wel Awe] AeEs vgdatA AR = o
W okE HYEE&ER9 §8o] 7heeh Whgd hydrogelel FRHE thdeith o5 =
YA AU st A5doz F2 7 e, scheme 1o YRS, o] & oF
B AdAgzAe $go] 7M53 A=Fu-3d hydrogel?l FFZ table 191 YE AT o]

9% 4G9 ol §d AT Wed hydrogelel MWL el BALL HaHT 4

[o5

f

o{o

AE nEE D ALY FEAIA 2l §& V5T Aoz AYETH17-19]. ofrkst
W oA T2 B VHS @ FEAGAI 2] sde ] Had uet oFES
AA N2 AGgozn Al 2 dX sl =l 25 WS- hydrogel 9
A9 dad ugt 443 FES WE T S Y] "ot

2 A9= Azo-compounde] Zt= F ol H3t RESE o]&sto] salt typed]

Azobenzene™ vinylether type®] Azo-compound’} &4 ¥ =& upz} v}k <zt
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Scheme 1. Drug release behavior of stimuli-sensitive hydrogel

UV (365nm)

Trans(405nm)

)

Scheme 2. The buffer solution translation mechanism of the inside of the hydrogel.



Table 1. Classification of Stimuli-Sensitive hydrogels.

(a) Stimulation type

Type Example

. o pH, Ionic strength, Solvent,
Chemical sensitive o
Specific molecular

Temperature, Electric, light, Sound,

pHysical sensitive .
Pressure, Magnetic force

(b) Stimuli-sensitive hydrogel as drug Carriers

Classification Polymer

Drug

Magnetic Ethylene-co-vinyl acetate

Insulin

. o Ethylene—-co-vinyl acetate
Ultrasonic radiation )
Ethylene—co-vinyl alcohol

Zine bovine

insulin, insulin

. Propranil
Electric field Poly(2-hydroxyethyl methacrylate
hydrochlorode
Naltrexone,
Antibody Poly(ethylene-co-vinyl acetate Ethinyl
estradiol
) . Amoxicillin
Chitosan—poly(ehtylene oxide) .
metronidAzole
Salicyamide
pH Poly(acrylic acid) - PEO Hydrochloride
nicotinamide
Gelatin-PEO Riboflavin
Poly(2-hydroxyethyl methacrylate) Salicylic acid
Temperature Poly(N-isopropyl acrylamide Heparin
Poly(N-isopropylacrylamide-co- o
pH and temperature Y proby Y Calcitonin

butylmethacrylate-co—-acrylic acid)




2.2. Azobenzene?] #Fo|Ad A3 AN HAYFE

Azobenzene == @A 7HE Bol AMEHI v @RS ok dR dFo=
A2-Ax o]F A% (-N=N-)S FAoz UdZd H3d Hd719 Yo we} cis,
trans®] 7|8t oA AAE ZHxIn. ol AA] ool oA trans@ ] ol E AT H
FASHA Hrh o] b= oy A el AT wf, Yo o3 F ofr] HAHS AXA
= A7, trans AEOlA cis FEIE 7]Ee Al F FH Y FE2E JHA I W Eo] o] F
ot ol& 1A FE S trans ofF WAl Ao 365nme] W& FASHA HW sl, s2
g= 7] AHE Holsta, A4 vE 2= FEo] dbdoly WS shH cis ofxdl
Al gz Wk oj itk Wl R cis o] obxwl Aol 400~500 nme] S FAlS
T A% trans®E W& ¢ QM= b H wbeRly o= ofzwlAlolgt= ZAE 9
AUA BT 2 duxe] o] EAE Fsto] AUIHA sk AF, dAxpol 28t

T4 ¥W3E 72T F Atk Aelth ol & scheme 3 o HERH AT

i)



Q Visible "
. —) "N
A:‘ % [— | i"
uv ) y v
9
0° Visible 90 °

uv

180 °

Scheme 3. Three isomers of Azobenzene carbon is represented by grey color,

nitrogen by blue color and hydrogen by white color.



A3HEAE

1. 28A=

B A3 A= monomer?  SKcytecAte] Hydroxyethyl acrylate (HEA), AldrichA}
9] Polyethylene glycol diacrylate(PEGDA), 7}x A% Aldrich AF9] N,N-methylene
bisacrylamide(MBAA), =Z7/WAAZ 24,6-Trimethyl benzoydipHenyl oxide(TPO),
AldrichAFe] Methanol®t AAE ST/HTE AFEstth. ¥ Azo-salt= Tokyo
Chemical AF2e] Azobenzene-4,4'dicarboxylic acid, N-octylamineE Azo-vinylether=
4-(dimethylamino)pyridine,4-Vinyloxy-1-butanol, Triethylamine, Azobenzene -4-
carbonyl chlorideE AA §lo] AL&8tA L, 1o ARES F+FE scheme 5 o FHeEF

A YERA ST

32. Mg & B3 =4

W AP ARRE A9l 43 hydrogele] HigH2 Table 2.9 #Zo] F EFY
Azobenzene-salt?} Azobenzene- vinyletherES #7}slith 43 274 7| =A HE
2 B2 Agdd oy FAE o Imm=E AZeg e, LED lamp:s 405nmE 74 3} 8}
93, PP FilmS 9ol 2x AHEHE gl As=EsS =07 93 20mw/cm’ = 2
A ZE Fot AEE &tk Al FE hydrogele Fg QLES o] &dto] A (25C)2A3}
of Axstdom FSdu = By

3.3. Azo - compound?] A4 € F+Fx 4
Fde 100mlel T EFgaAe miavg #lE . ¥e 5 Imol
Azobenzene-4,4'dicarboxylic acid, 0.018g, 2.5mol n-octylamine 0.096g ¥} THF 20ml

S ¥ F 259 wuty]e] 302 §<F kA7) AL, Ak wuky]e] A2elA 124]3F

_9_



¢ HESAIAT REgo] A EW salt7b A E ] FEA HAHEo] AVIA HeE A
= on FEFELS oF 70%9 Tt Azo-vinylether: Azobenzene? Zthol vinyl
etherE ¢Asl= Ado =2 4-(dimethylamino)pyridine(122.17,0.4mmol,0.049¢,0.1eq),
4-vinyloxy—-1-butanol(116.16,6 mmol,07g, 1.5eq), Triethylamine (101.19, 10mmol,
1.01g, 25eq), THF 30mL & A& 2t2~=d W3 Azobenzene—4-carbonyl chloride
(24468, 1g, 4mmol, leq)S THF 20mL ° =<9 & ==2Z3HI S o] &slo] wHkE
AL de AFEGEAE 0TAAA 1h &<t ‘Qoﬂia}ﬂr EFo] ghRH™ Ao
24h A7l & HHAHS 539 saltE A A $ Rotary vacuum Evaporatord} Z
He ot FEHIL 582 oF 8% A

A E  Azo-vinylether?] % 3292 H'-NMR(FT-NMR Spectrometer, JEOLA}
INM-LA300)2 EAst¥H o, F34-= 300Mz vl AldrichAte] chloroform-d
(CDCly)E AFg3Fdt}h. Figure 1, 2 ol Azobenzene-salt®} Azobenzene-vinylether 34
HAYFS HERH A

3.4. Hydrogel9 Az 94

Azobenzene-salt”} 3H-¥ hydrogelS UV$ Visible LED Lamp® 7 3}ste] &+ 7}
A EF§1 9] hydrogel® RSO XIth HER E=d 277 0.26mIA B2 ExSFe] 4HAA
slavs Fo7] 918 PP filme Y& F 405nm LED 22 A3A7 § whEolzl

S Aol A2 Badin, 2ol HdS B3 shehA Jtuw wEYHA 4
AtEe] AgS olgste]l AsAA REEoX hydrogel A o= QbAsto]l AlZte]
2 T7x W7l A9 gla & ATolM s AeAdS ol &sto] shetA Zhule] o s
hydrogel S A %3t o, o]= Scheme 4 o YeERHA T

N

_10_



Hydrogel UV or Visible

: PP film cover
composite Curin
— ! r

ahals ol ol ol

Scheme 4. Hydrogel®] A2+ & A

3.5. UV-Visible Spectroscopy

Al Azobenzene-salte] UV &3 %+ UV-Visible spectropHotometer(OPTIZEN
2120UV)E AF&3to] A9t A3 Azobenzene-saltE 41 Ao 8w THF9}
G2 WHE T 0~35sec o AL Ao w=FA]AFHA double beam HA o=

et eh.

>

B\

3.6. Hydrogel®] Swelling/ReleaseZ3

2] Aol o8] F3E hydrogels HEE ZEolA] BEste] dx, &% 49 (pHT7.6)
o 33 F Aol dA ATl At F F3
of o3 WUzt FAE FA8stArh 2l
71 FAE HES 2EAA Ee ¥ xwe] £
¥ FAsYon, Smin FASRE 300min A A WEE SASAT SAE
hydrogel®] Swelling / Release (SR) tha3F 22 A(1.1)d thyste] SRS 3k
=t
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w,— W,
Swellingratio(SR) = o X 100 ... (1.1)
0

3.7. Scanning electron microscope (SEM)

Zpe) Ao o9& ZA3tE hydrogel MZS ¥ 2 Lo A AZETH
olg /] #u]¥ hydrogel> A dio] Wol ¥ REZXE g2lst9 2 HitachiAle)

Hitachi S-4800% AF&3F

_12_



(a)

(c)

(e)

(2)

(1)

(k)

(a

/\o/\/\/OH

(b)

(d)

()

(h)

S))

M

——OH

" /\/\/\/\

Lok
)

/N

Scheme 5. Chemical structure of (a)Hydroxyethyl acrylate (b) Polyethylene glycol

diacrylate (c¢) HO (d) Methanol

(e) Methanol

(f) N-Octylamine

(g) 2,4,6-trimethyl benzyl pHenyl oxide (h) N,N-methylene bisacrylamide

(1) 4-(dimethylamino)pyridine (j) Azobenzene—4-carbony! chloride

(k) 4-vinyloxy—-1-butanol (1) Triethylamine
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— OH
P W W W W
HO N + HaN
e}

: R N-Octylamine
Azobenzene-4.4'-dicarboxylic Acid :

Stirring 12h Tetrahydrofuran

o (@]
/\/\/\/\m;— O_ﬁ — N_<i>7||_O_H+3N/\/\/\/\

Figure 1. Synthesis of Azobenzene-salt

AN TN %Q )

4-vinyloxy-1-butanol

Azobenzene-4-carbonyl chloride

ih dropping, 0°c

24h Stirring
Filtering Rotary vacuurn evaporator

column chromatography
Q N
AT N )
(0]
Figure 2. Synthesis of Azobenzene-vinylether
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Table 2. Formulation of the UV-curable systems with varying amounts of Azo-salt
and Azo-vinylether. data values are weight percentage.

(Content of initiator (%) = HEA + PEGDAx1wt%)

(Content of Azo—compound(%) = 100 x 0.4%)

A B C

HEAY 11 11 11
PEGDA? 13 13 13
MBAA? 1 1 1
Darocur TPOY 1 1 1
Methanol 45 45 45
H20 30 30 30
Azo-salt - 0.4 -

Azo-vinylether - - 0.4

Hydroxyethyl acrylate (Aldrich)
Polyethylene glycol diacrylate(PEGDA) (Aldrich)

1)
2)
3) N,N-methylene bisacrylamide(MBAA) (Aldrich)

4) 2.4,6-trimethyl benzoydipHeny! oxide(TPO) (BASF)

_15_



A44d 23 2 1F

4.1. Azo-salt®} Azo-vinylether &4

Azo-salti= dicarboxylacid®} amine& o]&3slo] A4S L Figure 33 22
GFA S FAsIT ZuF oA o wEO N Azo-saltt salte] A
gelst7] #1381 Methanoldll 5o &l 22lar 384 Ao ¢
Azo-vinylether®] T+%Z H-NMR(FT-NMR Spectrometer, JEOLA} JNM-LA300)<
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Figure 3. H-NMR spectrum of the Azo-vinylether
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4.2. UV-Visible Spectroscopy &4 €
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Figure 4. UV-visible absorption spectra of Azobenzene-salt in THF at room

temperature : trans-to-cis by UV Irradiation 365nm.
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Figure 5. UV-visible absorption spectra of Azobenzene-salt in THF at room

temperature : cis-to-trans by visible 400 ~500nm.
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Figure 6. UV-visible absorption spectra of Azobenzene-vinylether in THF at room

temperature : trans-to-cis by UV Irradiation 365nm.
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Figure 7. UV-visible absorption spectra of Azobenzene-vinylether in THF at room

temperature : cis-to-trans by visible 400~ 500nm.
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4.3. morphology of hydrogel
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Figure 8. The SEM of the hydrogel without Azo-compound

(A) (B)

Figure 9. The SEM of the hydrogel with Azo—compound (A) ASM (B) AVM
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B) ©
Figure 11. SEM of the facet of the hydrogel with Azo compound.
(A) ASM (B) AVM

_23_



4.4. Hydrogel®] Swelling / Release &4
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3 Fe Beld EE hydrogel®l 3 &8 50E FHol HdHol ZdEsiilal
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Figure 12. Swelling kinetics of various compositions hydrogel.
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4.5. UV-Vis SpectroscopyE & 3% Rivavirin®] HEE5X4 4+
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Scheme 6. Molecule structure of rivavirin
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Figure 13. Photoisomerization of rivavirin in pH 7.6 buffer solution.
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Figure 14. Drug release of various compositions hydrogel after irradiation.

Table 3. Kinetic analysis result for the drug release of various hydrogel. under

condition described in the legend of Figure 14.

5 min 100 min 15 min 20 min 25 min 30 min

Hydrogel 004 % 007 % 0.1 % 0.1 % 0.1 % 0.1 %
ASM 13 % 16.5 % 19 % 20 % 20 % 20 %
AVM 206 % 288 % 306 % 306 % 306 % 30.6 %
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4.6. Intensityd] @& hydrogeld WEEAN A+
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FeMog WahHA ASMUH9 n w8¥ Azo-salt’} rivavirin &l wx o=
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Relative release ratio (% )

Time (min)

©

Figure 15 . Drug release of various intensity after UV irradiation. (A) Hydrogel
(B) ASM (C) AVM

Table 4. Kinetic analysis result for the drug release of various intensity. under

condition described in the legend of Figure 15.

0 mw/cm? 30 mw/cm? 50 mw/cm? 70 mw/cm? 100 mw/cm?

H 0.01 % 0.03 % 0.07 % 0.1 % 0.1 %
ASM 0.43 % 7.9 % 11.7 % 15.5 % 20.3 %
AVM 1 % 9.3 % 15 % 23.7 % 30.6 %
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2.4. Hydrogel® Swelling/ReleaseZ 3
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2.6. TMA &3

Azo-compound &. & <l%F F7| A% WHIE AL =4

o] oH RXofx duph} dIPAeta =Z FExZ2 =Hs= Au A uh
Azo-compound®] =913 A FA ol A4S doll o FA o= Aol ofd WMo
2k S0l d4e BEsty] fd SAS] As furnaceE A - A2 FEfol A
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Scheme 6. Hydrogel®] TMA =4 ¥4
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Table 5. Formulation of the UV-curable systems with varying amounts of Azo-salt
and Azo-vinylether. Data values are weight percentage.

(Content of initiator (%) = HEA + PEGDAx1wt%)

(Content of Azo—compound(%) = 100 x 0.4%)

A B C
HEA" 11 11 11
PEGDA? 13 13 13
MBAA? 1 1 1
HPC" 5 5 5
Darocur TPO” 1 1 1
Methanol 45 45 45
H,0 30 30 30
Azo-salt - 0.4 -
Azo-vinylether - - 0.4

1) Hydroxyethyl acrylate (Aldrich)
2) Polyethylene glycol diacrylate(PEGDA) (Aldrich)
3) N,N-methylene bisacrylamide(MBAA) (Aldrich)
4) Hydroxypropyl Cellulose (HPC) (Aldrich)

)

5) 2,4,6-trimethyl benzoydipHeny! oxide(TPO) (BASF)
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3.1. Morphology of hydrogel
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Figure 16. The SEM of the hydrogel without Azo—-compound and HPC

(A) (B)

Figure 17. The SEM of the hydrogel in which Azo-compound and HPC.
(A) ASMH (B) AVMH
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(A) B)
Figure 19. SEM of the facet of the hydrogel without Azo-compound and HPC.
(A) ASM (B) AVM
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3.2. Hydrogel® Swelling / Release &4
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Figure 20. Swelling kinetics of various compositions. (A) ASM hydrogel with HPC
(B) AVM hydrogel with HPC
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3.3. UV-Vis SpectroscopyE &3 Rivavirin® W&&E5X4 9+
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Figure 21 . Drug release of various compositions hydrogel after irradiation.

Table 6. Kinetic analysis result for the Drug release of various hydrogel. under

condition described in the legend of Figure 21.

S5min 10 min 15 min 20 min 25 min 30 min
HH 1.2 % 2.4 % 2.4 % 2.5 % 2.5 %
ASM 15 % 20 % 22 % 224 % 227 % 227 %
AVM 21 % 305 % 35 % 39 % 42 %
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3.4. Intensity°]l W& hydrogel9 Rivavirin & &4 a4+
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Figure 22 . Drug release of various intensity after UV irradiation.

(A) Hydrogel + HPC (B) ASM + HPC (C) AVM + HPC

Table 7. Kinetic analysis result for the Drug release of various intensity. under

condition described in the legend of Figure 22.

0 mw/cm? 30 mw/cm? 50 mw/cm? 70 mw/cm? 100 mw/cm?

HH 1.1 % 2.2 % 2.3 % 2.4 % 2.5 %
ASMH 2 % 8.4 % 12.9 % 18.1 % 22.7 %
AVMH 2.1 % 31.2 % 36.4 % 40.1 % 45.9 %
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3.5. Thermal Analysis (TMA)Z 3% hydrogel® switching
EA4 dF

TMA (Thermomechanical Analysis)< Al &2] dimension®] A YEUE A3 4
Fu WstE Agh 2% 283 d(Force)oll tigh 4R SA 3= V)7 oth F AR
7F 45 WA HW O A s AEH e Fu WstE doA Hed olgd W
st7F 1 A8 AREEA O Age ks ZreA &) s AREgth A5 WA

“(Coefficient of Thermal Expansion, CTE), 34 (viscosity), 2 A]ZHgel time)3} =

\“‘P‘
i

=

%, resin® €3} (softening) ¢} flow, delamination &%, F& do] &% modulus, 18
3l creep/stress relaxation 53 & HAHE Adux & HF¢ F2 AREE I o]k
| &A= 4 (polymeric material) 2] 545 Wdl= Aol Wol AREH XL 3l
E3] Alme A FFo o3 A 7]W 3 (dimension changes)E 4 3st= 7|72
A dZEn H(dilatometer) S AT 4~ At} Dilatometry S8 HS A 5ol o3t 3%
(load)®} 71 A4 stress?} " ZA 7 TMA SAWHE zerodl 7M7hE 5ol HE
T Newton®] 3t 7lste] A5 ) F(expansion) = (shrinkage)s 7 gt}
Z2AA1EEe HY=AA7|MA(LVDT; Linear Variable Differential Transformer)Z
Abgetel AlE o WA 3 dolHE S k= Aol Ak

2 A A¥2 TMAY FurnaceE AlA ko] dol 93t hydrogel® W% +55
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Figure 23 . Dimension for pHoto—cured gel films under switching of UV light.
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