
CHAPTER IV

R E S U L T S  A N D  D ISCU SSIO N

4.1. Synthesis o f oxidation o f graphite

T h e  graph ite  w as o x id ize d  w ith  F L S C V N a N C V K M n C C  und e r son ica tion . T h ey  

c o u ld  b e  p a rt ia lly  se pa ra ted  from  o n e  a n o th e r  by  cen trifug a tion  (Figure 4.2). V a riou s 

sh apes o f  ca rb o n -b a sed  m a te r ia ls  in c lu d in g  tubes , shee ts and  spheres , w ere  o b ta in e d  

(d e te rm in ed  by  SEM, TEM  and  HR-TEM). C en tr ifuga tion  at 9,400 g re su lte d  in 

p re c ip ita n t o f  a rtifacts and  large pa rtic le s. Th e  su p e rn a tan t w as th e n  cen tr ifuged  at 

11,300 g. T h e  p re c ip ita n t w as re -d isp e rsed  in d is t il le d  w a te r (F raction  1, FI). T h e  

su p e rn a ta n t w as cen trifuged  a t 21,100 g. T h e  p re c ip ita n t w as re -d isp e rsed  in d is t il le d  

w a te r  (F raction  2, F2). T h e  su p e rn a ta n t w as cen trifuged  a t 37,600 g (F igure 4.1). T h e  

p re c ip ita n t w as re -d isp e rsed  in d is t il le d  w a te r (fraction  3, F3) and  th e  su p e rn a tan t 

w as used  as fra ction  4 (F4). A fte r th a t th e  F4 w as f ilte re d  by  u ltra f ilt ra t io n  (po re  s ize  

o f  100 nm ) to  ob ta in  fra c t io n  5 (F5). Each fra c t io n  w as ch a ra c te r iz ed  b y  UV-V is 

sp e c tro m e try , SEM, TEM , FIR-TEM, SAED, ATR-FTIR, Ram an sp e c tro sco p y , EA, TGA, XPS, 

DLS, and  CLSFM .

F igure  4. 1 P ic tu re  o f  F3 su sp en s io n  a t 100 p p m  in  w ate r ( le ft)  an d  F4

su sp en s io n  a t 100 p p m  in w ate r (right).
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Carbon-based
nanomaterials

centrifuge at 9,400 g 10 m in

supernatant precipitate (artifacts)

centrifuge at 11,300 g 15 m in

supernatant precipitate (CN Ts and GOShs) (F I)

centrifuge at 21,100 g 15 min

supernatant

centrifuge at 37,600 g 30 m in

supernatant (CCN s) (F4)

ultrafiltration

C C N s  after filtration (F5)

-V'5

precipitate (GOShs) (F2)

precipitate (GOShs) (F3)

Figure 4. 2 Separation o f carbon-base nanomaterials
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4.2. Characterization

T h e  s tru c tu ra l ch a ra c te r iz a tio n  w as ca rried  o u t b y  UV-V is sp e c tro sco p y , SAED, 

ATR-FT-IR, Ram an sp e c tro sco p y , XPS, and  EA. T h e  m o rp h o lo g y  w as ch a ra c te r iz ed  by 

SEM, TEM  and  HR-TEM. T h e  p a rt ic le s  s ize  w as a n a ly z e d  by  DLS.

Table 4. 1 The structural and morphology characterization of carbon-base 
materials

S am p le s S tru c tu ra l ch a ra c te r iza tion M o rp h o lo g y

cha ra c te r iza tion

F raction  1 (FI) - TEM

Fraction  2 (F2) - SEM

Fraction  3 (F3) UV-V is ab so rp tio n , SAED, ATR- 

FT-IR, Ram an sp e c tro sco py , 

XPS, and  EA

TEM  and  HR-TEM

Fraction  4 (F4) UV-V is a b so rp tio n , SAED, ATR- 

FT-IR, Ram an sp e c tro sco p y , 

XPS, and  EA

SEM, TEM  and  

HR-TEM

Fraction  5 (F5) - TEM
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The morphology characterization
4.2.1 Scanning electron microscopy (SEM)

SEM  ph o to g raph s  o f  F2 and  F4 are sh ow n  in T a b le  4.2. T h e  SEM  ph o tog raph  

sh o w ed  sh ee t like  m a te r ia ls  fo r F2 and  sp h e r ica l a rch ite c tu re  fo r F4. T h e  average 

d ia m e te r  o f  F4 c a lc u la te d  from  SEM  im age (30,000x) w as 129.6 ± 0 .1  nm .

Table 4. 2 SEM photographs o f F2 and F4
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T a b le  4. 2 SEM p h o to g rap h s  o f F2 an d  F4 (co n t in u e d )
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T a b le  4. 2 SEM  p h o to g rap h s  o f  F2 and  F4 (co n t in u e d )
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4.2.2 Transmission electron microscopy (TEM)

TEM  ph o tog raph s  o f  F I , F3, F4 and  F5 are sh ow n  in T a b le  4.3. T h e  TEM  

im ages o f  F I sh o w ed  shee ts like  p a rt icu la te s  m ixed  w ith  ro d -sh ape  pa rtic le s. The  

leng th  range w as 500-1 ,000 nm . T h e  T EM  im ages o f  F3 sh o w ed  sh ee ts  like m a te r ia l 

w ith  s ize  range o f  100-300 nm . T h e  TEM  im ages o f  F4 sh o w e d  sp h e r ica l sh ape  w ith  

size  range o f  100-200 nm . T h e  T EM  im ages o f  F5 sh o w e d  sp h e r ica l sh ape  w ith  s ize  

less th a t 100 nm.

Table 4. 3 TEM photographs o f FI, F3, F4 and F5
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T a b le  4. 3 TEM  p h o to g rap h s  o f  F I, F3, F4 and  F5 (co n tin u ed )

S am p le s M agn ifica tion

20,000x

40,000x

l,200x

S ca le  bar 

( p m )  

0.1

0.02

TEM  im ages
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T a b le  4. 3 TEM  p h o to g rap h s  o f  F I, F3, F4 an d  F5 (co n tin u ed )

S am p le s M agn ifica tion S ca le  bar 

(pm)

TEM  im ages

F4 20,000x 0.2
ะ*’'!

1;'

ะท. •*

60,000x 0.2

ไ

*jL



59

T a b le  4. 3 TEM  p h o to g rap h s  o f  F I, F3, F4 and  F5 (co n tin u ed )

S am p le s M agn ifica tion S ca le  bar 

(pm)

T EM  im ages

F5 20,000x 0.1

•

1, ■■ 1#ไ 
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4.2.3 High-resolution transmission electron microscopy (HR-TEM)

T o  in ve stig a te  m o rp h o lo g y  in d e ta il, h ig h -re so lu tion  tran sm iss ion  e le c tro n  

m ic ro s co p y  w as used. T h e  HR-TEM  ph o to g raph s  o f  F3 and  F4 are sh ow n  in T a b le

4.4. T h e  HR-TEM  ph o tog raph  o f  F3 sh o w e d  sh ee t- lik e  m a te r ia l w ith  6-8 layers 

(400,000x w ith  6x d ig ita l zoom ). T h e  HR-TEM ph o to g raph s  o f  F4 sh o w ed  sp h e r ica l 

sh ape  ( l,0 0 0 x  and  20,000x). T h e  100,000x HR-TEM p h o to g raph s  o f  F4 sh o w ed  

aggregation o f  m an y  h o llo w  sp h e r ica l sh apes w ith  a d ia m e te r  o f  ~ 5  nm. T h e  re su lt  

in d ica te d  th a t c ircu la r s tru c tu res in F4 are large sp h e r ica l aggregated o f  n u m e ra l 

sm a ll sp h e r ica l p a rt ic le s  (F4, 100,000x).

Table 4. 4 HR-TEM photographs of F3 and F4
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T a b le  4. 4 HR-TEM  p h o to g rap h s  o f  F3 an d  F4 (co n tin u ed )

S am p le s M agn ifica tion

400,000x w ith  

X6 d ig ita l z o o m

l.OOOx

20,000x

S ca le  bar

(pm)

0.005

HR-TEM ph o to g raph s



62

T a b le  4. 4 HR-TEM  p h o to g rap h s  o f  F3 an d  F4 (co n tin u ed )
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4.2.4 Dynamic light scattering (DLS)

T o  a n a ly ze  h yd ra ted  p a rt ic le  size, d y n a m ic  ligh t sca tte ring  (DLS) w as used. 

T h e  average h yd ra ted  d iam e te r  and  ze ta  p o te n t ia l o f F3 an d  F4 are sh ow n  in T a b le

4.5. T h e  s ize  d is tr ib u tio n  p ro file s  o f  b o th  sa m p le s  are sh ow n  in a p p e n d ix  A. T h e  

average h yd ra ted  d ia m e te r  an d  su rface  charge o f  F3 w e re  271.1 ± 7.22 nm  and  -

50.21 ± 0.73 mV, re spec tive ly . T h e  average h yd ra ted  d ia m e te r  an d  su rfa ce  charge o f  

F4 w e re  132.1 ± 4.74 nm  and  -47.56 ± 1.18 m V, re sp e c tiv e ly . T h e  average d ia m e te r  

o f  F4 o b ta in e d  from  DLS is q u ite  s im ila r to  th a t o f  110.8 ± 0.09 nm  o b ta in e d  from  

SEM. T h e  h igh ly  n eg a tive ly  charged  su rface  (m ore  than  -30m V) o f  b o th  p a rt ic le s  

in d ica te d  good  s tab ility  in w a te r183.

Table 4. 5 Physicochemical characteristics of carbon-based materials

S am p le

Pa rtic le  size  

d is tr ib u tio n  

from  SEM

Pa rtic le  s ize  

d is tr ib u tio n  

from  DLS

PDI Ç p o te n t ia l

F3 - 271.1 ± 7.22 0.414 -50.21 ± 0.73

F4 110.8 ± 0.09 132.1 ± 4.74 0.387 -47.56 ± 1.18

From  SEM, TEM  and  FIR-TEM im ages o f  w a te r d isp e rs ib le  pa rtic le s, va riou s 

o b ta in e d  from  th e  p rocess , it can  be  c o n c lu d e d  th a t F I w as a m ix tu re  o f  large (500- 

5000  nm ) rod and  sh ee t p a rt ic le s  w he rea s  F2 an d  F3 w e re  m o s t ly  ca rb on  sh ee t w ith  

decreas ing  in size  (200-5000 nm  and  100-300 nm , re spec tive ly ), and  F4 an d  F5 w ere  

aggregate o f  m an y  sm a ll sp h e r ica l pa rtic le s . S ize  o f F4 w as 100-200 nm  w h ile  F5 w as 

sm a lle r  th an  100 nm . DLS in d ic a te d  th a t F3 and  F4 w ere  s ta b ly  d isp e rsed  in a q u eo u s  

so lu t io n . F3 and  F4 w ere  s e le c te d  fo r fu rth e r ch a ra c te r iz a tio n  du e  to  th e ir  good  

d isp e rs ib le , d e s ira b le  s ized  and  m o rp h o lo g y .
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The structural characterization

4.2.5 UV-spectroscopy

T h e  UV-V is a b so rp tio n  spectra  o f  F3 and  F4 w e re  s im ila r w ith  a m ax im u m  

ab so rp tio n  a t 227 nm  and  an e x te n d e d  ab so rp tio n  up  to  600 ททา (Figure 4.3), w h ich  

c o rre sp o n d e d  w e ll w ith  th e  p re sen ce  o f  an e x te n d e d  ท-ท con juga tio n  n e tw o rk ’"3 ' s.

1

W avelenght

Figure 4. 3 uv absorption spectra of F3 (gray line) and F4 (black line) at final

concentration of 8 ppm
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4.2.6 Selected area electron diffraction analysis (SAED)

To  o b se rve  c ry s ta llo g ra p h ic  o r ie n ta t io n  o f graph ite , g raphene  n a n o p e lle ts  

(GNPs), F3 and  F4, w e re  a n a ly ze d  by  se le c te d  area e le c tro n  d iffra c tion  ana lys is  

(SAED). SAED pa tte rn  from  th e  m u lt ila y e r  region o f  graph ite  and  GNPs are sh ow n  in 

Figure 4.4a - 4.4c. SAED pa tte rn  o f  g raph ite  sh o w ed  c le a r  d iffra c t io n  spo ts  d u e  to  

c ry s ta llin e  o rde r (Figure 4.4a). SAED pa tte rn  o f  GNPs sh o w e d  s im p le  hexagona l 

pa tte rn  o f  sharp  sp o ts  (Figure 4.4b and  4.4c). SAED pa tte rn  o f  F3 a lso  sh o w ed  s im p le  

hexagona l p a tte rn  o f  sharp  spo ts  (Figure 4.4d- 4.4e). SAED pa tte rn s  o f  F4 sh o w ed  

d iffu sed  d iffra c tion  rings (Figure 4 .40 th e  d iffra ction  do ts  (F igure 4.4g) and  h exagona l 

pa tte rn  o f  sharp  sp o ts  (Figure 4.4h), ind ica ting  d iso rd e red  ca rb on  s tru c tu re  o f  F4.

เท sum m ary , th e  h exagona l p a tte rn  w as o b ta in e d  in SAED pa tte rn s o f  graphite, 

GNPs and  F3, n o t F4. It in d ica ted  th a t graph ite, GNPs an d  F3 have c ry s ta llin e  

s tru c tu re56 184. SAED pa tte rn  o f  F4 w h ich  is m an y  d iffra ction  pa tte rn s  in d ica te s  th a t F4 

is a m o rp h o u s  or d iso rd e re d  structu re . T h e  SEAD re su lt c o u ld  b e  co n firm e d  w ith  TEM  

and  HR-TEM im ages w h ich  sh o w ed  th e  aggregation o f  m an y  sm a ll sp h e r ica l shapes. 

T h e  re su lt im p lie s  th a t th e  CCNs co m p r ise  o f  m an y  sm a ll sp h e r ica l sh apes and  sm a ll 

sh ee ts  aggregated toge ther. So  it in d ica te s  th a t F4 is aggregation o f  m an y  o rd e red

structure .
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Figure 4. 4 TEM image (left) and SAED pattern (right) of graphite (a), graphene 

nanoplatelet (GNP) (b, c), F3 (d, e) and F4 (f-h)
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Figure 4. 4 TEM image (left) and SAED pattern (right) of graphite (a), graphene 

nanoplatelet (GNP) (b, c), F3 (d, e) and F4 (f-h) (continued)
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Figure 4. 4 TEM image (left) and SAED pattern (right) of graphite (a), graphene 

nanoplatelet (GNP) (b, c), F3 (d, e) and F4 (f-h) (continued)
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T h e  fu n c t io n a l g roup ch a ra c te r iz a tio n  o f  F4 w as ca rried  o u t by  ATR-FTIR 

ana lys is . F4 su spen s ion  w as fre e ze  d ried  and  th en  su b je c te d  to  ATR-FTIR ana lys is . 

T h e  ATR-FTIR sp e c tru m  o f  F4 sh o w ed  a b road  OH stre tch ing  at 3,344 cm  \  o b v io u s  

c=c stre tch ing  at 1,600-1800 cm  \  O-H  bend ing  at 1362 cm  1 and  C-0 stre tch ing  at 

1205 cm  1 (Figure 4.5). T h e  re su lt in d ica te s  th a t F4 is an  o x id ize d  p ro d u c t  from  th e  

c h e m ic a l e x fo lia t io n /o x id a t io n  o f  graph ite.

4.2.7 A t te n u a te d  to ta l re f le c ta n ce - fo u r ie r  tra n s fo rm  in fra red

sp e c tro s co p y  (ATR-FTIR)

Figure 4. 5 FTIR spectrum o f F4

เลขทะเบียน..................................

f u f o u ป ี.... I L t ë J M . . .
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The structural characterization of graphite and F4 was also carried out by 
Raman spectroscopy. The vibration spectra of graphite and F4 are shown in Figure
4.6. The Raman spectrum of graphite showed peak at 1312 cm 1 and 1578 cm 1 
referring to G band and ว band, respectively. G band implies the d'sorder-induced 
vibrational peak of the spz carbon lattice. D band implies the stretching vibrations 
peak from the sp2-hybridized carbon atoms. The Raman spectrum of F4 showed 
broader G and D bands with their slight blue shift at 1329 cm 1 and 1594 cm 1, 
respectively. The Raman spectrum of F4 also showed an obvious shoulder at 1750- 
1800 cm \  implying the structural deformation of the sp2-hybrid carbon plane due to 
graphite amorphization184 185. The shoulder at 1750-1800 cm 1 which correspond to 
the c=0 functionality contains was absent from the Raman spectrum of graphite. 
This confirms that F4 contains carbonyl and hydroxyl groups in their carbon network 
structure.

4 .2 .8  R am an  s p e c tro s c o p y

F ig u re  4. 6 R am an  s p e c tra  o f  g ra p h ite  a n d  F4
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X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 
spectroscopic technique that measures the elemental composition. A typical XPS 
spectrum is plot of the number of electrons detected versus the binding energy 
(BE) of the electrons detected. Each functional group/element produces a 
characteristic set of XPS peaks at characteristic binding energy values. XPS analysis 
can determine the composition at the surface of the materials with binding energy 
values.

To investigate functional group at surface of carbon-based nanomaterials, XPS 
analysis was used. All samples, graphite, F3 and F4, were freeze dried and then 
subjected to XPS. XPS analysis of graphene oxide revealed the C-C, c = c ,  C-0 (from 
C-O-C and C-OH), c=0 and COOEI functional groups which are Cls and Ols 
spectrums54 59. The BE of the C-C, c = c ,  C-0 (from C-O-C and C-OH), c = 0 ,  and COOH 
functional groups from Cls spectrum are 283.6, 284.3, 286.3, 288.1 and 289.4 eV, 
respectively. The BE of the C-0 (from C-O-C and C-OH), c = 0 ,  and COOH functional 
groups from Ols spectrum are 533.0, 531.7 and 530.5 eV, respectively. The summary 
of XPS results is shown in Table 4.6. The Cls spectrum of graphite showed BE at
284.0, 284.4, 286.0 and 290.0 eV refering to C-C, c = c ,  c = 0  and COOH functional 
groups, respectively. The Ols spectrum of graphite showed BE at 529.8 and 531.7 
refering to c = 0  and COOH functional groups, respectively. The Cls spectrum of F3 
showed BE at 284.0, 284.6, 286.7, 288.4 and 289.0 eV, refering to C-C, c = c ,  C-O, c = 0  

and COOH functional groups, respectively. The Ols spectrum of F3 showed BE at
533.2, 532.0 and 530.6, corresponding to C-O, c = 0  and COOH functional groups, 
respectively. The Cls spectrum of F4 showed BE at 283.6, 284.3, 286.3, 288.1 and
289.4 eV refer to C-C, c = c ,  C-O, c = 0  and COOH functional groups, respectively. The 
Ols spectrum of F3 showed BE at 533.2, 532.0 and 530.6 refer to C-O, c = 0  and 
COOH functional groups, respectively. The XPS results indicated that F3 and F4 have 
carbonyl and hydroxyl functional groups at surface.

4 .2 .9  X -ra y  p h o to e le c t r o n  s p e c tro s c o p y  (XPS)
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Table 4. 6 XPS analysis of graphite, F3 and F4 (see also appendix A)

Samples Binding Energy (BE) (eV) Functionality

Graphite CIS 284.0, 284.4, 286.0, 290.0 c - c ,  c = c ,  c = 0  and COOH

01S 529.8, 531.7 c = 0  and COOH

Fraction 3 CIS 284.0, 284.6, 286.7, 288.4, 289.0 C-C, c = c ,  c - o ,  c = 0  and COOH

OIS 530.6, 532.0, 533.2 c - o ,  c = 0  and COOH

Fraction 4 CIS 283.6, 284.3, 286.3, 288.1, 289.4 C-C, c = c ,  C-O, c = 0  and COOH

OIS 530.5, 531.7, 533.0 C-O, c = 0  and COOH
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Quantitative analysis of the elemental composition of the carbon-based 
nanomaterials was identified by combustion elemental analysis. The c / o  molar ratios 
of all samples are shown in Table 4.7. The c / o  molar ratio of graphite, GNPs, F3 and 
F4 were 7.4, 12.7, 1.29 and 1.55, respectively. The two starting materials, graphite and 
GNPs, possesses higher c / o  than F3 and F4. These indicated that F3 and F4 were 
heavily oxidized of the whole structure. Moreover, the c / o  molar ratios of graphite, 
F3 and F4 calculated from XPS were 0.800, 0.428 and 0.295, respectively. XPS results 
corresponded to surface c / o  composition of the material. The comparison between 
the C/o molar ratio of XPS and EA, indicated that the particle were more oxidized 
and/or hydrated at the surface. Furthermore, F3 and F4 were more oxidized than 
starting material, graphite. However, it should be noted that both the F3 and F4 were 
prepared in an aqueous environment and dried under vacuum, so it is very likely 
that some water molecules would be trapped in the materials, giving the low c / o  

ratios.

Table 4. 7 The c / o  atomic ratios of graphite, GNPs, F3 and F4

4 .2 .10  E le m e n ta l a n a ly s is  (EA)

Samples C/o molar ratio

From

combustion

From XPS

Graphite 7.43 0.800

GNP 12.7 Nd.

F3 1.29 0.428

F4 1.55 0.295
Nd. = not determined
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The crystallinity of graphite, graphene nanopellets (GNPs), F3 and F4, was 
determined by X-ray diffraction analysis. The XRD pattern of graphite and GNPs 
showed sharp peak around 26 degree (Figure 4.7a and 4.7b). The XRD pattern of F3 
showed two small broad peaks at 10 and 26 degree (Figure 4.7c). The XRD pattern of 
the F4 showed a broad peak around 10 degree (Figure 4.7d). XRD results indicated 
that graphite and GNPs possess high crystalline structure which F3 and F4 were less 
crystallinity. This indicated that the oxidation of graphite and GNPs reduced 
crystallinity.

4 .2 .11  X -ra y  d i f f r a c t io n  a n a ly s is  (XRD)
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The thermal properties of graphite, F3 and F4, were determined by thermo- 
gravimetric analysis. All the analyses have been conducted under the nitrogen 
atmosphere at 4 0 ° c  - 8 0 0 ° c  with a slow ramp rate of 5 ° c /  min. The TGA curves of all 
samples are shown in Figure 4.8. The TGA curve of F3 and F4 showed a minor weight 
loss at 100 ° c  (~14%) which is referred to absorbed water. Another significant weight 
loss peak of F3 and F4 were at 130 - 2 8 0 ° c  (~28%). The weight loss was previously 
ascribed to the decomposition of oxidized carbon functional groups in form of CO, 
C 0 2 and stream^. The weight loss at 400  - 8 0 0  ° c  is attributed to the sublimation 
and burning. The weight loss of graphite is small and steady whereas the weight loss 
of F3 and F4 are gradually decreased. The weight loss of F3 and F4 are in similar 
trend, indicating similar chemical structure of the two materials.

4 .2 .12  T h e rm o -g ra v ita t io n a l a n a ly s is  (TGA)
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S u m m a ry  o f  t h e  c h a ra c te r iz a t io n s  a re  s h o w n  in T a b le  4.8. T h e  SE M  a n d  T E M  

im ag e s  re v e a l th a t  g ra p h e n e  sh e e ts  w e re  fo u n d  in F l ,  F2  a n d  F3  w h e re a s  th e  

s p h e r ic a l p a r t ic le s  w e re  fo u n d  in F4  a n d  F5. H R -T EM  o f  F3 s h o w  6 -8  la y e rs  s ta ck in g  

g ra p h e n e  s h e e t  w h i le  F4 s h o w  agg rega t io n  o f  m a n y  s m a ll  s p h e r ic a l s t ru c tu re . T h e  

ATR-FTIR , X P S  a n d  R a m a n  s p e c t r o s c o p y  s p e c t ru m s  in d ic a te d  th e  F3 a n d  F4 

c o m p r is e d  o f  a lk e n y l,  c a rb o n y l a n d  h y d ro x y l fu n c t io n a l g ro u p s  in c lu d in g ;  c = c ,  C -O , 

c = 0 ,  C O O H  a n d  O H . T h e  SA ED  a n d  X R D  re s u lt s  in d ic a te d  th a t  g ra p h ite  a n d  G N P s  has 

h igh c ry s ta l l in it y  s t ru c tu re , w h e re a s  F3  a n d  F4  h a v e  lo w e r  c ry s ta l l in it y  s t ru c tu re . T h e  

X P S  a n d  EA  re s u lts  in d ic a te d  th a t  F3  a n d  F4  h a v e  h ig h e r o x y g e n  c o n te n t  c o m p a re d  

t o  g ra p h ite  o r  G N Ps. F u r th e rm o re , o x y g e n  w as  o n  th e  su r fa c e  ra th e r  th a n  in s id e  o f  

t h e  p a r t ic le s . T h e  U V -V is  a b s o rp t io n  s p e c tra  o f  F3  a n d  F4  w e re  s im ila r  w ith  a 

m a x im u m  a b s o rp t io n  a t 2 2 7  n m  a n d  an  e x t e n d e d  a b s o rp t io n  u p  to  6 0 0  n m  im p ly in g  

p re s e n c e  o f  an  e x te n d e d  ท-ท c o n ju g a t io n  n e tw o rk . T h e  T G A  c u rv e s  o f  F3  a n d  F4  

s h o w e d  a m in o r  w e ig h t  lo s s  a t  100  ° c  a n d  1 3 0 -2 8 0 ° c  d u e  t o  a b s o rb e d  w a te r  a n d  

d e c o m p o s it io n  o f  o x id iz e d  c a rb o n  fu n c t io n a l  g ro u p s  w h e re a s  t h e  w e ig h t  lo s s  o f  

g ra p h ite  is s te a d y .

เท c o n c lu s io n ,  F3  is a s e v e ra l la y e r  o f  s ta ck in g  1 0 0 -3 0 0  n m  c a rb o n  s h e e t  w ith  

c ry s ta l l in it y  s t ru c tu re , e x t e n d e d  71-71 c o n ju g a t io n  n e tw o rk  a n d  h ig h ly  o x id iz e d  su rfa ce . 

T h u s , th is  f r a c t io n  is g ra p h e n e  o x id e  s h e e ts  (GO Shs). F4  is 1 0 0 -2 0 0  n m  s p h e r ic a l 

s t ru c tu re  c o m p r is e d  o f  m a n y  s m a l l  s p h e r ic a l p a r t ic le s . T h e  p a r t ic le s  h a v e  d e fo rm e d  

s p 2-h y b r id  c a rb o n  p la n e , e x te n d e d  71-71 c o n ju g a t io n  n e tw o rk  a n d  h ig h ly  o x id iz e d  

su rfa ce . It in d ic a te d  th a t  F4  is c lu s t e r  o f  c a rb o n  o x id e  n a n o s p h e re s  (CCNs). C C N s  

p o s s e s s e s  g o o d  s o lu b i l i t y  w ith  m o d if ia b le  s u r fa c e  fu n c t io n a l g ro u p  a n d  a c c e p t a b le  

s ize  fo r  c e l lu la r  e n d o c y to s is  (> 200 n m )186. F o r  th e s e  re a so n s , C C N s  w e re  s e le c t e d  as a 

n o v e l n a n o -c a r r ie r  fo r  d rug  d e liv e r y  s y s te m .
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Carbon nanoperticles

Figure 4. 9 Preparation of cluster of carbon oxide nanospheres (CCNs)

Table 4. 8 Morphology characteristics of carbon-based nanomaterials

S a m p le s

/C h a ra c te r iz a t io

ก

F ra c t io n  1 

(F I)

F ra c t io n  2 

(F2)

F ra c t io n  3 

(F3)

F ra c t io n  4 

(F4)

F ra c t io n  5 

(F5)

SEM ND บ ND ND

T E M m ND

M
• •

•

H R -TEM ND ND

A

ND

S ize  f ro m  SEM ND ND ND
110.8  ± 

0 .09
ND

S ize  f ro m  D LS ND ND
271 .1  ± 

7.22

132.1 ± 

4 .74
ND

นุ p o te n t ia l ND ND
-50 .21  ± 

0 .73

-47 .5 6  ± 

1.18
ND

U V -v is

s p e c t r o s c o p y
ND ND

พ =227 

n m

7max=227

n m
ND
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Table 4. 8. Morphology characteristics of carbon-based nanomaterials

(continued)

S a m p le s

/C h a ra c te r iz a t io

ท

F ra c t io n  1 

(F I)

F ra c t io n  2 

(F2)

F ra c t io n  3 

(F3)

F ra c t io n  4 

(F4)

F ra c t io n  5 

(F5)

SAED ND ND c ry s ta l l in e a m o rp h o u s ND

XR D ND ND
L o w

c ry s ta l l in e
a m o rp h o u s ND

FTIR ND ND

c = c ,  c = 0

a n d  O H  

fu n c t io n a l 

g ro u p s

ND

X P S ND ND

c - c ,  c = c ,  

c - o ,  c = 0

a n d  C O O H  

fu n c t io n a l

C -C ,  c = c ,  

C -O , c = 0  

a n d  C O O H  

fu n c t io n a l

ND

th e  c / o  m o la r  

ra t io  f ro m  X PS
ND ND 0 .428 0 .295 ND

th e  C /O  m o la r  

ra t io  f ro m  EA
ND ND 1.29 1.55 ND

ND= n o t  d e te rm in e
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4.3. Synthesis of TAMRA-CCN nanoparticles (CCNsT) and Curcumin-loaded 

TAMRA-CCN nanoparticles (CCNsT-C)

เท o rd e r  to  f o l lo w  th e  in t r a c e l lu la r  lo c a l iz a t io n  o f  d rug  d e l iv e r  n a n o -p a r t ic a l 

in s id e  ta rg e t c e l ls ,  n a n o p a r t ic le s  n e e d e d  to  b e  la b e le d  w ith  f lu o r e s c e n t  d ye . H e re , 

h y d ro x y l f u c t io n a l g ro u p  o n  su r fa c e  o f  C C N s  c a n  b e  m o d if ie d  w ith  f lu o r e s c e n t  d y e  as 

m a rk e r  fo r  f lu o re s c e n c e  im ag ing . C C N s  w a s  c o v a le n t ly  la b e le d  w ith  f lu o re s c e n c e  d y e , 

th e  f lu o r o p h o r e  5 ,6 - c a r b o x y te t r a m e th y lr h o d a m in e  (TAM RA ), t o  o b ta in  th e  T A M R A - 

la b e le d  c lu s t e r  o f  c a rb o n  o x id e  n a n o p a r t ic le s  (CCN sT ) (F ig u re  4.10). T A M R A  la b e l in g  

o f  C C N sT  w a s  c o n f irm e d  b y  U V - V is s p e c t r o m e t r y ,  SEM , DLS, a n d  C LS F M .

T h e re  w e re  tw o  a c t iv e s  a g e n t  u se d  as m o d e l d rug  in fu r th e r  e x p e r im e n ts ;  

c u r c u m in  a n d  PNA. F irst, c u r c u m in  ( l,7 - b is ( 4 -h y d ro x y -3 -m e th o x y p h e n y l) - l ,6 -  

h e p ta d ie n e -3 ,5 -d io n e )  is a p o t e n t ia l  b io a c t iv e s  th a t  has b e e n  w id e ly  u se d  in 

p h a rm a c e u t ic a l f ie ld  w ith  m a n y  b io a c t iv it ie s  in c lu d in g  a n t i- t u m o r  a c t iv ity . M o re o v e r ,  

c u r c u m in  c a n  b e  t ra c k e d  ra th e r  c o n v e n ie n t ly  b e c a u s e  o f  its a u to f lu o r e s c e n t .  

H o w e v e r , c u r c u m in  c o n ta in s  a n  e x te n s iv e  ท-ท c o n ju g a t io n  w ith  tw o  a ro m a t ic  

m o ie t ie s ,  th e re fo re , h in d e r  its w a te r  s o lu b il it y .  C u r c u m in - lo a d e d  C C N s  (C C N s-C ) a n d  

c u r c u m in - lo a d e d  C C N sT  (C C N sT -C ) w e re  p re p a re d  e x p lo it in g  t h e  a b i l it y  t o  b e  

a b s o rb e d  o n  C C N s  su r fa c e  v ia  ท-ท s ta ck in g . C C N s -C  a n d  C C N sT -C  w e re  fu r th e r  

c h a ra c te r iz e d  b y  U V -V is  s p e c t r o m e tr y ,  S EM , D LS , a n d  C L S F M .
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C C N s T -C

supernatant (C C N s )

-

E D C I / N H S / T A M R A

T A M R A - lo a d e d  C C N s  (C C N s T )

cu rcu m in P N A

C C N s T -P N A

Figure 4. 10 Synthesis of TAMRA-labeled CCNs (CCNsT), TAMRA-labeled 

curcumin loaded CCNs (CCNsT-C) and TAMRA-labeled PNA loaded CCNs 

(CCNsT-PNA).
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4.3.1 UV-Vis spectroscopy

T o  in v e s t ig a te  t h e  a b s o rb a n c e  o f  T A M R A  a n d  c u rc u m in , U V -V is  s p e c t r o s c o p y  

w a s  u se d . T h e  U V -V is  a b s o rp t io n  s p e c tra  o f  C C N sT , C C N s -C  a n d  C C N sT -C  s u s p e n s io n  

a re  s h o w n  in F igu re  4.11. T h e  a b s o rp t io n  p e a k s  a t 4 3 0  ททา a n d  565  ททา (F igu re  4.11; c 
a n d  T) c o r r e s p o n d  to  a b s o rp t io n  o f  c u r c u m in  a n d  T A M R A , r e s p e c t iv e ly .  T h e s e  re s u lt s  

c o n f irm e d  th a t  T A M R A  c a n  b e  la b e le d  o n  t o  C C N s  to  o b ta in  C C N sT  v ia  ED C I/N H S  

c o u p lin g  re a c t io n . A d d it io n a l ly ,  c u r c u m in  c a n  b e  a d s o rp e d  o n  th e  C C N s  a n d  C C N sT  

su r fa c e  v ia  h y d ro p h o b ic  in te ra c t io n .

1.4

---- CCNs

Figure 4. 11 UV absorption spectra of CCNs, TAMRA-labeled CCNs (CCNsT), 

TAMRA-labeled curcumin loaded CCNs (CCNsT-C) and curcumin loaded CCNs 

(CCNs-C)
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4.3.2 Confocal laser scanning fluorescence microscopy (CLSFM)

C C N sT  a n d  C C N sT -C  w e re  e v a lu a te d  fo r  th e ir  f lu o r e s c e n c e  u n d e r  c o n fo c a l 

la s e r  s c a n n in g  f lu o re s c e n c e  m ic ro s c o p y . F igu re  4 .12a  a n d  4 .1 2 b  s h o w e d  C L S F M  

im ag e s  o f  C C N sT  in re d  s p o ts  (lOOOx m a g n if ic a t io n ) . F igu re  4 .1 2 c  s h o w  C L S F M  im ag e s  

o f  C C N sT -C  w e re  s h o w e d  in y e l lo w  s p o t  (lOOOx m a g n if ic a t io n  w ith  4 x  d ig ita l z o o m ) . 

T h e n  C L S F M  im a g e  o f  C C N sT -C  w a s  u n m ix e d  u s ing  f re e  c u r c u m in  a n d  fre e  T A M R A  

s p e c t ru m  d a ta  b a se . T h e  re su lt in g  im ag e s  d e n o t in g  la b e le d  T A M R A  a n d  a d s o rb e d  

c u rc u m in  w e re  s h o w n  in F igu re  4 .1 2 d  le f t  a n d  right, r e s p e c t iv e ly .  T h e s e  in d ic a te d  th a t  

T A M R A  a n d  c u r c u m in  w e re  s ta b ly  d e p o s it e d  o n  C C N s  su r fa c e  a n d  c a n  b e  d e te c t a b le  

us ing  C L S F M . B e s id e , C C N sT -C  s ize  w a s  s l ig h t ly  la rg e r th a n  C C N sT  u n d e r  C LS FM .
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Figure 4. 12 CLSFM image of CCNsT (a, b), CCNsT-C (c) and CCNsT-C unmixed (d)
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4.3.3 Encapsulation efficiency (%EE) and active loading (% curcumin 

loading)

T o  c a lc u la t e  e n c a p s u la t io n  e f f ic ie n c y  a n d  c u r c u m in  lo a d in g , U V -V is  

s p e c t r o s c o p y  w a s  u sed . T h e  c u rc u m in  w a s  e x t ra c te d  f ro m  C C N s -C  b y  a b s o lu t e  

e th a n o l.  T h e  U V -V is  a b s o rp t io n  s p e c t ru m  o f  C C N s -C  is s h o w n  in F igu re  4 .11. A  

c a lib r a t io n  c u rv e  o f  c u r c u m in  in e t h a n o l w a s  c o n s t r u c te d  b y  m e a su r in g  th e  

a b s o rb a n c e  o f  c u r c u m in  s ta n d a rd  s o lu t io n  a t 4 3 0  nm . T h e  e n c a p s u la t io n  e f f ic ie n c y  

a n d  lo a d in g  o f  c u r c u m in  w a s  c a lc u la t e d  b y  e q u a t io n  (1) a n d  (2) (s h o w n  in C h a p te r  III). 

T h e  e n c a p s u la t io n  e f f ic ie n c y  w a s  55 .9  ± 5 .4%  (พ /พ  o f  c u r c u m in  to  in it ia l c u r c u m in )  

a n d  c u r c u m in  lo a d in g  w a s  21 .8  ± 1.7 % (พ /พ  o f  c u r c u m in  to  c u r c u m in - lo a d e d  CCN s).

4.3.4 Scanning electron microscopy (SEM) and dynamic light scattering

(DLS)

M o rp h o lo g y  o f  C C N sT  a n d  C C N sT -C  w e re  c h a ra c te r iz e d  b y  s c a n n in g  e le c t r o n  

m ic ro s c o p e .  S E M  p h o to g ra p h s  o f  C C N sT  a n d  C C N sT -C  (T a b le  4.9) s h o w e d  agg rega t io n  

o f  n u m e ra l s m a ll  s p h e r ic a l s t ru c tu re  s im ila r  t o  C C N s  (T a b le  4.2). S iz e  o f  C C N sT  a n d  

C C N sT -C  w e re  d e te rm in e d  b y  tw o  m e th o d s ,  a v e ra g e  d ry  p a r t ic le  s iz e  m e a s u r e m e n t  

f ro m  SE M  a n d  h y d ra te d  p a r t ic le  s iz e  c a lc u la t e d  f ro m  DLS. T h e  a v e ra g e  d ia m e te r  o f  

C C N sT  a n d  C C N sT -C  fro m  SEM  w e re  127.8  ± 25 .8  n m  a n d  2 0 9 .3  ± 101 .4  nm , 

re s p e c t iv e ly ,  o n  th e  o th e r  h a n d , t h e  a v e ra g e  h y d ra te d  d ia m e te r  f ro m  D LS  w e re  261 .1  

± 4 .53  n m  a n d  42 5 .2 5  ± 21 .29  n m , r e s p e c t iv e ly  (T a b le  4.10). C o m p a r in g  t h e  th re e  

p a r t ic le s ;  C C N s , C C N sT  a n d  C C N sT -C , t h e  d ry  p a r t ic le  s iz e  w a s  g ra d u a lly  in c re a s e d  

w h e n  la b e le d  w ith  T A M R A  a n d  lo a d e d  w ith  c u rc u m in .  H y d ra te d  p a r t ic le  o f  C C N sT  

a n d  C C N sT -C  w e re  s ig n if ic a n t ly  la rg e r c o m p a re d  t o  t h e  c o r r e s p o n d in g  d ry  p a r t ic le s . 

T h e s e  m a y  b e  c a u s e d  b y  h y d ra t io n  s p h e re .

T h e  su r fa c e  ch a rg e  o f  C C N s, C C N sT  a n d  C C N sT -C  w e re  -47 .5 6  ± 1.18 m V , -

36 .56  ± 1.92 m V  a n d  -38 .3 4  ± 0 .96  m V , r e s p e c t iv e ly .  T h e  z e ta  p o t e n t ia l  o f  C C N sT  a n d  

C C N sT -C  w e re  s im ila r  a n d  b e lo w  -3 0 m V  b u t  le s s  c h a n g e d  th a n  th a t  o f  C C N s, 

in d ic a t in g  th a t  b o th  p a r t ic le  w e re  s ta b le  in w a te r  s o lu t io n 183 w ith  m o re  n e u t r a l ( le ss  

n e g a t iv e ly  ch a rg e d )  s u r fa c e  c o m p a re d  t o  t h e  h ig h ly  o x id iz e d  su r fa c e  o f  C C N s .
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T a b le  4. 9 SEM p h o to g ra p h s  o f  CCNsT a n d  CCNsT-C

S a m p le s

C C N sT

M a g n if ic a t io n

3 0 ,00 0 x

6 0 ,0 0 0 x

S c a le  b a r

(pm )

SEM  p h o to g ra p h s
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T a b le  4. 9 SEM p h o to g ra p h s  o f  CCNsT a n d  CCNsT-C  ( c o n t in u e d )

S a m p le s

C C N sT

C C N sT -C

M a g n if ic a t io n

8 0 ,0 0 0 x

3 0 ,0 0 0 x

S c a le  ba r

(pm )

0.2

SE M  p h o to g ra p h s

15kบ X S 0 1 000  0 . 2 Mm 0 036  10 30  SE I

15kบ X80J 0 00  0 . 2 Mm 0 04 2  10 30  SE I
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T a b le  4. 9 SEM p h o to g ra p h s  o f  CCNsT a n d  CCNsT-C  ( c o n t in u e d )

Samples

CCNsT-C

Magnification

60,000x

Scale bar

(pm )

0.5

SEM photographs

Table 4. 10 Physicochemical characteristics of CCNsT and CCNsT-C

Sample

Particle size 

distribution 

from SEM

Particle size 

distribution 

from DLS

PDI Ç potential

CCNs 110.8 ± 0.09 132.1 ± 4.74 0.387 -47.56 ± 1.18

CCNsT 127.8 ± 25.8 261.6 ± 4.53 0.430 -36.56 ± 1.92

CCNsT-C 209.3 ± 101.4 425.25 ± 21.29 0.384 -38.34 ± 0.96
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4.3.5 Assessment of cell viability for CCNs

T o  e v a lu a te d  c y to to x ic it y  o f  C C N s  a g a in s t h u m a n  c e l l ,  t h e  3-(4,5- 

d im e th y lth ia z o l- 2 - y l) - 2 - 5 - d ip h e n y lt e t r a z o liu m  b r o m id e  (M TT) m ito c h o n d r ia l  a c t iv it y  

a s sa y  w as  u sed . T h e  h u m a n  e m b r y o n ic  k id n e y  2 9 3  c e l ls  (H EK293T ) a n d  h u m a n  

e p id e rm o id  c e rv ic a l c a rc in o m a  c e l ls  (CaSk i) w e re  u s e d  as a m o d e l s y s te m . T h e  

H E K 2 9 3 T  c e l ls  a n d  CaSk i c e l ls  w e re  p r e - s e e d e d  in to  96  w e l l  p la te s  fo r  24  h a n d  th e n  

w e re  e x p o s e d  to  0 .01 -10 .0  p g /m L  C C N s  fo r  48  h. A t  th e  C C N s  c o n c e n t ra t io n s  o f  1.0 

p g /m L , t h e  c e l l  v ia b il it y  w a s  102%  a n d  90%  fo r  t h e  H E K 29 3T  a n d  C aSk i c e l ls ,  

r e s p e c t iv e ly  (F igu re  4.13). A t h ig h e r  c o n c e n t r a t io n  o f  C C N s  o f  10.0 Pg/mL, th e  c e l l  

v ia b il it y  d e c re a s e d  t o  86%  a n d  74% , r e s p e c t iv e ly .  T h e  r e la t iv e ly  lo w  in vitro 

c y to to x ic it y  o f  t h e  C C N s  in d ic a te d  th e  b io c o m p a t ib i l i t y  o f  CC N s. T h e  re s u lts  in d ic a te d  

th a t  C C N s  is n o n - c y to to x ic  a t  c o n c e n t r a t io n s  o f   ̂ 10 .0 P g /m L .
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H E K 2 9 3 T  48h

C a S k i 48H

Figure 4. 13 Cytotoxicity of various concentrations of CCNs in HEK293T (a) and 

CaSki (b) cells after 48 h incubation as determined by MTT assay
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4.3.6 Cellular uptake of CCNsT-C

T o  t ra c k  th e  c e l lu la r  u p ta k e  a n d  lo c a l iz a t io n  o f  C C N sT  a n d  c u r c u m in  in vitro, 

C L S F M  w a s  u se d . T h e  H E K 2 9 3 T  c e l ls  w e re  p la c e d  o n  c o v e r  s l ip  fo r  2 4  h a n d  th e n  

w e re  e x p o s e d  to  e ith e r  fre e  c u r c u m in  o r  C C N sT -C . A f te r  in c u b a t io n  w ith  s a m p le s  fo r  

2 h, t h e  c e l ls  w e re  t h e n  th o ro u g h ly  w a sh e d  a n d  s ta in e d  w ith  a c r id in e  o ra n g e  (green). 

A f te r  th a t  t h e  s a m p le  w a s  s u b je c te d  t o  C L S F M  a n a ly s is . T h e  o b ta in e d  f lu o r e s c e n t  

im a g e s  f ro m  v a r io u s  a rea s  w e re  d e c o n v o lu t e d  t o  o b ta in  s in g le  f lu o r e s c e n t  s ig n a l o f  

c u r c u m in , C C N sT  a n d  a c r id in e  o range . A l l  t h e  u n m ix in g  w a s  ca rr ie d  o u t  us ing  N ik o n -  

EZ -C 1  g o ld  V3 .80  so ftw a re . It w a s  p o s s ib le  b e c a u s e  th e  th re e  e m is s io n  s p e c tra  

(c u rc u m in , C C N s  a n d  a c r id in e  o range ) w e re  s ig n if ic a n t ly  d if fe re n t . T h e  C L S F M  im ag e s  

o f  fre e  c u r c u m in  a n d  C C N sT -C  a re  s h o w n  in F igu re  4 .14. A u t o f lu o r e s c e n c e  o f  th e  

c u rc u m in  is s h o w n  in y e l lo w .  T h e  C C N sT  is s h o w n  in re d  a n d  a c r id in e  o ra n g e  is 

s h o w n  in g reen . เท th is  s tu d y , a c r id in e  o ra n g e  s ta in  c o r r e s p o n d s  to  c y to p la s m . T h e  

C L S F M  im ag e s  r e v e a le d  b o th  c u rc u m in  a n d  T A M R A  in s id e  t h e  c e l ls  a t  d if fe re n t  

lo c a l iz a t io n s  (F igu re  4 .14b ). T h e  c u r c u m in  f lu o r e s c e n c e  ( y e l lo w )  w a s  o b s e r v e d  in t h e  

n u c le u s  (F igu re  4 .1 4b 2 ) w h ils t  C C N sT  (red ) w a s  fo u n d  o n ly  in  t h e  c y to p la s m  (F igu re  

4 .14b3). เท th e  c o n t r o l  e x p e r im e n t  in w h ic h  f re e  c u r c u m in  a t  t h e  s a m e  c o n c e n t ra t io n  

w a s  in c u b a te d  w ith  t h e  c e l ls  (F igu re  4 .14a). T h e  c u r c u m in  f lu o r e s c e n c e  w a s  a ls o  

o b s e r v e d  o n ly  in t h e  n u c le u s  (F igu re  4 .14a2 ). T h e  c o m p a r is o n  b e tw e e n  f re e  c u r c u m in  

a n d  C C N sT -C , s h o w e d  th a t  w it h o u t  t h e  C C N sT  ca rr ie rs , th e  u p ta k e  o f  c u r c u m in  in to  

th e  c e l ls  w a s  d r a m a t ic a l ly  r e d u c e d . T h e re fo re , it in d ic a te d  th a t  C C N s  c o u ld  b e  ta k e n  

u p  b y  t h e  c e l ls  a n d  a ls o  u s e d  as d rug  ca rr ie r. M o re o v e r ,  th is  im p lie s  th a t  c u r c u m in  

d is s o c ia te d  f ro m  th e  C C N sT  ca rr ie rs  o n c e  in s id e  t h e  c e l ls  a n d  th e n  e n te r e d  th e  

n u c le u s .
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Figure 4. 14 CLSFM images of free curcumin (a) and CCNsT-C (b)
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4.3.7 Anticancer activitiy of CCNs-C

T o  in v e s t ig a te  a n t ic a n c e r  a c t iv ity , c u r c u m in  w a s  u s e d  as a m o d e l  d rug  s in c e  it 

w a s  re p o r te d  fo r  h igh a n t ic a n c e r  a c t iv i t y "  100 101 102. T h e  a n t ic a n c e r  a c t iv it y  o f  

c u r c u m in - lo a d e d  C C N s  w a s  e v a lu a te d  in vitro w ith  th e  h u m a n  e p id e rm o id  c e r v ic a l 

c a r c in o m a  (CaSki) c e l l  l in e s . T h e  24  h p r e - in c u b a te d  C aSk i c e l ls  w e re  s e e d  in to  a 96 

w e l l  p la te s . T h e n  th e  c e l ls  w e re  e x p o s e d  t o  s a m p le s ;  f re e  c u r c u m in  (FC) in D M E  

m e d ia  (D M E M ) a n d  D M SO , C C N s  a n d  C C N s-C , in D M E M  a n d  in c u b a te d  fo r  24  h. T h e  

f in a l c o n c e n t r a t io n  o f  C C N s  w a s  8 .16  p g /m L  a n d  t h e  f in a l c o n c e n t r a t io n  o f  c u r c u m in  

w a s  1.84 P g /m L . T h e  a n t ic a n c e r  a c t iv it y  g rap h  is s h o w n  in F igu re  4.15. T h e  C C N s -C  

gave  th e  lo w e s t  c e l l  v ia b il it y  o f  a ro u n d  54%  w h e re a s  f re e  c u r c u m in  in D M E M  a n d  

D M S O  g a ve  c e l l  v ia b il it y  o f  91%  a n d  76% , re s p e c t iv e ly .  T h e  lo w e r  a c t iv it y  o f  f re e  

c u r c u m in  is d u e  t o  n o  in t r a c e l lu la r  t ra n s p o r te r .  T h e  c e l l  v ia b il it y  o f  C C N s  w a s  76% . It 

in d ic a te d  th a t  C C N s  c a n  a d d it iv e ly  im p ro v e  a n t i- tu m o r  a c t iv it y  o f  c u r c u m in  p r o b a b ly  

th ro u g h  th e ir  o w n  a n t i- tu m o r  a c t iv it y  a n d  th e ir  a b i l it y  t o  e f fe c t iv e ly  d e liv e r y  c u r c u m in  

in to  c e l ls .

24 h

[8.16 ug /m l o f  C C N s ]

Control
FC(DMEM)
FC(DMSO)
CCNs

□  CCNs-C

[1.84 ug /m l o f  c u r c u m in ]

Figure 4. 15 Anticancer test of curcumin-loaded CCNs (CCNs-C), free curcumin 

(FC), and CCNs, on CaSki cells at 24 h incubation
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T h e s e  re s u lts  in d ic a te d  th a t  C C N s  ca n  a d s o rb  c u r c u m in  o n  its su r fa c e  a n d  

r e le a s e  th e  m a te r ia ls  o n c e  in s id e  th e  c e l ls .  T h e  lo c a l iz a t io n  o f  C C N s  in c y to p la s m  

im p l ie d  its p o t e n t ia l  t o  b e  u s e d  as n o v e l d rug  d e liv e r y  s y s te m .

4.4. PNA-loaded CCNs or CCNsT nanoparticles (CCNs-PNA or CCNsT-PNA)

P N A  is an  a r t if ic ia lly  s y n th e s iz e d  p o ly m e r  w ith  N -(2 -a m in o e th y l)  g ly c in e  u n it 

c o m b in e d  w ith  p e p t id e .  It is re s is ta n c e  t o  d e g ra d a t io n  b y  n u c le a s e s  a n d  p r o te a s e s 134 

!87. M o re o v e r ,  P N A  s h o w s  g re a te r  s p e c if ic it y  in b in d in g  to  c o m p le m e n ta r y  s e q u e n c e  

o f  D N A  a n d  m R N A 137 138. A t  p re s e n t , th e re  is fe w  re p o r t  o f  s u c c e s s fu l d e l iv e re d  PN A  

to  n u c le u s 149 15°. M a n y  re se a rc h  d is c u s s e d  th e  r e c e n t  p ro g re s s  a n d  fu tu re  g o a ls  in 

d e v e lo p in g  th e r a p e u t ic  PN A s a g a in s t ta rg e te d  n u c le ic  a c id  s e q u e n c e s .

W h ile  c u r c u m in  p la y s  r o le  as c e l l  p e rm e a b le  a c t iv e 111, P N A  is c e l l  

im p e rm e a b le  a c t iv e 139. T h u s , it is e s s e n t ia l t h a t  t h e  ca rr ie r  fo r  PN A  n e e d e d  to  b e  a b le  

t o  ca rr ie d  P N A  th ro u g h  c e l l  m e m b ra n e ,  r e le a s e  P N A  in s id e  t h e  c e l l  a n d  n o t  c a u se  

c y to to x ic it y .  เท th is  s tu d y , (IS , 2 5 ) - 2 - a m in o c y c lo p e n ta n e c a rb o x y lic  P N A  (a cp cP N A )  w a s  

u se d . T h e  P N A  s e q u e n c e s  w e re  d e s ig n e d  s p e c if ic a l ly  c o m p le m e n t e d  t o  t h e  n u c le a r  

fa c to r  k a p p a  B (N F -k B) b in d in g  s ite  in th e  p r o m o te r  o f  il-6 g ene . T h e  f u l l  c o n s t r u c t  o f  

N F -k B s p e c if ic  s e q u e n c e s - la b e le d  f lu o r e s c e n c e  d y e  w a s  F lu -O -G G G A l I I IC C C A - 

L y sN H 2 (NF-KBflu PN A ) u s e d  fo r  in t e r c e l lu la r  t ra ff ic k in g  te s t . T h e  f u l l  c o n s t r u c t  o f  N F -k B 

s p e c if ic  s e q u e n c e s  w a s  B z-G G G A I I I I C C C A -L y sN F b  (N F-k B PN A ) u s e d  fo r  c y to to x ic it y  

te s t  a n d  IL-6 e x p re s s io n  te s t . T h e  f u l l  c o n s t r u c t  o f  r a n d o m  s e q u e n c e s - la b e le d  

f lu o r e s c e n c e  d y e  w a s  F lu -O -T G T C A A C T G A C T -L y sN F b  (PN A flu) as n e g a t iv e  c o n t r o l fo r  

in t e r c e l lu la r  t ra ff ic k in g  te s t . T h e  f u l l  c o n s t r u c t  o f  r a n d o m  s e q u e n c e s  w a s  Bz- 

T G T C A A C T G A C T -L y sN P b  (PN A ) as n e g a t iv e  c o n t r o l fo r  c y to to x ic it y  t e s t  a n d  IL-6 

e x p re s s io n  te s t .

T o  p re p a re  t h e  s a m p le s ,  C C N s  w a s  in c u b a te d  w ith  P N A  a t 4 ° c  fo r  2 4  h. T h e  

P N A flu- lo a d e d  C C N sT  (CCN sT -PN A flu ) a n d  N F-KB flu P N A - lo a d e d  C C N sT  (C C N sT - NF-KBflu 

PN A ) w e re  u s e d  fo r  in t e r c e l lu la r  t ra ff ic k in g  te s t . T h e  P N A - lo a d e d  C C N s  (C C N sT -PN A ) 

a n d  N F -K B - lo a d e d  C C N s  (C C N s - N F -k B PN A ) w e re  u s e d  fo r  c e l l  v ia b il it y  a n d  il-6 g e n e  

e x p re s s io n  te s t.
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Figure 4. 16 Structure of DNA (blue) and (IS, 2S)-2-

aminocyclopentanecarboxylic PNA (acpcPNA) (red)137

4.4.1 Confocal laser scanning fluorescence microscopy (CLSFM)

T o  c o n f irm  P N A  w a s  a b s o rb e d  o n  C C N s  su rfa ce , C L S F M  w a s  u se d . NF-KB fiu  w a s  

u se d  as m o d e l fo r  P N A - la b e le d  f lu o r e s c e n c e  d ye . T o  p re p a re  NF-KBfiu P N A - lo a d e d  

C C N s  (C C N s- NF-KBfiu PNA), C C N s  w a s  in c u b a te d  w ith  NF-KBfiu PN A  a t 4°c fo r  2 4  h 

u n d e r  l ig h t - p r o o f  c o n d it io n .  T h e  f in a l c o n c e n t r a t io n s  o f  NF-KBfiu P N A  a n d  C C N s  w e re  

10 p M  a n d  1 m g /m l,  r e s p e c t iv e ly .  T h e  f re e  NF-KBfiu P N A  s o lu t io n  w a s  u s e d  as 

n e g a t iv e  c o n t ro l.  A f te r  in c u b a t io n ,  t h e  C C N s -  NF-KBfiu P N A  w a s  p la c e d  o n  t o  g la ss  

s l id e  a n d  th e n  s u b je c te d  t o  C L S F M . T h e  C L S F M  im a g e s  o f  fre e  NF-KBfiu P N A  a n d  

CCN s-N F -KB fiu  P N A  a re  s h o w n  in F igu re  4 .17. T h e  f lu o r e s c e n c e  s ig n a l o f  NF-KBfiu P N A  

e x h ib it e d  in g reen . T h e  C L S F M  im a g e  o f  f re e  NF-KBfiu P N A  s o lu t io n  s h o w e d  s lig h t ly  

g re e n  (F igu re  4 .17a). T h e  C L S F M  im a g e  o f  C C N s-N F -KB fiu  P N A  s h o w e d  g reen  s p o t  

(F igu re  4 .17b). It in d ic a te d  th a t  NF-KBfiu w a s  a b s o rb e d  o n  C C N s  su rfa ce .
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F ig u re  4. 17  C L S F M  o f  f r e e  N F -K B flu (a ) a n d  C C N s -  N F -K B flu  (b )

4 .4 .2  P N A  lo a d in g

A c c o rd in g  t o  t h e  C L S F M  re s u lt  o f  C C N s -N F -K B fiu P N A  (F igu re  4.17), t h e  P N A  

m o le c u le s  a re  e m b e d d e d  p h y s ic a l ly  in to  th e  m a tr ix  o r  a b s o rb e d  o n t o  t h e  su rfa ce . 

T h e  C L S F M  im a g e  s h o w e d  c le a r  g reen  s p o t  w ith  n o  b a c k g ro u n d  in te rfe r in g . It 

in d ic a te d  th a t  fre e  N F -K B ftu P N A  w a s  n o t  re m a in e d . T o  c a lc u la t e  P N A  lo a d in g , t h e  

a m o u n t  w e ig h ts  o f  NF-KBflu P N A  a n d  C C N s  w e re  c a lc u la t e d  u s ing  e q u a t io n  (2). T e n  

m ic ro l it e r  o f  N F -KB fiu P N A  (100  p M  in PB S  pH  7.4) w a s  u se d . T h e  w e ig h t  o f  N F -K B flu 

P N A  w a s  4 .29  pg. H u n d re d  m ic ro l it e r s  o f  C C N s  w a s  u s e d  a t t h e  c o n c e n t r a t io n  o f  1 

m g /m L . T h e  w e ig h t  o f  C C N s  w a s  100 pg. T h e n  P N A  lo a d in g  w a s  4 .15%  (พ /พ )

4 .4 .3  A s s e s s m e n t  o f  c e l l  v ia b il it y  fo r  N F -k B PN A

N F-k B P N A  w a s  d e s ig n e d  s p e c if ic a lly  t o  c o m p le m e n t  w ith  t h e  n u c le a r  fa c to r  

k a p p a  B (N F -k B) b in d in g  s ite  o f  t h e  p r o m o te r  o f  il-6 g e n e . In te r le u k in  6 (IL-6) is a 

c y to k in e  th a t  p la y s  im p o r ta n t  r o le  in a c u te  in f la m m a to r y  re s p o n s e . IL-6 c a n  b e  

in d u c e d  in m a c ro p h a g e . T h e n  M o u s e  le u k a e m ic  m o n o c y te  ทาa c ro p n a g e  c e l l  l in e  

(R AW  2 6 4 .7  c e l ls )  w a s  u se d  fo r  IL-6 e x p re s s io n  t e s t  in c lu d in g  c y to to x ic it y  te s t .

T o  in v e s t ig a te  t h e  to x ic it y  o f  s a m p le s ,  fre e  N F -k B, C C N s a n d  C C N s - N F -k B, th e  

in vitro c e l l  v ia b il it y  w a s  d e te rm in e d  b y  M T T  a ssay . T h e  24  h p re - in c u b a t io n ,  R A W

2 6 4 .7  c e l ls  w e re  s e e d e d  in to  a 96  w e l l  p la te s .  T h e n  c e l ls  w e re  e x p o s e d  t o  s a m p le s  

a t  v a r io u s  c o n c e n t ra t io n s ,  in t h e  range  o f  0 .1 -1 0  p g /m L , fo r  2 4  h. A f te r  in c u b a t io n ,  

c e l l  v ia b il it y  w a s  m e a su re d . A s  s h o w n  in F igu re  4 .18, t h e  C C N s  a t c o n c e n t r a t io n  o f  

0 .1 -1 0 .0  P g /m L  s h o w e d  m o re  th a n  75%  o f  t h e  c e l l  v ia b il it y .  T h e  f re e  N F -k B P N A  a n d
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C C N s-N F -k B P N A  a t  c o n c e n t r a t io n  o f  0 .1 -1 0 .0  P g /m L  s h o w e d  m o re  th a n  80%  o f  th e  

c e l l  v ia b il ity . T h e  r e s u lt  in d ic a te d  th a t  a l l  s a m p le s  w e re  n o n - c y to to x ic i t y  a t 

c o n c e n t r a t io n  o f  0 .1 -1 0 .0  P g /m L . เท a d d it io n ,  it is im p o r ta n t  t o  n o te  th a t  N F -k B P N A  is 

n o t  t o x ic  t o  th is  c e l l  ty p e .

24 h

NFkB
CCNs
CCNs-NFkB

Figure 4. 18 เก vitro toxicity test of RAW 264.7 cells exposed to various 

concentration of free NF-k B, CCNs and CCNs-NF-k B

4.4.4 Cellular uptake of CCNsT-PNAflu and CCNsT-NF-KBflu PNA

T o  p ro v e  C C N s  as n a n o ca r r ie rs  fo r  d rug  d e liv e r y  s y s te m , t h e  c e l lu la r  u p ta k e  o f  

C C N sT -PN A flu  a n d  CCN sT -N F-icB flu  P N A  w a s  in v e s t ig a te d . T o  s tu d y  th e  u p ta k e  o f  

C C N sT -PN A flu  a n d  CCN sT -N F-KB flu  P N A  b y  R A W  264 .7  c e l ls ,  C L S F M  w a s  u se d . RAW

264 .7  c e l ls  w e re  p la c e d  o n  c o v e r  s l ip  fo r  2 4  h a n d  th e n  w e re  e x p o s e d  t o  s a m p le s  

(free  PNAflu, f re e  NF-icBflu PN A , P N A f lu - lo a d e d  C C N sT  a n d  NF-tcBfiu P N A - lo a d e d  CCN sT ). 

R A W  264 .7  c e l ls  w e re  in c u b a te d  w ith  s a m p le s  fo r  4 h. T h e  f in a l c o n c e n t r a t io n  o f  

PNAflu a n d  C C N s  w e re  0.5 p M  a n d  5 P g /m L , re s p e c t iv e ly .  T h e  c e l ls  w e re  f ix e d . T h e  

n u c le u s  s ta in e d  (in b lu e )  w ith  DAPI d y e . A f te r  th a t, C L S F M  w a s  u s e d  t o  t ra c k  t h e  

lo c a t io n  o f  NF-KBflu P N A  o r P N A flu a n d  th e  C C N sT  in s id e  t h e  c e l ls .  T h e  o b ta in e d  

f lu o re s c e n t  s ig n a ls  f ro m  v a r io u s  a re a s  w e re  t h e n  d e c o n v o lu t e d  fo r  f lu o r e s c e n t  

s p e c tra  o f  N F -K B flu P N A  o r  PNAflu, D ap i a n d  C C N sT . A l l  t h e  u n m ix in g  w a s  ca rr ie d  o u t
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us ing  im a g e  a lg o r ith m s  a n d  it w a s  p o s s ib le  b e c a u s e  th e  th re e  s p e c tra  w e re  

s ig n if ic a n t ly  d if fe re n t . C L S F M  im a g e s  o f  R A W  264 .7  c e l ls  as c o n t r o l  a re  s h o w n  in 

F igu re  4 .19a . เท F igu re  4 .1 9 b  a n d  4 .19 c , C L S F M  im ag e s  s h o w e d  th a t  th e  f re e  PNAflu 

a n d  fre e  NF-KBflu P N A  w e re  s l ig h t ly  a b le  t o  p e rm e a te  c e l l  m e m b ra n e s  w it h o u t  

ca rr ie rs  (a rrow s). F igu re  19d  a n d  19e  c le a r ly  d e m o n s t r a te  th a t  PN A flu a n d  NF-KBflu PN A  

(g reen) d id  n o t  c o - lo c a l is e  a n y  lo n g e r  w ith  t h e  C C N sT  (red ) a f te r  b e in g  in te rn a l is e d  b y  

R A W  264 .7  c e l ls .  เท c a se  o f  C C N sT -PN A flu  (F igu re  4 .19d ), t h e  f lu o r e s c e n c e  s ig n a l o f  

PNAflu (g reen) w a s  fo u n d  in th e  n u c le u s  a n d  c y to p la s m . It in d ic a te d  PNAflu w as  

a c c u m u la t e d  in t h e  n u c le i  o f  c e l ls ,  s e e n  as r o u n d  s t ru c tu re s  p o s it io n e d  in t h e  c e n t re  

o f  t h e  c e l l.  T h e  f lu o r e s c e n c e  s ig n a l o f  C C N sT  (red ) w a s  fo u n d  in c y to p la s m . T h e  

re s u lt s  in d ic a te  th a t  t h e  C C N sT  a re  m a in ly  o b s e r v e d  o u t s id e  t h e  n u c le i w ith in  t h e  

c y to p la s m  A re a s  in t h e  c e l l  w h e re  PNAflu a n d  C C N sT  c o lo c a l is e  c a n  b e  o b s e r v e d  

a lo n g  th e  b o rd e r  b e tw e e n  t h e  c y to p la s m  a n d  th e  n u c le u s , t h e  s o - c a l le d  “ n u c le a r  

e n v e lo p e ’ ’ , a n d  o n  th e  c e l l  m e m b ra n e .  เท a n o th e r  ca se , C C N sT - NF-KBflu P N A  (F igu re  

4 .19e4 ), t h e  f lu o r e s c e n c e  s ig n a l o f  NF-KBflu P N A  (g reen) w a s  a ls o  f o u n d  in t h e  n u c le u s  

w ith  u n iq u e  d o t s  fo rm a t io n . It in d ic a te d  th a t  NF-KBflu P N A  w a s  a c c u m u la t e d  in th e  

n u c le i o f  c e l ls .  T h e  f lu o r e s c e n c e  s ig n a l o f  C C N sT  (red ) w a s  a ls o  fo u n d  m a in ly  in 

c y to p la s m . T h is  re s u lt  d e m o n s t r a te s  th a t  C C N s  c a n  b e  u s e d  as n a n o c a r r ie r s  fo r  P N A  

d e liv e r y  s y s te m . M o re o v e r ,  in c a se  o f  C C N sT -N F-KB flu  PN A , NF-KBflu P N A  w a s  lo c a l iz e d  

as d o t s  fo rm a t io n  d is t r ib u te s , p u n c ta te  p a t te rn , in t h e  n u c le u s  w h ic h  is c a l le d  

“ s p e c k le d  n u c le a r  lo c a l iz a t io n ” 188 189 19°. T h e  r e s u lt  im p lie s  th a t  NF-KBflu P N A  w h ic h  is 

s p e c if ic  N F -k B s e q u e n c e  c o u ld  b in d  w ith  D N A  a t N F -k B b in d in g  s ite . It s h o u ld  b e  

n o te d  th a t  NF-KBflu m ay fo rm  P N A -D N A  c o m p le x e s  w h ic h  c a n  b e  v is u a liz e  a s a 

p u n c ta te  f lu o r e s c e n c e  s igna l.



137614976

101

Figure 4. 19Multiple color staining CLSFM images of RAW 264.7 cells negative 

control (a,1-3) and after being incubated with free random PNAflu (b, 1-3),free 

NF-KBflu (c,l-3), random PNAftu-loaded CCNsT (d,l-4) and NF-KBftu-loaded CCNsT 

(e,l-4) for 4 h at 37 °c under 5% (v/v) C 02. Images, as the (a l-e l) original or (a 

(2-4)-e (2-4)) unmixed fluorescence signals of PNAflu or NF-KBflu1 CCNsT and Dapi, 

shows in green, red and blue, respectively



Figure 4.19 M ultip le  co lor staining CLSFM  images o f RAW 264.7 cells negative 

contro l (a,1-3) and after being incubated  with free random  PNAflu (b,l-3),free  

NF-KBftu (c,l-3), random  PNAflu-loaded CCN sT (d,l-4) and NF-KBflU-loaded CCN sT  

(e,l-4) for 4 h at 37 °c under 5% (v/v) C 0 2. Images, as the (a l-e l)  original or (a
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(2-4)-e (2-4)) นกทกixed fluorescence  signals o f  PNAflu or NF-KBflu, CC N sT and Dapi, 

shows in green, red and blue, respectively (continued).

4.4.5 T h e  effect o f ii-6 m RNA expression

To invesgate ii-6 mRNA expression, IL-6 expression was induced through NF- 

kB pathway. The promoter region of the ii-6 gene revealed the presence of a binding 

site for the NF-kB transcription factor172 173. The action of NF-k B on the IL-6 promoter 

mediates is related to the regulation of IL-6 expression. The RAW 264.7 cells were 

incubated with samples for 2 or 4 h. The samples were the aqueous suspensions of 

free random PNA, free NF-k B PNA, CCNs, CCNs-PNA and CCNs-NF-k B PNA at final 

concentration of 5 pg/mL of CCNs and 0.5 pM of PNA or NF-k B PNA. Then the cells 

were inflammatory stimulated by LPS and IFNy for 6 h, after that total RNA was 

extracted. The level of ii-6 mRNA of all samples at 4 h of incubation is shown in 

Figure B1 (in Appendix B). The results were not repeatable. It might be caused by 

long incubation time due to the effect of CCNs on inflammation. So the incubation 

time was reduced to 2 h. Figure 4.20 (a-c) showed levels of ii-6 mRNA in LPS and 

IFNy-costimulated RAW 264.7 cells at 2 h. The result showed that the level of ii-6 
mRNA of CCNs-NF-k B PNA was lower than stimulated positive controls; control, free 

random PNA and free NF-kB. It implied that CCNs-NF-k B PNA could suppress ii-6 
mRNA expression. Nevertheless the level of ii-6 mRNA of LPS and IFNy-costimulated 

of CCNs-PNA, also showed lower ii-6 mRNA level expression than stimulated 

controls. So these results also were not repeatable. It might be caused by designed 

PNA sequence is not suitable or stable to bind to DNA.
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Figure 4. 20 Effects o f  free random  PNA, free NF-k B PNA, CC N s , CCN s-PNA and  

CC N s-NF-k B PNA on the levels o f il-6 m RNA in LPS plus IFNy-stimulated RAW  

264.7 cells at 2 h (a-c) o f incubations



105

4.4.6 PNA-DNA binding

To analyze PNA-DNA binding, the gel electrophoresis was used. The gel 

electrophoresis is a method for separation and analysis of macromolecule, DNA, RNA 

and protein. It is use in molecular biology to separate a mixed population 

of DNA and RNA fragments by length. The separation of macromolecule bases on 

their size and charge.

เท this study, DNA which is double stand was dissociated by heat at 95 °c for 

10 min. After that the excess samples; free PNA, free NF-k B PNA and free NF-KBfiu 

PNA, were immediately added into DNA solution. The mixture solution was incubated 

for 2 h on ice bath. The mixture solution was then separated among PNA, DNA and 

PNA-DNA complexes, by gel electrophoresis. The result is shown in Figure 4.17. The 

result showed that all samples band were same position. If PNA can bind with DNA, it 

should be show different position, at higher Mw. Moreover, it can be confirmed by 

fluorescence exposed (Figure 4.17 lower). The fluorescence band of NF-KBnu-DNA 

complex (Figure 4.17 lower) was not exhibited in the same position with EtBr stained 

(Figure 4.17 upper). The result indicated that PNA cannot bind with DNA. According to 

the personal commutation with Vilaivan, T.191, the concentration of PNA has effect to 

DNA binding. The concentrations of PNA, excess to 1 pmol, were analyzed. PNA can 

bind with DNA since same concentration of DNA to lower concentration of DNA. 

Moreover, the incubation time also has effect to PNA-DNA binding. 10 pmol of PNA 

was incubated with DNA various times, 1 min to 60 min. The result showed that the 

incubation time increase whereas the PNA-DNA complex decrease. As a 

consequence, it indicated that PNA can bind to DNA but it is detached when the 

time passed.
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Figure 4. 21 Gel e lectrophoresis o f  PNA-DNA binding in 10% acrylam ide gel: EtBr 

exposed (upper) and flu orescen ce  exposed (lower)
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