CHAPTER IV

RESULTS AND DISCUSSION
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Figure 4.1 Mechanism of an activation of surface carboxyl group followed by a

coupling reaction with RGD-containing peptide.
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4.1 Activation of Poly(DTE-co-20%DT carbonate) with N-hydroxysuccinimide
under Homogeneous Condition

The activation reaction was first conducted under homogeneous condition in
order to determine a possibility to follow an extent of activation using 'H NMR. Two
solvent systems that can completely solubilize poly(DTE-co-20%DT carbonate) were

chosen: 10% (v/v) methanol/methylene chloride and tetrahydrofuran.
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Py
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According to Figure 4.2, there*were significant changes of

signals from 'H spe€trum_of virgin 0-20%DT carbonate) to the
activated ones. ﬁfu g\,m ibﬂ 2JE ’jlﬁ) 4 3.8 ppm and in the
range of 1.8-2. 0 an be assigned togdicyclohexylurea (DCU) which is a solid by-
a5 T R H I Y § Hpp Db e s
filtration an-ough PTFE membfane hailing 1.0 um pore diametér. A signal at 2.85
ppm which is not present in '"H NMR spectrum of virgin poly(DTE-c0o-20%DT
carbonate) was labeled as protons of N-succinimide esters attached to carboxyl groups
of the polymer. While a signal at 2.76 ppm corresponded to the unreacted NHS that
was trapped inside the polymer. This study has demonstrated that it is possible to

follow the extent of activation using '"H NMR analysis since the signal of reacted

NHS was well separated from the one of unreacted NHS. The extent of activation in
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term of % substitution can be calculated from the relative peak area at 2.85 ppm
belonging to the protons of N-succinimide and those binding to the a-carbon of

tyrosine in the range of 4.76-4.84 ppm according to the following equation

% Substitution = Integration of protons at 2.85 ppm/4 x 100
Integration of protons in range of 4.76-4.84 ppm  %DT

The fact that the relative r of 'Integr: of protons at 2.85 ppm and the
one of protons at 2.76 ppmobtainied from 10 u ethanol/methylene chloride is

quite similar to the ong.e from tetrahyd, n implies that the activated

carboxyl groups in the / SUCC '&\

presence of methanol whi€h g / \
e
# &

‘ ‘ unreacted NHS
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Figure 4. 2 'H NMR spectra of (a) poly(DTE-co-20%DT carbonate) and poly(DTE-
c0-20%DT carbonate) after reacted with N-hydroxysuccinimide in (b) tetrahydrofuran

and (c) 10% (v/v) methanol/methylene chloride.
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4.2 Activation of Poly(DTE-co-20%DT carbonate) with N-hydroxysuccinimide

under Heterogeneous Condition
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In light of the su 7. of a ﬁonducted under homogeneous

face of poly(DTE-co-20%DT
carbonate) with N-hydroxy® utnid ! ctérogeneous condition was then
pursued. In stead of usifig ethyl=3-(3 -dimethylaminopropyl)carbodiimide
(EDCI) was used togethg ~ S for' the' he eneous reaction. Effects of
and reaction time on the

was used as a major tool for

characterization while wa itact.angle ng sur’e\ pent and ATR-FTIR were used in
some cases. A series of expefimets was ca {l d m order to determine the optimum

condition for the activation g%zﬁiy \groups._on the surface of poly(DTE-co-
Pt o
20%DT carbonate) prig ain
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4.2.1 Effect of @vent m

In principle, the su€cess of chemical geaction at the polymer/solution interface

is determined ﬂ dle) bt of Yol hogwti\aidor] Skildihe polymer surface.

According to lltallatures the covalept attachmen of RGD- contwmg peptldes are
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peptides a§ well as coupling reagents, NHS/EDCI in this particular case, and also wet

g peptides.

the hydrophilic polymer substrate to some extent. For this reason, water was selected
as the first solvent to be investigated. According to Figure 4.3, the water contact angle
has increased from 71.5°/29.8° of virgin poly(DTE-co-20%DT carbonate) film to the
maximum of ~81.7%32.6° of the activated film after 150 min of reaction in aqueous
solution of 0.1 M NHS/EDCI. The contact angle did not increase any further after 150

min implying that the highest extent of activation in the surface region has been
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achieved. This elevation of contact angle suggests that the hydrophilic carboxyl

groups have been converted to hydrophobic N-succinimide groups.
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Figure 4.3 Water contact g oDT carbonate) film after the
reaction with aqueous soldtion of 0.1, M ancing (O) and receding (@)
water contact angle. Eddi

Activated pr ytDTE-c 0-20%DT carbonate) ) film “obtained after the reaction

T L)

between poly(DTE- I.' solution of 0.1 M

Iu
NHS/EDCI was also eharacterized by ATR-FTIR. A - merging weak shoulder at

1825 cm™ obse dﬁ ﬁ)ﬁ 0 ﬂi 0 ]}'iﬁoﬁO%DT carbonate) can
be assigned to ﬁi r ' suec 1 ester (Figure 4.4). This result
implied that the activation in aqueods solution has, in fact proceeded at least to the

=mpiap R A RN N 1IN LR E



46

100
90 -
/
w
g 80_ e o
8 -
= — - -
S ——
ey / —
S Ve r i ; H.h'»,ﬂ:" carbonate)
LA I .
- A NN,
1900 1850 :’rn' — ;‘x \'\;: 1650 1600

P\

§lw

Figure 4.4 ATR-FTIR spectra
poly(DTE-c0-20%DT carbona

0%DT carbonate) film and activated

In order to qu .f , g f':, vation, the activated film
i 1 t turned out that there was
no signal at 2.8 ﬂﬁ m ide groups attached
to the polymerﬁn 5aﬂﬁﬂy ﬂnﬁ ﬂﬁn R analysis is a bulk
characterization techmque so it cannet assess anyghanges of funetionality unless the

N} MR bk o e s

swell thél surface of poly(DTE-c0-20%DT carbonate) film that well. As a

was analyzed by 'H N analysis. From Figure 4.5 (a);

consequence, the depth of activation was quite thin. For these reasons, ethanol was
proportionally added to the aqueous solution of NHS/EDCI in order to increase
swelling of poly(DTE-c0-20%DT carbonate).

The 'H NMR spectra shown in Figure 4.5 (b-d) indicated that an extensive
swelling of poly(DTE-co-20%DT carbonate) was necessary for the reaction to

proceed deep enough so that the success of surface activation can be followed by 'H
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NMR. This is the reason why the signal at 2.85 ppm was only detected when ethanol
was used as a solvent since it can swell the polymer much more extensively than the
solvent mixtures between water and ethanol. Even though water contact angle and
ATR-FTIR data can be used as indications of surface activation, they are not suitable
for quantitative analysis. For the subsequent investigation, ethanol was thus used as a

solvent to assure that the surface activation can proceed deep enough in the polymer
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reaction with 0.1 M NHS/EDCI in (a) water, (b) 20% ethanol/water, (¢) 50%
ethanol/water and (d) ethanol for 2 h.

4.2.2 Effect of NHS/EDCI Concentration

Using ethanol as a solvent, %yield of activation calculated from the relative
integration of the peak at 2.85 ppm corresponding to the proton of N-
hydroxysuccinimide and the integration of the peak in the range of 4.76-4.84 ppm
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corresponding to the a-carbon of tyrosine was linearly increased as a function of
NHS/EDCI concentration (Figure 4.6). It is worth noting that the calculated %
substitution was an average yield throughout the bulk because '"H NMR analysis is a
bulk characterization technique. It may not represent an actual reaction yield at the
surface which could be considerably higher. It is suspected that increasing the
NHS/EDCI concentration should promote the activation to proceed much deeper into

the bulk resulting in higher overall yiéld h may or may not be relevant to the

surface yield. Therefore, it is.also possible“ Al substitution of activation in the
- . . - J . .
surface region may reach its"maximum lthw use a high concentration of
NHS/EDCIL. N
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reaction with NHS/EDCI solution ifi ethanol fops2 h as a function of NHS/EDCI
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4.2.3 Effect of Reaction Time

Choosing the moderate (0.05 M) and highest (0.1 M) concentration of
NHS/EDCI used in the previous section, an effect of reaction time on % substitution
of activation was investigated. Shown in Figure 4.7, % substitution of reaction was

increased as a function of reaction time within the first 2 h of reaction for both cases.
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The maximum substitution of 8 % and 20% were obtained using the NHS/EDCI
concentration of 0.05 M and 0.1 M, respectively.
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Dibromotyrosine

Qowf}‘a”ﬁ ﬂ § WR}JM qlfgg%l‘%ﬁlcﬂ aleﬂctmty of N-

succimmlae groups on the polymer surface towards the substitution of amino groups

of a model compound was first tested. L-3,5-Dibromotyrosine was selected as a
model compound for peptide. Bromine was introduced to L-tyrosine as a tag element
so the success of model compound attachment can be followed by X-ray
photoelectron spectroscopy (XPS), a surface characterization technique that can probe

an atomic composition of surface within a sampling depth of up to 50 A
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4.3.1 Synthesis of L-3,5-Dibromotyrosine
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Bry via electrophilic aromatie=substitutit slded=disubstituted product of L-3,5-
dibromotyrosine. The sub o ortho positions of the
hydroxyl group since thi \\?3\ \ NMR spectrum of L.-3,5-

dibromotyrosine is sho from aromatic ring of L-

tyrosine at 6.90 ppm let signal at 7.18 ppm after

bromination confirming t aromatic ring.
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Figure 4.8 'H NMR spectrum of L-3,5-dibromotyrosine.
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4.3.2 Attachment of L-3,5-Dibromotyrosine on the Surface of Activated
Poly(DTE-co-20%DT carbonate) Film

OCH,CH; Br OCH,CH,

HHO ’
Lo Buffer pH 7.4
g 9 % HO—<: >—c—<;—c—0H e I )
}|{ NH, 24 h, Room temp. c-om
O-N Br

ll//

Br OH

XPS was used to.g 3,5-dibromotyrosine on the

activated poly(DTE-co-24 ata are outlined in Table 4.1.
Theoretical atomic cou ratios of the chemical
Contrelled poly(DTE-co-20%DT
carbonate) film is a virgi _ ; _ A > [ce - n: te) film that was exposed to
the solution of L-3,5-di yrosing; sir Bltageously, h the activated poly(DTE-
¢0-20%DT carbonate) filr. abt " that“blemine composition was absent on the
surface of controlled pol : arbonate) film indicated that the
immobilization L-3,5-dibromet 31 3 place without the activated
succinimide group andithere was no physisor
surface. The atomic c6 -'E po |

:;:;:;;;;._'-_i‘ dibromotyrosine on the

was quite consistent with the

theoretical value. The own in the last row of the

table was calcu m&mﬁ mzjryi arboxyl group on the
surface was co at m letely reacted with L-
3,5-dibrom0tyrosme % Substitution of L-3,5sdibromotyrosing/on the surface

i QAR SN B B Slecrs ht v

activated %arboxyl group in the form of N-succinimide ester was quite stable, yet

oretlcal percentage of bromine

reactive enough to interact with amino groups of the model peptide giving reasonably
high % substitution. Such evidence also implies that the activated film should be able

to react with RGD-containing peptides in a similar manner.
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Table 4.1 Atomic composition of controlled poly(DTE-co-20%DT carbonate) film
and NHS-activated poly(DTE-c0-20%DT carbonate) film after L-3,5-dibromotyrosine
attachment

Sample Source Atomic composition (%)
C 0 N Br

714 242 44 -

74.7 21.7 3.6 -

Controlled poly(DTE-co-20%DT
carbonate) film
NHS-activated poly(D 8.7 264 37 12

carbonate) film after =3, 5 212 46 13

dibromotyrosine attachifie

4.4 Attachment of RGD-c

Poly(DTE-c0-20%DT carbon
O

he Surface of Activated

0
OCH,CH,

j RGD-peptide

'

study. T::::ﬁgﬁmztﬂgﬂ}ﬁﬁﬁﬁ were chosen for this
q W aﬂﬂ'ﬁu URIAINYIAY
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Figure 4.9 Chemical stru

The amino gro I -' t o) ‘ ide im ized on the poly(DTE-co-
20%DT carbonate) surfa i ""-7 inhydrin method. The blue color which
is a product of ninhydrin [ With - freé amino ¢ oups (NH;) has a maximum
absorbance at 538 nm in 1.4-diox .-:‘-:,-—6,;‘~:E . 1 . Using 1,6-hexanediamine as a

standard, a calibration curve was | d-2 own in Figure 4.10.

AN1INe1ae
0.00 0.02 0.04 0.06 0.08 0.'l0
Concentration of 1,6-hexanediamine (x 10° M)

Figure 4.10 Calibration curve of UV absorbance as a function of 1,6-hexanediamine

concentration using ninhydrin method.
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4.4.1 Effect of Immobilization Time

Effect of reaction time on the immobilization of RGD on the surface of
poly(DTE-co-20%DT carbonate) was determined by varying the reaction time from 2
to 48 h using the peptide concentration of 0.05 M. As displayed in Figure 4.11, the
amino concentration per surface area was linearly increased as a function of reaction

time within 24h and seemed to level off afterwards.
)

10

Amino concentration/
surface area (x 10® mol/cmz)

T 1

36 48

Figure 4.11 Aming toncentration per surface area oL/ immobilized RGD on

poly(DTE-co-20%D y‘% '.. mobilization time.

i)
442E ﬂm taini trati
The densi D omiﬁﬁmﬁ:lﬁintration/surface area
on poly(DTE-co-20%DT carbonate) film was alsognfluenced by RGD concentration.
The datﬂeﬁu’sqai‘a fl}\.ﬁ m u % lﬂ@ Mtﬁj ara‘n&ion was used,
the greatea extent of peptide immobilization on the surface of poly(DTE-co-20%DT
carbonate) was obtained. The density of immobilized RGD peptide of 16.1 x 10

mol/cm?® was achieved after carrying the reaction using the RGD concentration of
0.05 M for 24 h. /
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poly(DTE-co-20%DT cark

of immobilized RGD on

peptide concentration.

4.4.3 Effect of RGD init

Using the concentration’ ] ide ;; | and immobilization time of 24h,
the extent of grafting of thrée RG: i
poly(DTE-co-ZO%DT carbonatg).were: Lok
seems that the longe ......... equence. the lower the den sity of immobilized peptide.

This trend may be exp »"n ulk e structure of GRGDS in
I"

ep des on the surface of activated

As displayed in Figure 4.13, it

comparison with RGD & ~ d RGDS may lead to its lower #eactivity to interact with the

activated surface ﬁfﬁ he firfited solubllli 6f'the lar er p tide in aqueous solution

LIk
ARIAINIUNNING Y

may account fo mparison with other
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ace using the peptide concentration

NIhO concentration per surface area

which corresponds to the deéhsity ef immob: RGD-containing peptide is in the
order of 10" mol/cm? in all casés. ._ 7 - value $tin fact much higher than 1 x 107
mol/cm?® previously ----———g-—?— sromote the adhesion and
spreading of ﬁbrobla' s [26]. >

Since ninhydri E“ ethod is not a surface chasacterization technique, the

calculated density of imfmébilized pe t'dm ot en?,jt the actual density of
immobilized peﬁiuﬂglm&me a{]{ ﬁs additionally used to
confirm the existylce of RGD-containing peptide gn the polymer supface. Taking into

account;}-w tﬁa afﬁ-ﬁﬂ(ﬁ(m-gd%%%&leﬂ anEJthe activated
poly(DTE%0-20%DT carbonate) films both before and after immobilization with
RGD-containing peptide consist of the same basic elements (C, O, N), it is not
possible to distinguish them by direct XPS analysis. In order to determine the success
of peptide immobilization on the surface of the activated film, it is necessary to
introduce a tag element that is different from those basic elements to the film after
peptide immobilization before XPS analysis. Treating the film immobilized with

RGD-containing peptide with heptafluorobutyryl chloride (HFBC) was chosen as a
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route to introduce fluorine as a tag element. Heptafluorobutyryl chloride should be
able to react with hydroxyl group which is a part of serine (S), an amino acid
sequence at the end of GRGDS and RGDS.

HN

R gt L
N YN
H 3 H
0

OCH,CH,

RGDS-poly(DTE-co-20%DT ca
Q
HEBC = Cl=C~CF;CF}

Atomic compositi ) | ¢ i 0%DT earbonate) films immobilized
with RGD-containing pe _ ‘ i i lé 4.2. Percentages of fluorine
follow the same trend that was pyevio ‘ Y 0 d from ninhydrin analysis. GRGDS,
the longer peptide sequence, --w 0 give ] density than RGDS. The theoretical
percentages of fluori ing lated base the ‘assumption that every single

carboxyl groups on the s e imide esters which later

e RGD-containing peptides. l@centages of substitution of
RGDS and GRGDS on the surface calculated from XPS atomic composition were

75% and 30%, ﬂp%ﬂ’g s dpectellihare}Nerlo Sndi GF fuorine detected on

the surface of pog(DTE -c0-20%DT 2arbonate) film immobilized w1th RGD because

there a ya€1 N ﬂxﬁww{fi{g ﬁ mﬁl%}an react with

heptafluorgbut de. However, assuming that RGD is more reactive than

completely reacted wit

RGDS, its %substitution should be more than or at least equal to 75%.
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Table 4.2 Atomic composition RGD-immobilized poly(DTE-co-20%DT carbonate)
film after labeling with heptafluorobutyryl chloride

Sample Source Atomic composition (%)
C o N F

RGD-poly(DTE-co-20%DT 7 XPS 69.1 25.0 54 -

'Mﬁcal 715 217 68 -
| =

689 45 237 29
[heoretical-. 682 6.7 212 3.9

W

GRGDS- poly(DTE-co- «\ 67.6 269 44 1.1

- .8 513 Fi 38

carbonate) film

RGDS-poly(DTE-co-20

carbonate) film

carbonate) film

4.5 Cell Study :
In vitro cytocompati a primary indication of how cells

response to a surface of interest. If3s usually €xpressed in terms of cell adhesion and
B

T

proliferation. Fibroblas this investigation. The cell

adhesion ratio (CAR 15 shown in F .1 i€ _of CAR is reported as a
number of cells attacheﬂto a St on to %umber of cells attached to
tissue culture polystyrene‘('lgPS) in the same, culture media. Having CAR value of

92%, virgin poﬂ)ﬁ-%lﬁﬁﬁw W@ % EJC’O]\ﬁ%i as a good substrate

for cell adhesiondls compared to 100‘% of TCPS. Evidently, the alteration of surface

= /
functio tmaﬁm Wf?ﬁd‘ﬂaﬂﬂsﬂtﬂaﬂ proliferation.
Hydrophobic N-succinimide groups deteriorated the ability of the substrate to adhere

cells. Adding soluble RGD (RGD-s) slightly increased the cell adhesion ratio of the
virgin polymer film. The CAR values of RGD- and RGDS-immobilized surfaces were
lower than expected considering that at least 75% of carboxyl groups on the polymer
surfaces were immobilized with RGD or RGDS. The CAR value of poly(DTE-co-
20%DT carbonate) film was raised from 92.3% to 117.0% after GRGDS

immobilization even though its surface substitution was only 30%. The extra glycine
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spacer obviously introduces flexibility to the polymer surface and thus allows the

RGD part to effectively mediate its specific response to the cells.
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Figure 4.14 In vitro céll adiesionra "(’gj
* This data are significantly it

According to cell pfoliférati

RGDS-modified substrates bec ati
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can best enhance ¢
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(p<0.01).
R) in Figure 4.15. the RGD and
or substrates for cell proliferation
ta really confirmed that GRGDS

RGD RGDS GRGDS

Figure 4.15 In vitro cell proliferation ratio (CPR) of fibroblasts on polymer substrates.

* This data are significantly different from other substrates (p<0.01).
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