




6.5.3 Novel processing ofPVC-P with improved blood compatibility

From the experimental results, it was found that surface enriched CDs, CD/PEO or

CD/Pluronic F68 are effective in reducing protein adsorption. The enriched surface can

be achieved through a novel polymer process, which can be divided into two steps: step

one: polymer blending with CDs or their combination with PEO, or Pluronic F68; step

two: surface removal ofDEHP plasticiser. However, the possible surface damage due to

excess washing should be avoided, since this could lead to a change in surface

topography.

6.6 Summary

In this chapter, protein adsorption on CDs modified PVC-P was investigated. The

modification technology involved is polymer blending, which is industry relevant. CDs are

found to be able to accumulate at the PVC surface, which was evidenced from surface

characterisation. The combination of PEO and Pluronic F68 with CDs would aid CDs

move to the surface but the distribution ratio is hard to predict because of their structural

similarity. These modified PVC-Ps show a remarkable protein resistant surface. The

combination ofB-CD/PEO and B-CDIF68 in certain feeding ratio seems to be synergistic

for such an effect. Since the PVC-P blending system is so complicated, the possible

inclusion complex formation between additives and B-CD might cause such an effect.

Experience gained in the investigation led to the belief that a more detailed study might

provide the basis for a novel form of surface modification. This more detailed study is

described in Chapter 7.
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CHAPTER 7

CYCLODEXTRIN INCLUSION COMPLEX(CIC) MODIFIED

PLASTICISED POLY(VINYL CHLORIDE)



7.1 Introduction

In Chapter 6, cyclodextrins such as a-cyclodextrin (a-CD), ~-cyclodextrin (~-CD) , y­

cyclodextrin(y-CD) and hydroxylpropyl-B-cyclodextrin (HP-~-CD) or their physical

mixtures with poly(ethylene oxide) (PEO) and poly(ethylene oxide) (PEO)­

poly(propylene oxide) (PPO) nonionic surfactant have been investigated for their

influences on protein adsorption of their modified PVC-P surfaces. Polymer solution

casting and polymer blending via melting achieved the incorporation of these

components.

Cyclodextrins are considered to be such unique natural bioproducts being able to form

inclusion complexes with many low molecular weight substances varying from ions,

inorganic and organic chemicals to high molecular weight polymers depending on the

fitness oftheir molecular sizes with the cavity of cyclodextrins. The force to form such an

inclusion complex is by van der Wool's interaction force, hydrogen bonding and

hydrophobic interaction. In 1990, Harada et al (1990; 1990a) first reported that some

linear polymers such as polyethylene glycol (pEG) and poly(propylene glycol) (pPG) can

form inclusion complexes with cyclodextrins. Later, some other polymers including PPO

(Harada,1997) and PEO-PPO-PEO Pluronic surfactants (Topchieva et al, 1993; 1994)

have been reported to form inclusion complexes with cyclodextrins. It was generally

accepted that only a-CD can form solid complexes with PEG (MW>400) while PPG can

form crystalline complexes with both ~-CD and y-CD. For the PEO-PPO-PEO tri-block

copolymer, depending on the each block length, the formed inclusion complexes might be

water insoluble or water-soluble. In the case of solid complexes, the PPO blocks are

included by ~-CD or y-CD to form polyrotaxanes, while in the latter case, P-CD or y-CD

only are strung along the polymer chain depending on the size of the hydrophilic block.

The formed solid inclusion complexes are stable thermally by heating. For example, there

is no decomposition found even at 320°C, i.e. at a temperature higher than that of
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nonincluded ~-CD, which melts and decomposes below 310 °C, indicating that

complexingwith PPG stabilises ~-CD (Harada & Kamachi, 1990).

Recently, Lemos-Senna et at (1998) found there is an interaction between an amphiphilic

y-CD and Pluronic F68 which is able to form mixed micelles. Unfortunately, they could

not separate these micelles by centrifugation due to their monophasic behaviour and low

density. Therefore, it was impossible for them to prove the interaction between Pluronic

F68 and y-CD is due to inclusion complexation. We employed the methodology

according to Gustavo et at ( 1997) to prepare the inclusion complex ofPluronic F68 with

~-CD. In simple addition of 1.36% of ~-CD aqueous solution to a dilute solution of

Pluronic F68 (less than 3%), we could not find any precipitation, ie. solid inclusion

complex. However, it is still possible for ~-CD to react with F68 via hydrophobic

interaction between the PPO block and the hydrophobic cavity of ~-CD, forming a water

soluble inclusion complex. The reason is that there are 76 EO block unit, which is too

hydrophilic to allow ~-CD to form water insoluble inclusion complexes at PPO block

sites. The possible formed inclusion complex structure is shown in Fig 7.Ia. It was one of

our objectives to use this advantage in order to aid cyclodextrins to move to the surface

during the polymer blending process. In addition, it was another objective for us to clarify

if there was any influence on surface properties due to the inclusion complex formation

between cyclodextrins and PEO, PPO or their copolymers when they are used for surface

modification ofPVC-P.

In this chapter, two types of ~-cyclodextrininclusion complexes (CICs), ~-CD-Pluronic

L8I(CICI) and ~-CD-PPG-PEG-PPG (CIC2) were prepared and incorporated in PVC­

DEHP and PVC-TEHTM by polymer blending. Pluronic L8I and PPG-PEG-PPG were

reported to be able to form solid inclusion complexes with cyclodextrins, which being

able to produced in lab. In addition, some ~-CD or its combination with F68 modified
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PVC-P were produced for compans on reason . The comparison between the CIC

modified surface and the physical mixtures modified surface were investigated using

protein adsorption studies. From these results, a possible mechanism by utilisation of the

combination of cyclodextrins and other polymers could be postulated.

7.2 Mat erials

Pluron ic L81 «(PEO)6-(PPO) 39-(PEO) 6, MW 2750) was purchased from BASF

Wyandotte Corp., Parsippany, NJ, USA. (PPG)8-(PEG)23-(PPG)8 (MW2000) was from

Aldrich Chemicals Ltd . 13-CD formed inclusion complexes with L8I and PPG-PEG-PPG

were named as CIC 1 and CIC2 respectively. Their modified PVC-P samples were

prepared by polymer blending in Royalite Plastics.Ltd, Edinburgh, according to the

formulation in Table 7.1, in which, M represents the mixture of 13-CD and other additives;

D represents DEHP-PVC; T repre sents TEHTM-PVC.

Fig 7.1 a 13-CD inclusion complexing with PEO-PPO-PEO copolymers
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Table 7.1 Formulation ofmodified PVC-P using J3-CD (B-CD)

SAMPLES PVC-DEHP PVC- CICS (pHR) MIXTURES(PHR)

TEHTM

DB-O 100 /

DB-5 100 / 5 (B-CD)

DBPP-35 100 / 3/5 (B-CD/F68)

D-CICI 100 / 5 (CICI)

D-MI 100 / 4.42/0.58

(B-CD/L81)

D-CIC2 100 / 5 (CIC2)

D-M2 100 / 4.1/0.9

(B-CDIPPG-PEG-PPG)

D-M3 100 / 5 (L81)

D-M4 100 / 4/1

(L81/B-CD)

D-M5 100 / 3/2

(L81/B-CD)

D-M6 100 / 2/3

(L81/B-CD)

D-M7 100 / 5 (pPG-PEG-PPG)

TB-O / 100

TB-5 / 100 5 (B-CD)

TBPP-35 / 100 3/5

(B-CD/F68)

T-CICI / 100 5 (CICI)

T-MI / 100 4.42/0.58

(B-CD/L81)
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The fibrinogen adsorption was carried out by the same method as described in Chapters 5

and 6. However, the fibrinogen bulkconcentration was increased to 2.0 ug/ml instead of

1.3 ug/ml,

7.3 Results

7.3.1 Preparation of modified PVC-P

When (3-CD solution was added to L-81 and PPG-PEG-PPG aqueous solution, during

stirring, a large quantity of precipitation forms. This is due to the inclusion complex

formation. It is confirmed that only PPG or PPO segment could interact with (3-CD and

two unit of propylene glycol will bind one (3-CD molecule. Therefore, the formed solid

CICI and CIC2 will have the possible structures as follows (Fig7.1b):

(CICl)

(CIC2)

Fig7.lb Structures of (3-CD inclusion complexes withL.81 andPPG-PEG-PPG

Fromthe above CIC structures, the modification ofPVC-P with (3-CD and L81 or PPG­

PEG-PPG physical mixtures comparable to the inclusion complexes can be calculated. In

addition, PVC-DEHP with different composition of physical mixtures of (3-CD and L8I

was alsoformulated in order to evaluate the processibility.
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Table 7.2 gives the processing results in terms of plasticisation degree. Results indicate

that the addition ofP-CD, L-81, PPG-PEG-PPG and CICs would affect the compatibility

between plasticiser and PVC in the blending system. Also, the migration of these

additives to the surface would be expected due to the incompatibility among these

additives, PVC and plasticiser. Only certain feeding compositions of P-CD with L-81

produced excellent blends in sheet form while achieving modified surfaces.

Table 7.2 Processibility ofPVC-P blending in the presence of P-CD, CIC and its mixtures

SAMPLES PROCESSffiILITY APPEARANCE

DCICI +++ transparent

DCIC2 +++ transparent with little un-molten white

powder

DMI +++ transparent

DM2 +++ transparent

DMJ, DM4, DM5 --- pellets, not being able to press into sheet

DM7

DM6 ++ transparent

TCICI +++ transparent

TCICMl +++ transparent

DBPP-35 ++ opaque

TB5 +++ transparent

TBPP-35 +++ opaque

+++: Excellent; ++: good; ---: poor
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The processibility of modification of PVC-P changes with different composition. In

particular, those with a higher content of surfactant will reduce the plasticisation degree,

causing the difficulty ofcalendering PVC-Po Therefore, a suitable feeding composition for

(3-CO with Pluronic L81 is (3-CO >=3 and L81<=2.0 in total 5 phr. The utilisation of

higher molecule weight Pluronic F68 reaches the limit of 5 phr for F68 and 3 phr for (3­

CD without affecting too much the processibility, while the transparency is reduced.

Similar results were also obtained for PVC-TEHTM.

7.3.2 Fibrinogen adsorption studies

Firstly, to confirm the effectiveness of (3-CO modified PVC-P in reducing fibrinogen

adsorption, (3-CO or its combination with Pluronic F68 at a different composition as that

in Chapter 6 were repeated for PVC-P modification by polymer blending. Again, it could

be clearly seen that the combination of (3-CO with F68 with 3/5 feeding ratio (by phr)

significantly reduced fibrinogen adsorption, which is in agreement to the previous studies.

This is shown in Fig 7.1. In this chapter, a higher fibrinogen bulk concentration was taken

to increase the counting number for statistical purposes. It has already been shown in

Chapter 5 and Chapter 6 (Fig 6.24) that fibrinogen adsorption on PVC-P is fibrinogen

bulk concentration dependent. The increase in fibrinogen bulk concentration leads to an

increase in fibrinogen adsorption capacity of plasticised PVC. Comparing the fibrinogen

adsorption of OB-O and OB-5 as measured in Chapter 6, the fibrinogen adsorption

capacity increased from 0.032 to 0.059 ~g/cm2 and 0.028 to 0.042 ~g/cm2. This does not

mean that there is any change in the fibrinogen adsorption pattern with respect to the

reactivity towards blood.

Surface methanol treatment was used to clean the (3-COlPluronic F68 modified PVC­

DEHP with the same treatment condition as before. Unlike the results of (3-CO alone or

the combination of (3-CO and PEO modified PVC-DEHP as shown in Chapter 6, the
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methanol surface treatment of P-CDlPluronic F68 caused an increase in fibrinogen

adsorption as shown in Fig 7.1. The significance of this result is discussed in section 7.3

from the surface characterisationresults.

Fig 7.2 shows the fibrinogen adsorption of modified PVC-TEHTM. It can be seen that

both the P-CD alone modified and P-CD/F68 modified reduce fibrinogen adsorption

significantly compared to unmodified PVC-TEHTM. The P-CD alone seems to be more

effective than that of the combination. This is consistent with the previous study in

Chapter 6.

The most significant results in this chapter were the fibrinogen adsorption on PVC-Ps

which are modified by the combination of low-molecular weight PEOIPPO block

surfactant with p-CD. The selected surfactants were required to be able to form solid

inclusion complexes with p-CD. Fig 7.3 shows that Pluronic L8I (pEO-PPO-PEO, MW

2750)/B-CD inclusion complex modified PVC-DEHP reduces fibrinogen adsorption

significantly compared to PVC-DEHP without P-CD or with P-CD alone. The L811P-CD

physical mixture with different composition could has a similar effect but presents a wider

range ofmeasurement statisticallythan the CIC modified.

In Fig 7.4, when the sequence of block copolymer of PEOIPPO was changed to PPo­

PEO-PPO (pPG-PEG-PPG) (MW=2000), the structure of formed inclusion complex is

different from the Pluronic L811P-CD inclusion complex, which results in a different

pattern of fibrinogen adsorption. The results indicate that the degree of reduction in

fibrinogen adsorption is not so significant as that of the PEO-PPO-PEO sequence. Even

in a very low percentage of PPG-PEG-PPG combined with P-CD (D-M2), the presence

of this surfactant could restrict the function of P-CD in its reduction of fibrinogen

adsorption. This indicates that the sequence of PPOIPEO copolymer is important in its

143







reactivity towards fibrinogen adsorption. This could be the reason that surfactants with

the sequence of PEO-PPO-PEO are the most commonly utilised for biomaterial

modification.

With respect to modification of PVC-TEHTM, which has a higher plasticiser level than

PVC-OEHP, the fibrinogen adsorption results in Fig 7.5 show that the inclusion complex

modified PVC-TEHTM has a wider range of measurement statistically (SO) than the

physical mixture modified. The physical mixture modified PVC-TEHTM shows the

lowest fibrinogen adsorption capacity.

Fig 7.6 gives the results of the influence of surface methanol treatment on fibrinogen

adsorption. Surprisingly, the modified PVC-TEHTM either with P-CO alone or its

combination with Pluronic F68 displays an increase in fibrinogen adsorption after surface

methanol treatment, regardless of the reduced plasticiser level at the surface. This

significanceis discussed in section 7.3.

In summary, the study on fibrinogen adsorption of P-CO/Pluronic F68 modified PVC-P

shows again the effectiveness of this combination in terms of reduction of fibrinogen

adsorption. There is no significant difference between CICI and MI modified PVC­

OEHP regarding to reduction in fibrinogen adsorption, however, CIC1 modified PVC­

OEHP seems to be dispensed more homogeneously than the simple physical mixture,

according to the statistical error analysis. With respect to plasticiser selection, there is a

different pattern for PVC-TEHTM. The physical mixture modification is more effective

in reducing fibrinogen adsorption than the inclusion complex. It is also found that the

selected surfactant with different sequence ofblock can change the fibrinogen adsorption

pattern. PPG-PEG-PPG is not as effective in the reduction offibrinogen adsorption.
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For the further surface treatment using methanol, although the surface plasticiser level

can be reduced to achieve a plasticiser-free surface, the fibrinogen adsorption surprisingly

goes up. This implicates that there are other factors other than plasticiser surface level,

which can influence fibrinogen adsorption.

Table 7.1 Fibrinogen adsorption on PVC-DEHP and modified PVC-DEHP (n is the

number ofmeasurement)

FffiRINOGEN DB-O DBPP35 DBPP35 TB-O TB-5 TBPP35

ADSORPTION (N=6) (N=6) (WASHED) (N=9) (N=6) (N=6)

(~G/CM2) (N=9)

Mean 0.059 0.021 0.054 0.047 0.019 0.036

SD 0.003 0.004 0.006 0.006 0.001 0.006

Note: Fibrinogen adsorption of pvc CONTROL: O. 018+/-0.002(pG/CM);

CUPROPHAN CONTROL: 0.015+/-0.003(pG/cM)

Table 7.2 Fibrinogen adsorption on PVC-TEHTM and modified PVC-TEHTM using

methanol surface treatment for 30minutes (2rn1 methanol/em" contacted area)

FffiRINOGEN TB-O TB-O TB-5 TB-5 TBPP-35 TBPP-35
ADSORPTION (N=9) (WASHED) (N=6) (WASHED) (N=6) (WASHED)

(N=6) (N=9) (N=9)

Mean 0.047 0.034 0.019 0.05 0.036 0.05

SD 0.006 0.005 0.001 0.005 0.006 0.01
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Table 7.3 Fibrinogen adsorption on modified PVC-P by CICs or physical mixtures of~­

CD and surfactants

FffiRINOGEN DB-O DB-5 D- D-M1 D-M6 D-CIC2 DM2 T-CIC1 T-M1
ADSORPTION (N=6) (N=9) CIC1 (N=9) (N=9) (N=9) (N=9) (N=9) (N=9)

I(N=9)
Mean 0.059 0.042 0.023 0.024 0.023 0.052 0.047 0.038 0.014

SD 0.003 0.005 0.008 0.023 0.022 0.0018 0.0047 0.029 0.016

7.3.3 Surface characterisation using ATR-FTIR

ATR-FTIR surface characterisation technique was employed again in this chapter to

clarify the surface chemical characteristics after surface modification using cyclodextrin

inclusion complexes (CICs) or simple physical mixtures of ~-CD and surfactants and

surface methanol treatment.

In Fig 7.7, it is clearly shown that the surface treatment ofDBPP-35 using methanol can

get a DEHP-cleansed surface. The IR absorption at 2940-2900 em" and 1726 em"

referring to DEHP plasticiser is very weak compared to the unwashed sample However,

the IR adsorption at 1425 em" and 960 em" is increased, which indicates the PVC

structure. In addition, the wide band around 3400 em" indicates the presence of ~-CD

and Pluronic F68 at the surface before and after washing. It was also found that after

washing, the surface gets rigid which could change the surface roughness. This was very

clear from the recorded spectrum of the washed sample. Due to the increased roughness,

the attachment between PVC sample and the crystal in the ATR accessory is not as tight

146



c:\xiaobin\ .lIb. PDMI 21/07/1999

10001!l0020002!l00)000)!l00
O.~~::::::::::::::c:..---==,.-"=:==~====:::;::::::::':'-"":"""----..---'

4000

..
•········

--

c:\xiaobin\lmp.&b. PDClCI 21/07/1999

0.30"

O.2lr L_"j ,

11'~ClCi."""""'''' ,.Clet IMIH_

146a



c:\xillObin .1Ib. PDM628107/1999

o.

o
A

•··~ O.····
o.

o.

3600

1.';................. ro_zeurn_

3000 2600_. 2000 1600 1000

Fig 7.S ATR·FTIR surface characterisation ofCIC-I modified PVC-DEHP (pDCICI or

DCICI), B-CDlPluronic LSI physical mixture modified PVC-DEHP (PDMlor DMI)

both with the same B-CDILSI composition, while PDM6 or DM6 is the sample modified

with B-CDlPluronic LSI physical mixture with higher Pluronic LSI concentration

I46b



as with the unwashed sample. Thus, an increase in noise signal is induced. This is not the

case with washed PVC-DEHP modified with P-CD alone or PEO combination as shown

in Chapter 6. Ideal spectra can be recorded with low noise signal with their washed

samples. All these experimental observation indicates that a surface topographical change

would be significant in the case ofPVC modification using the combination of P-CD with

Pluronic F68. Another possible reason could be due to the occurrence of a reduced

density of P-CDlPluronic F68 molecular layer caused by methanol washing, which leads

to an increase in fibrinogen adsorption. It has been postulated that high surface density

and long chain length ofPEO-type surfactant are desirable for protein resistance (Jeon &

Andrade, 1991).

From Fig 7.8, the IR absorption at 3400 em" assigned to the vOH vibration indicates the

accumulation of P-CD and Pluronic L81 at the surface. CICI modified PVC-DEHP

seems to have the most pronounced absorption at this wavelength compared to Ml and

M6 modified PVC-DEHP. It implies the inclusion complexation between L81 and P-CD

could aid P-CD move to the surface. In addition, the strong absorption at 1050-1260 em'

1 is partly attributed to vC-O-C of the ether linkage of P-CD and Pluronic surfactant.

Therefore, ATR-FTIR surface characterisation gives the indication of its presence of

CICI or P-CD/L81 physical mixture at the surface. However, it is hard to evaluate the

surface level of presented P-CDlPluronic LSI only using ATR-FTIR. This could be

achieved using ESCA (Electron Spectroscopy ofChemical Analysis).

In contrast to Fig 7.7 and 7.8, Fig 7.9 gives the ATR-FTIR results of P-CDIPPG-PEG­

PPG modified PVC-DEHP. It is found that the IR absorption at 3300cm-l is not

distinguished and the absorption is very weak, which indicates the low level of the

presence of P-CDIPPG-PEG-PPG at the surface. This is the reason why there was no
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significant reduction in fibrinogen adsorption found using this combination to modify

PVC-DEHP.

When the plasticiser is changed from DEHP to TEHTM with a larger molecular weight,

the absorption band at 3300 em" provides the evidence that CICI or the P-CDIL81

mixture are present at the surface. The adsorption band seems to be more pronounced

than some of the modified PVC-DEHP samples, as shown in Fig 7.10. The lack of

interaction between P-CD and TEHTM could possibly increase the diffusion coefficiency

of P-CD to the surface during the blending processing, while the inclusion complex

formation between P-CD and DEHP could restrict the diffusion of free P-CD to the

surface. This can be seen from Fig 7.10, in which P-CD and L-81 mixture modified PVC­

DEHP have less distinguished absorption band at 3300cm"} than CICI modified. The

reason is that once the hydrophobic cavity of P-CD is occupied by Pluronic L81, there is

no free space for P-CD to interact with DEHP. The lack of interaction between CICI and

DEHP acts to aid CICI to the surface. However, there is no significant difference in

resistance to fibrinogen adsorption between CICI and P-CDIL81 mixture modified PVC­

DEHP from the fibrinogen adsorption test as shown in Fig7,4 even though there is a

CICI enriched surface. This is because of the function of surfactant, which cannot be

excluded.

In addition, the surface characterisation of P-CD modified PVC-TEHTM compared to its

further methanol surface treated sample using ATR-FTIR shows again the increase of

surface roughness, which causes a increase of noise signal as shown in Fig 7.11 due to

surface washing. Obviously, the TEHTM level is reduced because of the decrease of

intensity at 1726 em" and 2900 em", which are characteristic absorption band for

phthalate ester plasticiser. Meanwhile, the band at 3300 ern" seems to be weakening

slightly due to washing. This might imply a slight leach of P-CD due to washing.
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In summary, ATR-FTIR surface characterisation indicates the possible accumulation of

P-CDILSI either in CIC form or as a physical mixture at the surface. The surface

composition could be P-CD/DEHP complex, free P-CD, free Pluronic LSI, PVC and free

DEHP in the case of physical mixture modified PVC-DEHP. For CICI modified PVC­

DEHP, the possible surface composition consists of CICI, PVC and free plasticiser,

which would be more straightforward and less complex to understand the surface

composition. The P-CD combination with low molecular weight Pluronic surfactant can

create a fibrinogen resistant surface, which is more effective than that of P-CD alone.

This is a synergistic effect. Even though the low molecular weight Pluronic LSI is less

effective than Pluronic F6S in producing a fibrinogen resistant surface by itself, the

combination of such a LMW surfactant with P-CD has achieved the protein-resistant

surface property, probably without any mechanicalproperty compromise. In this case, the

main function of L8I is to help P-CD move more easily to the surface. In addition, the

formed inclusion complex could create an ideal balance between hydrophobicity and

hydrophilicityat the surface, which is of biomimetic towards the blood environment. This

could be beneficial for improving blood compatibility.

For PVC-TEHTM, no interaction occurs due to inclusion complex formation between

TEHTM and p-CD. Therefore, it would be advantageous for P-CD to move to surface.

This is the reason why the P-CDIL81 mixture modified PVC-TEHTM exhibits a good

fibrinogen resistant surface. However, since the miscibility between TEHTM and PVC is

not so ideal as DEHP with PVC, the extra addition of B-CDlPluronic L8I inclusion

complex (MW is about 25,750) will definitely increase the process difficulty and alter the

surface microphase structure. It is the factor causing higher statistical error in the

fibrinogen adsorption study.
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The methanol surface treatment leads to a reduced plasticiser surface level. However, it

will change the surface topographically. Therefore, it is not necessary to carry out a

further surface treatment when using ~-CD/Pluronic F68 combination to modifyPVC-P.

7.4 Discussion

In this chapter, a novel approach to provide a PVC-P surface with improved blood

compatibility in terms of fibrinogen adsorption resistance was achieved. Unlike Chapter 6,

two low molecular weight surfactants were selected to combine with ~-CD to modify

PVC-P. One was Pluronic L81 and another was different sequenced PPGIPEG

copolymer, PPG-PEG-PPG. In particular, the ~-CD inclusion complex (CIC) was applied

for modification of PVC-P. The advantages of using CIC can be summarised as the

following points:

I. More easily to move CIC to PVC-P surface to create a fibrinogen resistant surface.

2. More straightforward and easier to evaluate the surface chemical composition.

3. More consistent in evaluation of fibrinogen adsorption ofCIC modified PVC-DEHP

statistically.

4. Avoiding the leaching offree ~-CD and L81 due to a higher MW ofCIC.

S. Easier to understand the synergistic effect than to understand that of ~-CD/Pluronic

F68.

6. More transparent than Pluronic F68 modified material at the same incorporation

percentage.

7. CICI could be employed to modify polymeric biomaterials other than PVC

According to the fibrinogen adsorption and the ATR-FTIR surface characterisation

results, CICI was found to be able to accumulate at the surface to achieve a significantly

reduced fibrinogen adsorption compared to either PVC-DEHP or PVC-DEHP modified

by ~-CD alone. The result was more consistent than the physical mixture modified

samples. The chemical composition at the surface could be CICI, DEHP, PVC and other
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formulation additives. For the physical mixture (MI) modified PVC-DEHP, the surface

chemical composition could be free DEHP, J3-CDIDEHP inclusion complex, free L8I,

L8I/J3-CD inclusion complex, PVC and other additives. However, it is very difficult to

tell the actual composition at this stageusing ATR-FTIR.

Unlike Pluronic F68 (MW 8600) modified PVC-P, L8I (low molecule weight) and J3-CD

is possible to leach to the contacted hydrophilic media. However, the CICI with MW25,

750 could limit its leachability due to the entanglement in the surface, as with Pluronic

F68 or it's combination with J3-CD. This could be assessed by measuring the

concentration in the extractant such as PBS buffer solution. However, the possible

leaching of plasticisers and other additives leads to a difficulty to assess the content of J3­

CD andL8I. This could be simply done if radiolabelled J3-CD wasutilised.

Since Pluronic F68 cannot form solid inclusion complex with J3-CD by commonly used

preparation methods, it was not possible to use J3-CD/F68 complex to modify PVC-Po

Therefore, it is difficult to understand the possible mechanism of the synergistic effects on

fibrinogen adsorption resistance by the F68/J3-CD combination. However, in the case of

combination of J3-CD with LSI, where L8I is not so effective in retarding fibrinogen

adsorption as F68 doesbecause of its lack of longPEO chain, the CICI modification was

clearly shown to be a synergistic effect, which is better than either J3-CD alone or L8I

alone. For the physical mixture modified PVC-DEHP, the poor consistency in

measurement indicates its poor processibility, in addition to the possibility of leaching of

low molecular weight substances into contacted media. This could rule out its practical

application.
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In addition, CICI could possibly be used for modification of other polymers, such as

polyurethane and polyethylene containing less additives than PVC. This provides another

opportunity to modify polymeric biomaterials for improved blood compatibility.

The results also showed that surface methanol treatment was not effective in reducing

fibrinogen adsorption as Chapter 6 reported for ~-CDIF68 modified PVC-Po This is due

to the surface topographical change. In addition, the decrease in density of the Pluronic

layer could be another reason for increased fibrinogen adsorption. Therefore, it is not

recommended to add another surface treatment in the modification process for ~-CDIF68

modified PVC-P unless there is no influence on the surface topography during the

cleaning process. The results also indicate the importance of processing, which could

change the microphased surface structure leading to an alteration of fibrinogen

adsorption. In consideration of the possible influence on the surface morphology or

topographical change by methanol surface treatment, it would be interested to see how

the correlation could be between surface treatment and surface roughness using Atomic

Force Microphotography (AFM). This is discussed in chapter 8.

7.5 Hypothesis of~-CD/Pluronic combination for improving blood compatibility

Based on the data of fibrinogen adsorption and ATR-FTIR surface characterisation ofB­

CD/Pluronic modified PVC-P, coupled with the ATR-FTIR surface characterisation of~­

CD/Pluronic modified polyethylene control material, it is clear that the reduced fibrinogen

adsorption is due to the altered surface chemical composition ofPVC-P. The presence of

~-CD, Pluronic surfactant, the formed inclusion complex between them, and formed ~­

CD/DEHP inclusion complex in the case of PVC-DEHP modification at the polymer

surface could be the key reason for achieving low fibrinogen adsorption. In addition, the

reduced plasticiser surface level due to ~-CD/Pluronic incorporation could be another

reason.

152



Why could a synergistic effect on reduction of fibrinogen adsorption be achieved when

polymer surface was modifiedby ~-CDlPluronic combination?

Pluronic F68 and other higher molecular weight Pluronic surfactants such as F88 and

FI08, which consist long PEO chain length have been found to be capable of building a

protein resistant surface, with the longer chain the better (Li et al, 1991). The key

mechanism is that the flexible long PEO chain can create an ideal hydrophilic surface,

which is also very dynamic. However, it was also reported that a stable surface

configuration was essential for improving blood compatibility, in which Pluronic

surfactant at the surface exhibited a dense layer instead of a loose structure (Jeon &

Andrade, 1991). It was also found that it was not necessary to have a very long PEO

chain length to achieve such a protein resistant property (Lopez et al, 1992).

In the case of ~-CD and Pluronic F68 combination, the inclusion complex formation

between ~-CD and F68 was expected to develop a stable configured surface, while

maintaining the flexibility ofPEO. The complex block of ~-CD and PPO or PPG is much

bulky, which could restrict the configuration change. Therefore, CD could be acting as

an "ANCHOR" to fix Pluronic .surfactant at the surface. This "anchoring hypothesis"

could be the mechanism to explain the synergistic effects on fibrinogen adsorption.

Already, there is evidence that the loss of this configuration due to surface washing can

change the fibrinogen adsorption pattern. Furthermore, when ~-CD/L81 inclusion

complex (CICl) was applied for modification ofPVC-P, where L81 has a shorter PEO

chain than F68, it is almost impossible to get long flexible PEO-chains at the surface, in

contrast to Pluronic F68, F88 and FI08. However, the extremely stable configuration at

the surface with an increased hydrophilicity due to ~-CD polysaccharide could also

achieve the synergistic effect successfully. Fig 7.12 shows the possible structures and

configuration of ~-CDlPluronic complex modified surface, which has the effect of

reducing fibrinogen adsorption.
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CHAPTER 8

FINAL DISCUSSION AND FURTHER WORK



8.1 Introduction

The high percentage ofplasticiser present in a PVC-P formulation provided PVC-P with

many characteristics either in bulk properties or surface properties, which are different

from PVC. In the case of PVC-P as a blood contacting biomaterial, the surface

composition of a PVC-P plays a very important role in blood response. In fact, when a

PVC-P contacts blood, the contact surface consists mainlyofplasticiser rather than PVC

polymer. Therefore, the blood compatibility of PVC-P is believed to be dependent on

plasticiser selection, plasticiser surface level and surface distribution. Any surface

modification approaches causing changes of the above-mentioned factors can lead to an

altered blood response. Further, an improved blood compatibility could be achieved

through these changes.

In this project, these effects were closely investigated using protein adsorption studies.

The correlation of protein adsorption with surface characteristics of PVC-P, including

plasticiser nature and plasticiser surface level was investigated. Surface modification of

PVC-P was achieved using cyclodextrins (CDs) or their combination with polyethylene

oxide (PEO) and polyethylene oxide (PEO)-polypropylene oxide (PPO) block

copolymers. The incorporation of these additives can change the surface characteristics

in terms of surface hydrophilicity or balance of hydrophilicity/hydrophobicity, most

importantly the stability of configuration of accumulated molecular layer, which

determines the blood response. In the end, a novel process for improving blood

compatibilityofPVC-P was obtained.

8.2 Blood compatibility of plasticised poly(vinyl chloride) (PVC-P): protein adsorption

studies

8.2.1 Dependence on plasticiser selection

In this project, three types of medical grade PVC-P in sheet form were selected for

protein adsorption studies. The selected plasticisers include two phthalates (DEHP and

TEHTM) and one citrate (BTHC). 12S-I-fibrinogen and albumin were selected as the

blood components for interaction with PVC-Po The material/protein contact was
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achieved with a modified 24-well incubation test cell. Protein adsorption studies indicate

that at very dilute fibrinogen bulk concentration, PVC-BTHC shows the lowest

fibrinogen adsorption, while PVC-TEHTM is the most reactive to fibrinogen among the

three types of PVC-Po The PVC-U was found to be unreactive to fibrinogen and

albumin, with the same pattern as Cuprophan dialysis membrane. The Freundlich and

Langmuir isotherms were employed for modelling protein adsorption. For fibrinogen

adsorption, results indicate there is a strong relation between fibrinogen adsorption

capacity and fibrinogen bulk concentration. All three types of PVC-P fit the Freundlich

equilibriumisotherm indicating a monolayer adsorption in the dilute bulk concentration.

PVC-DEHP has·the highest n value indicating a weakest adsorptivity. PVC-TEHTM

possesses a highest K value and a low n value, which indicates the highest adsorption

capacity. For PVC-BTHC, it has the lowest K value indicating the lowest adsorption

capacity and a very similar n value (slope of curves) to that of PVC-TEHTM, which

indicates a different plasticiser nature, but with similar adsorptivity as PVC-TEHTM.

This can be seen from the Freundlich modeling isotherms summarised in Fig 8.1. In

addition, it emphasises the importance of plasticiser at the surface as opposed to the

adsorption pattern ofpoly(vinyl chloride) (PVC) polymer itself ( Chuang etal, 1978).

For albumin adsorption, the three types of PVC-P fit Langmuir adsorption isotherm

while PVC-BTHC fits Freundlich model as well. PVC-BTHC presents the lowest

albumin adsorption when the albumin bulk concentration was lower than 0.5211 ug/ml.

These data indicate that albumin adsorption is not strongly dependent on albumin bulk

concentration.

In conjunction with the surface characterisation results, the lower fibrinogen reactivity of

PVC-DEHP is due to its lower DEHP surface level and higher PVC composition (0.252

mg/cnr'; Apvc 980cm-d ADEHP 1726cm-l = 1.04; DEHP%=49) than those of PVC-TEHTM

(0.355 mg/cnr', Apvc 980cm-l! ATElITM 1726cm-l = 0.30; TEHTM%=77%). For PVC-BTHC,

the value of Apvc 980cm.d ABrnc 1726cm-l is the lowest about 0.045 (BTHC%=95.7) which

means it has the highest BTHC level at the surface. However, it exhibits the lowest
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reactivity to fibrinogen within a range of fibrinogen bulk concentration. It implies that

protein adsorption is also influenced by the plasticiser nature.

8.2.2 Dependence on plasticiser surface level

The methanol surface treatment leads to a gradually reduced plasticiser surface level.

The protein adsorption studies on these treated surfaces made it possible to reveal the

correlation between blood compatibility and plasticiser surface level. Generally, the

higher the plasticiser surface level, the higher the fibrinogen adsorption, and the lower

the albumin adsorption. However, the surface texture or morphology will affect this

phenomenon. The washed samples might also lead to a strong reactivity to fibrinogen

due to the increase in surface roughness. This is the case particularly in the surface

treatment of PVC-TEHTM and PVC-BTHC. The methanol surface treatment after 60

minutes caused an increased fibrinogen adsorption.

From this correlation study, it is concluded that fibrinogen adsorption on PVC-DEHP

and PVC-TEHTM is strongly dependent on plasticiser surface level, which implies

DEHP and TEHTM have the same chemical nature. If plotting fibrinogen adsorption

capacity against plasticiser surface level and crossing Y-axis further, it is found that they

have a very similar slope and a very similar Y intercept value, which is the fibrinogen

adsorption on PVC with a clean surface. This also indicates that PVC is non-reactive to

fibrinogen (fibrinogen adsorption on PVC is around 0.010 J.1g1cm2
) (Fig 8.2 and 8.3).

PVC-BTHC also showed a very similar trend but for the first 5 minutes, the fibrinogen

adsorption increased and then fell gradually with a reduced BTHC surface level. This

might also imply that BTHC is of different chemical nature from phthalates. The certain

high surface level could be beneficial for improving blood compatibility at the surface

treatment before 5minutes, but a further cleansed surface (after 5 minutes) will be more

advantageous for reducing fibrinogen adsorption.

8.2.3 Conclusions

From the above discussions, several conclusions can be drawn:
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(1) Blood compatibility assessment of PVC-P in terms of protein adsorption indicates

there is a strong dependence on plasticiser selection (nature) and plasticiser surface

level. Higher phthalate plasticiser surface level leads to higher fibrinogen reactivity.

(2) For surface treatment using methanol washing, a possible change in surface texture

or morphology might be able to affect protein adsorption pattern, particularly in the

case ofPVC-TEHTM.

(3) PVC-BTHC has a similar adsorption pattern to PVC-TEHTM from Freundlich

equilibrium isotherms with a very similar n value. This indicates both of them have a

very similar surface hydrophobicity. However, a higher K value of PVC-TEHTM

indicates a stronger reactivity to fibrinogen. Meanwhile, BTHC-PVC adsorbs the least

proteins within a certain range of protein bulk concentration, which indicates the

different nature ofBTHC.

8.3 Surface modification ofPVC-P

8.3.1 Influence on protein adsorption ofcyclodextrins (CDs) modified PVC-P

The initial considerations of the utilisation of CDs for modifications of PVC-P were

based on the fact that ~-CD could retard DEHP migration due to the formation of an

inclusion complex. However, there is a lack of research on the blood response of CDs

modified polymers in the literature. In this project, protein adsorption studies of CDs

modified PVC-P were performed.

Basically, CDs are types of cyclic polysaccharides containing various units of glucose,

forming a hydrophobic cavity surrounding with a hydrophilic shell. By van der Wool's

force, hydrogen bonding and hydrophobic interaction, CDs can form inclusion complexes

with many guests. The important features for CDs utilised in the biomedical field are

non-toxicity, biocompatibility and the capability of inclusion complex formation. The

incorporation of CDs (a-CD, ~-CD, y-CD and HP-~-CD) into PVC-DEHP was

achieved using casting technology. Fibrinogen adsorption studies indicated that a

reduced fibrinogen adsorption could be achieved due to the presence ofCDs at the PVC­

DEHP surface. The mechanism could be related to an increase in surface hydrophilicity

or building a balance between hydrophilicity and hydrophobicity. More industry relevant,
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PVC-P modification using CDs was carried out by polymer melting or blending in a two­

roll mill. In this way, CDs or P-CDIDEHP inclusion complex can migrate to PVC-DEHP

or PVC-TEHTM surface by the strong sheer force during polymer blending. The

increase in CDs incorporation concentration leads to a gradually reduced protein

adsorption.

For three reasons, polyethylene oxide (PEO) and Pluronic surfactants (pEO-PPO-PEO)

were selected as combinations with CDs for modification of PVC-Po Firstly, to reduce

the cost of polymer process by parcial replace of CDs. Secondly, the bulk properties

could be improved by this combination instead of using CDs or Pluronic alone. Thirdly,

it could possibly aid CDs to migrate to the surface and achieve a highly reduced protein

adsorption.

Protein adsorption results show there is a remarkable reduction in protein adsorption

both for fibrinogen and albumin. The combination of P-CD and Pluronic F68 seems to

have a synergistic effect on fibrinogen adsorption in a certain composition. Similar

results were also found for CDs modified PVC-TEHTM. However, the combination of

P-CD with F68 was no more effective than P-CD alone in PVC-TEHTM modification.

This could be due to a richer P-CD surface concentration at PVC-TEHTM surface than

that in the case of PVC-DEHP. The lack of inclusion complex formation between

TEHTM and P-CD could be beneficialfor P-CD's getting to the surface.

More interestingly, a further surface washing treatment of CDs modified PVC-DEHP

can lead to a further reduced fibrinogen adsorption, which is believed to be due to a

clean surface with low DEHP surface level. This surface can maintain its low fibrinogen

adsorption as long as 10 days, which is quite different from that of PVC-DEHP. The

reason is that P-CD's presence at the surface can form a barrier to mobilise the diffusion

ofDEHP from the bulk to the surface, which could create a clean surface for a relatively

long time. Therefore, a novel process for modification ofPVC-P could be summarised in

Fig 8.4
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S.3.2 Influence on protein adsorption of cyclodextrin inclusion complexes

(CICs) modified PVC-P

Supramolecular chemistry is a new division in modem chemistry. It is now more

involved in designing new materials according to some sorts of specific recognition via

non-covalent bond. In this thesis, cyclodextrins (CDs), the most widely applied natural

host molecules, were employed to form inclusion complexes with PEO-PPO-PEO type

surfactants. Then, these formed cyclodextrin inclusion complexes (CICs) were

incorporated into PVC-P blend system. The objectives ofthis study firstly were trying to

clarify the synergistic effect of the combination of Pluronic surfactant with J3-CD on

reduction in fibrinogen adsorption. Secondly, to develop a novel approach to modify

PVC-P for improving blood compatibility, and finally, to consider a possible mechanism

of such reduced fibrinogen adsorption using this CIC supramolecule.

Results in Chapter 7 clearly indicate that the incorporation of an inclusion complex

between J3-CD and Pluronic LSI (low molecule weight surfactant) (CICI) into PVC­

DEHP blend system can achieve a CICI enriched surface, which is effective in reducing

fibrinogen adsorption. The other advantages include more consistency in adsorption

assessment, less influence on the physical properties such as transparency, and easier

processing than the physical mixture of J3-CD and Pluronic LSI. It is also found that the

block sequence of PEO and PPO is very important for creating a protein resistant

surface. PPO-PEO-PPO sequenced surfactant is not acceptable for this particular

application.
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Regarding the further surface treatment using the methanol cleaning technique, the

surface washing can change the surface topography, particularly of the B-CDlPluronic

F68 modified PVC-P surface. This leads to an increase in fibrinogen adsorption.

Therefore, it is not necessary to follow with such a surface cleaning process in this case.

For ~-CDlPluronic L8I inclusion complex modified PVC-P, the influence on fibrinogen

adsorption of surface washing was not investigated due to the limit of quantity of

materials. However, it is believed that the already CIC-enriched surface must playa more

important role rather than the plasticiser present at the surface, since there is no

significant difference between CICI modified PVC-DEHP and PVC-U, and also

Cuprophan.

From these results, it is hypothesised that the CICI can help to create a stable PEO­

anchored surface, which is beneficial for a reduction in protein adsorption. Compared to

other approaches, such as surface coating combined with plasma fixing, chemical

immobilisation and other surface modification techniques, this supramolecule

modification approach has many advantages, which have been summarised in Chapter 7.

In particular, is more industry relevant.

8.3.3 Influence on plasticiser DEHP migration

DEHP migration from the bulk into the contacted media has caused many environmental

concerns. However, DEHP is still the most studied plasticiser utilised in medical devices

and is widely accepted for plasticisation of medical grade PVC. Therefore, the objective

ofusing P-CD is not simply to develop a DEHP migration resistant type ofPVC-DEHP,

but to focus on a novel modified surface, which might be effective in retarding DEHP to

get to the surface.

The migration ofDEHP into contacted extractants depends on many factors, such as the

interaction of DEHP with other components in the blend, the processing, the contact

area, the selection of media and the extraction conditions such as temperature, pressure
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and volume of extractant etc. In this study, methanol and cottonseed oil were selected

for migration study, which are two extractants having been reported for DEHP migration

studies. In the case of P-CD alone modified PVC-DEHP, the incorporation of P-CD is

effective to retard DEHP migration into the methanol medium. However, this effect is

not significant in the case of P-CD/PEO and P-CD/Pluronic F68. When the medium was

changed to a milder extractant, cotton seed oil, the DEHP migration behavior of the

most of modified PVC-DEHP is similar and HP-P-CD/PEO modified sample shows a

more significant reduction in DEHP leaching, which indicates a hydrophilic surface is

also effective in retarding DEHP migration. More interestingly, the surface washed

modified PVC-DEHP, particularly, P-CD alone and P-CD/PEO modified PVC-DEHP

can restrict the migration of DEHP to get the surface resulted from the fibrinogen

adsorption test. Therefore, this is one ofthe advantages for using P-CD to get a surface

with improved blood compatibility.

8.4 Surface characterisation

8.4.1 Measurement of plasticiser surface level using UV-visible spectrophotometer

Electron Spectroscopy for Chemical Analysis (ESCA) and ATR-FT-IR conjunction with

other surface characterisation technique can evaluate the level of plasticiser at the PVC-P

surface. In this thesis, a simple method using UV-visible spectrophotometer was

achieved for evaluation of plasticiser surface level. The obtained results are somehow

consistent with the ATR-FTIR surface characterisation results. However, it is difficult to

tell the accuracy of the results since the definition of the surface itself is rather difficult.

In addition, for this study, it is more important for us to try to correlate the plasticiser

surface level with protein adsorption rather than the plasticiser surface level

measurement.

8.4.2 ATR-FTIR surface characterisation ofPVC-P and modified PVC-P

ATR-FTIR surface characterisation was employed to tell how clean the surface was after

different surface methanol treatment period. This could be observed from the decrease in

the absorption intensity at the bands, which attributed to DEHP, TEHTM and BTHC
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and the increase in the absorption intensity at the bands, which attributed to PVC.

Clearly, the methanol surface treatment can achieve a reduced plasticiser surface level.

The longer time is needed for surface treatment of PVC-TEHTM than PVC-DEHP and

PVC-BTHC. In addition, there is the highest percentage ofplasticiser at the PVC-BTHC

surface among these threetypes ofPVC-P.

For P-CD or its combination withPluronic surfactants, PEO modified PVC-P in Chapter

6, or CICs modified PVC-P in Chapter 7, ATR-FTIR surface characterisationeffectively

shows some of the distinguished changes due to the surface modification. Since the

plasticiser overlaps some IR absorption range with P-CD, PEO and PEO-PPO-PEO

around 1600-1700 em", 1000-1200 em", it is difficult to evaluate the P-CD and PEO

level at the surface. However, when the modification was carried out using a material

without large quantity of plasticiser, such as LDPE, which served as a control material,

their ATR-FTIR surface characterisation results show a very clear image that P-CD,

PEO and PEO-PPO-PEO are enriched at the surface. Thismight tell us the general rule,

that the hydrophilic modifiers or additives in the hydrophobic blend like to move to

surface by high shearing, is also met in the caseofPVC-P.

8.5Further work

8.5.1 Optimisation of modification process

This project was involved in finding the possible application of cyclodextrins or their

combination withother additives suchas PEO andPEO-PPO-PEO surfactant to achieve

a protein adsorption resistant surface, which could lead to a reduced blood response,

rather than optimisation of the modification process. Therefore, in the future, the blend

system should be optimised with respect to the polymer formulation and the polymer

processing. This is particularly important in knowing the actual concentration of each

ingredient ratherthanusing pre-mixed PVC-P blend as this project involved.

8.5.2 Characterisation of modified PVC-P

The characterisation of modified PVC-P can be divided into bulk properties and surface

property characterisation. The first catalogue is mainly involved in the mechanical
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property measurement and the latter is mainly on surface chemical composition, surface

topographical or microphase structure, and their influence towards blood response. In

addition, the DEHP migration test could be considered.

8.5.3 Blood response of modified PVC-P

Once an optimised PVC-P biomaterial is available, which exhibits comparable properties

either in mechanical properties or other physical properties such as gas transmission

properties to the most commonly usedmedical gradePVC-P, a blood compatibility study

has to be considered.

8.5.4Mechanism studies

The mechanism of the influence of cyclodextrins or their combination with other

additives or their inclusion complexes on blood compatibility of modified polymers has

to be considered in the future. This could be done by measuring the interaction force

between protein andCDsor theircombination, or theirinclusion complexes withPEO or

PEO-PPO-PEO , or simply using adsorption technique. In addition, the modification

could be extended to polymers other than PVC. This could help us to understand the

possible mechanism moreeasily than that in the PVC system.

Therefore, there is much work to be done, particularly, if considering the huge number of

CD derivatives instead of only p-CD. This could open an even widerarea, involving the

use of supramolecules to modify polymeric biomaterials.

8.6 Futureobjective

This thesis demonstrates the possibility of a novel form of surface modification, wherean

increased hydrophilicity or other property is achieved by "anchoring" a section of a

nonionic surfactant or othercopolymer to a cyclodextrin. This "anchor modification" has

important implication for PVC-P and otherpolymeric biomaterials.
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APPENDIX
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0.20.150.1

DEHP concentration (mg/ml)

0.05

0.8
g
~0.6 /
~

.::: .>
/~oF3-------I-------i------+-------!

o

SUMMARY OUTPUT RESIDUAL REGRESSION
OUTPUT FORMULA: Y=5.89X

Reoression Statistics Observation Predicted Y I Residuals
Multiple R 0.996453 1 0 -0.04272
R Square 0.992918 2 0.098558 -0.01256
Adjusted R 0.991147 3 0.154391 0.057609
Square
Standard 0.040104 4 0.321889 0.021111
Error
Observations 6 5 0.601054 -0.02605

6 1.159384 0.002616

Appendix Fig4.1 Calibration plotofDEHP concentration vs UVabsorbance
at 274 om
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TEHTM concentration (mg/ml)

SUMMARY OUTPUT RESIDUAL Y=8.45X
OUTPUT

Regression Statistics Observation Predicted Residuals
Y

Multiple R 0.99623 1 0 -0.06976
R Square 0.992474 2 0.149247 -0.02725
Adiusted R Square 0.990593 3 0.229 0.074268
Standard Error 0.058866 4 0.467187 0.048813
Observations 6 5 0.864612 -0.01561

6 1.659462 -0.01046

Appendix Fig4.2 Calibration plotofTEHTM concentration vs UV absorbance at
290nm
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Appendix Fig5.1b IR-Spectrum ofPVC(Aldrich FT-IR handbook)
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