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Table I. Formula used for the preparation of SPVS latex

Ingredients Parts by wet weight (g)
Skim latex (5.1% DRC) 100
Stabilizers

—10%w/v KOH solution 4.0
—25%w/v SDS solution 0.8
Vulcanizing ingredients (50% dispersion)

-S 2.5

-ZDEC 2.0

—Zn0O 0.5

on a carbon/copper grid at room temperature before investigating under TEM
(JEOL, JEM-2010).

Preparation and Characterization of CHD-PMA Nanocapsules

PMA was synthesized via the mini-emulsion polymerization process as pre-
viously described.'”! The average molecular weight (M) of PMA was determined
by gel permeation chromatography (Waters/600/2414/600) equipped with refractive
index detector.

CHD-PMA nanocapsules were obtained using the modified nanoprecipitation
technique.l'>'®) PMA (0.15g) and lecithin (0.1 g) were first dissolved in dichloro-
methane (12 mL) before the addition of cyclohexane (12 mL), followed by CHD sol-
ution (0.5 mL). The mixture was ultrasonicated for 2 min at 90% amplitude (Branson
Sonifier, W450 digital) and heated up to 50°C in an open vessel with continuous stir-
ring overnight for the removal of dichloromethane. Cyclohexane was subsequently
removed by rotary evaporation at 40°C, and deionized water was finally added
to replace the evaporated volume. Size, morphology, and %TSC of CHD-PMA
nanocapsules were examined.

For the determination of encapsulation efficiency, the CHD-PMA nanocap-
sules were separated by centrifugation at 14,000 rpm for 40 min and dried before
being dissolved in a mixture of THF and ethanol. D,O and known concentration
of pyrazine were used as a solvent and a calibration standard in the quantitative
analysis by "H-NMR (Bruker, DPX 400). The mass of drug encapsulated in nano-
capsules was determined from the area ratio of proton peaks at 6 7.66-9.07 ppm,
corresponding to aromatic protons of CHD and pyrazine, respectively.''®!

Preparation and Characterization of CHD-PMA/SPVS Composite Latex

In the preparation of CHD-PMA /SPVS composite latex, a known amount of
SPVS latex (1% TSC) was mixed with CHD-PMA nanocapsules (1% TSC, 10 g) with
continuous stirring for 10 min at room temperature. The weight ratios of CHD-
PMA:SPVS were varied from 1:0.98 to 1:0.06. The zeta potential and morphology
of CHD-PMA /SPVS composite latex particles were determined.

Raman spectra of the composite particles at weight ratios of 1:0.98 and 1:0.60,
as a function of penetration depth, were recorded on a confocal Raman spectroscope
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(NT-MDT, NTEGRA Spectra). CHD-PMA /SPVS composite latex particles were
dropped onto a cover glass and dried at room temperature. Samples were then illu-
minated with a He-Ne laser at the excitation wavelength of 632.8 nm. Each spectrum
was collected at the frequency range 80—5500 cm ™! over 60 s with 10 accumulations
and a resolution of 2cm™". A pinhole diameter of 50 um was employed. Spectra were
recorded at the surface of samples and at various penetration depths with 100 nm
intervals.

RESULTS AND DISCUSSION
Characterizations of SPVS Particles and CHD-PMA Nanocapsules

Results from the particle size analyzer indicated that the average sizes of SPVS
particles and CHD-PMA nanocapsules in an aqueous phase were 160 and 200 nm,
respectively. The morphologies of skim, SPVS particles, and the CHD-PMA
nanocapsules under TEM are shown in Figure 2.

The more distinct boundary of SPVS particles in Figure 2(b) compared to the
unvulcanized skim particles in Figure 2(a) correlated well with the dense network
structure in each SPVS particle.”) The low swelling ratio of about 200% confirmed
full cross-linking of rubber in SPVS latex. The small particle size of skim or the large
particle surface area was responsible for the high degree of cross-linking.

For CHD-PMA nanocapsules (M,, of PMA=250K, encapsulation
efficiency = 86%), spherical and well-dispersed nanocapsules with no aggregation
were observed in Figure 2(c). The suspension of CHD-PMA nanocapsules in an
aqueous medium resulted from the electrical stabilization of lecithin. Zeta potential
values of CHD-PMA nanocapsules and SPVS particles at various pHs are presented
in Figure 3.

The amphoteric character of skim and SPVS particles with the isoelectric point
(pD) at pH 2.8 was observed. The amphotericity is due to the presence of amino acid
moieties derived from the native proteins chemically bound to the surface of the skim
particles.!'* These particles bore a negative charge at pH above pl. At pH greater
than 3 for the skim and 4 for SPVS, the zeta potential values slightly changed, indi-
cating the complete ionization of the ionogenic groupings.”!”! Since the pI value did
not fall into the normal range of protein’s pl (4.0-6.0), it was believed that other
compounds, e.g., fatty acids and SDS, were present on the skim particle surface.l’
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Figure 2. TEM micrographs of (a) skim, (b) SPVS, and (c) CHD-PMA nanocapsules.
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Figure 3. Zeta potential of (¢) CHD-PMA nanocapsules, (#) skim, and (0J0) SPVS vs. pH.

The results agreed well with the previous work, which reported that the addition of
small amounts of carboxylate, sulfonate, and sulfate surfactants whose alkyl chain
consisted of approximately 11 carbon atoms effectively enhanced the stability of
NR latex by rearranging the indigenous soaps.!'®!

For CHD-PMA nanocapsules dispersed in an aqueous medium, the zeta
potentials over a range of pH 2 to 10 showed a positive value of 85 mV, derived from
the protonation of choline moiety [N"(CH3)s] in lecithin.!'> The pI value was shown
to be 11 due to the zwitterionic character of lecithin, which contains phospholipids,
phosphatidyl, and quaternary ammonium moicties. At pH greater than pl, the zeta
potential of CHD-PMA nanocapsules was negative. The current result is in good
agreement with the pl value (10.8) obtained from TM-40 silica coated with cationic
ATRP macroinitiator possessing choline group.!”’

Heterocoagulation of CHD-PMA Nanocapsules and
SPVS Latex Particles

At pH 4-10, the difference in the zeta potential values of CHD-PMA nanocap-
sules and SPVS particles reached the maximum point. The high electrostatic interac-
tion between both particles with opposite charges effectively provoked the
heterocoagulation. The pH values of the as-prepared nanocapsules and SPVS were
selected for mixing both components at various blending ratios. When the blending
ratio was not greater than 1:0.2, the aggregates maintained their stability from the
incomplete neutralized ionic surfactants and the repulsion from the hydrophobic part
of surfactants.”” To examine the surface charge of aggregates, their zeta potential
values at various blending ratios was determined, and the data are shown in Figure 4.

It was believed that the positive value of zeta potentials of composite particles
was the result of their surface charges, which were dominated by the N"(CHj3); moiety
in lecithin. The assumption was based on the interaction between SDS on the SPVS
and lecithin on the nanocapsule. Several studies argued that SDS is more surface active
than lecithin and ready to form micelles, which may be trapped inside the lecithin
aggregate or bind to the lecithin film. This could be the result of the absorption onto
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Figure 4. Zeta potential of CHD-PMA/SPVS composite particles prepared with various blending ratios.

the oil droplet surface and the formation of the complex film.?**"" The SDS-lecithin
complex formation may alter the thickness, viscosity, or density of the stabilized layer
surrounding CHD-PMA nanocapsules. Although the interaction between SO;~ and
N*(CHjs); may not be strong due to the steric hindrance of lecithin structure, SDS
may also cause the lecithin molecule to unfold and change its previous interaction with
the PMA or CHD droplet. The binding of SDS onto the surface decreased the electro-
static repulsion between the two components. This explained the fact that zeta poten-
tials of the composite particles significantly decreased from 80 to 30 mV with increase
of the weight ratio up to 1:0.3 before reaching to a constant value.

The morphologies of heterocoagulated CHD-PMA /SPVS particles at various
blending ratios are shown in Figure 5.

It might be stated that the aggregate consists of CHD-PMA nanocapsules and
SPVS particles, as represented in Figure 2 by black and white particles, respectively.
Although these particles were similar in size, they were adsorbed in a random man-
ner and formed irregular aggregates of particles.”>**! This behavior may be due to
the simultaneous adhesion of two or three consecutively dissimilar particles by inter-
particle bridging, which limited the adhesive area on the surface. As a consequence,
it saturated more easily than in the regular heterocoagulation. Dispersive Raman
spectra of CHD, lecithin, PMA, and CHD-PMA nanocapsules are shown in
Figure 6.

All vibrational modes associated with the three components observed in the
spectrum of the nanocapsules indicated the presence of these components. Bands
due to CHD were observed at 3070, 1600, and 1500 cm ™" (ring modes); those of leci-
thin were located at 1658 (C=C stretching) and 1445 (C—O—C) cm~'. Bands located
at 2955 (C—H stretching), 1730 (C=0 stretching), and 1454 (C—O—C) cm™' were
associated with PMA. The band characteristics of lecithin were very intense despite
a low content of the component in the capsules. This confirmed that the molecules
were densely located at the surface of the capsules. Figure 6 also shows the spectrum
of SPVS, whose characteristic bands were observed at 2932 (C—H stretching), 1665
(C=C stretching), and 1445 (C—O—C) cm "4



15:11 8 December 2010

Jacqueline] [informa internal users] At:

[Tearle,

Downloaded By:

DISINFECTANT NANOCAPSULES-SKIM RUBBER LATEX

531

Figure 5. TEM micrographs of CHD-PMA /SPVS composite particles at ratios (a) 1:0.06, (b) 1:0.20 (c)

1:0.60, and (d) 1:0.98.
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Figure 6. Dispersive Raman spectra of (a) CHD-PMA nanocapsules, (b) lecithin, (c) CHD, (d) PMA, and

(¢) SPVS.
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Depth profile analysis of the CHD-PMA /SPVS aggregates was studied by
confocal Raman using the “z-scanning” approach, where the laser was focused on
the surface or deeper inside the sample, and the spectrum was recorded at each
depth.”>?®! The depth profiling spectra at 100nm intervals from the surface of
CHD-PMA /SPVS composites with a weight ratio of 1:0.98 are shown in Figure 7.

Bands due to SPVS, as denoted by S, were clearly observed from the spectra
recorded at the surface and at penetration depths of up to 200 nm. When the laser
was focused at 300 nm from the surface, bands due to SPVS disappeared, and those
corresponding to PMA and CHD (denoted by P and C, respectively) were clearly
observed. This indicated that in the composite with high content of SPVS, the skim
present as shell matrix of roughly 200-300 nm thick, encapsulated the CHD-PMA
nanocapsules.

On the other hand, the corresponding spectra of the composite with a weight
ratio of 1:0.60, as shown in Figure 8, indicate a combination of band characteristics
of SPVS, CHD, and PMA at all penetration depths. Significant differences were
observed in relative intensities of the bands. As absorbencies of bands are unaffected
by penetration depth, the change in band intensities indicates variations in respective
functional group contents.” This shows that at this blend ratio the relative volume
of SPVS to CHD-PMA nanocapsules was not high enough for the skim to form a
continuous layer of rubber. The structure of aggregates consisting of random
domains of CHD-PMA nanocapsules and SPVS was therefore obtained.

In addition, the depth profiling spectra of the CHD-PMA /SPVS composite
particles prepared from both blend ratios clearly showed that the band characteristic
of lecithin at 1445cm™" (denoted by L) is strong at the surface and decreases
in intensity as penetration depth increases. This confirmed that the surface of
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Figure 7. Confocal Raman spectra as a function of penetration depth of CHD-PMA /SPVS composites at
a blend ratio of 1:0.98 recorded at: (a) surface, and at penetration depths of (b) 100, (c) 200, (d) 300, and
(e) 400 nm. (S, P, C, and L denote band characteristics of SPVS, PMA, CHD, and lecithin, respectively).
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Figure 8. Confocal Raman spectra as a function of penetration depth of CHD-PMA /SPVS composites at
a blend ratio of 1:0.60 recorded at: (a) surface, and at penetration depths of (b) 100 and (c) 200 nm. (S, P,
C, and L denote band characteristics of SPVS, PMA, CHD, and lecithin, respectively).

CHD-PMA/SPVS composite particles was dominated by lecithin molecules. The
observation is in agreement with that reported by Belaroui et al.*®! in which
confocal Raman spectroscopy was employed to observe the migration of sulfate
ions to the film/air interface during the formation of dry latex film.

CONCLUSION

CHD-PMA nanocapsules were prepared by the controlled nanoprecipitation of
PMA onto inverse mini-emulsion droplets containing CHD. After redispersion of
nanocapsules in an aqueous medium, the cationic nanocapsules were heterocoagulated
with anionic SPVS latex particles. The size, zeta potential, and morphology of com-
posite particles indicated the aggregation in which the surface charge was dominated
by the NT(CHj3); moiety in lecithin. Confocal Raman spectra as a function of pen-
etration depth revealed the migration of lecithin to the aggregate surface. The results
also indicated that aggregations with different structures were formed, depending on
the CHD-PMA/SPVS blend ratios. The corresponding composite particles will be
further extended in the preparation of the disinfectant medical glove.
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Poly(methyl acrylate) (PMA) of various weight average molecular weights (M,,) were synthesized
via the iniferter route and applied for the encapsulation of disinfectant agent (chlorhexidine diglu-
conate; CHD) by using the controlled precipitation technique. The encapsulation efficiency of CHD-
PMA nanocapsules suspended in cyclohexane increased from 70 to 100% when the M,, of PMA
increased from 40 K to 550 K. After redispersing the capsules into 0.5% w/v of sodium dodecyl
sulphate aqueous solution, the maximum content of CHD in the nanocapsules remained >90%.
Transmission electron micrographs showed the spherical nanocapsule with continuous intact shell.

Keywords: Nanocapsule, Disinfectant Agent, Iniferter, Nanoparticle.

1. INTRODUCTION

Wearing gloves is essential for medical personnel to avoid
the infection. However, the gloves, especially those used
by surgeons and dentists, are frequently perforated or torn
in the case of needle prick or other similar accidents.!-?
Recently, research attention has been focused on the devel-
opment of medical gloves in which disinfectant droplets
are incorporated as this would neutralize the infectious
agents.” Due to the wide spectrum activity against
Gram-positive and Gram-negative bacteria, chlorhexidine
digluconate (CHD) salt has been widely exploited as an
antiseptic agent. Among various methods used for prepa-
ration of nanocapsules, the stabilized CHD droplets dis-
persed in an organic continuous phase (water-in-oil; w/o)
were formed by using an inverse miniemulsion process.®!!
The CHD aqueous solution in the form of nanocap-
sules with polymer-based shell having different glass tran-
sition temperatures (7,), i.e., poly(methyl methacrylate)
(PMMA) (T, ~ 100 °C), poly(e-caprolactone) (7, ~ 60 °C)
and poly(methyl acrylate) (PMA) (7,~ 10 °C), could
be prepared by the controlled precipitation of a poly-
mer onto the w/o or inverse miniemulsion droplets.®

*Author to whom correspondence should be addressed.
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The deposition of polymer from an organic continu-
ous phase onto CHD nanodroplets was achieved by
changing the gradient of the solvent/non-solvent mixture
of dichloromethane/cyclohexane under mild evaporation.
After being redispersed in water, an aqueous dispersion
of disinfectant nanocapsules was obtained. It was reported
that the remaining amount of CHD in PMMA nanocap-
sules was significantly decreased with the decrease in shell
thickness or molecular weight of PMMA shell.

In order to obtain soft capsule’s wall which is strong
enough to prevent any premature releases yet delicate
enough to break up under required circumstances, PMA
having low 7, was investigated.'> In the previous work,
the polymer was synthesized by the miniemulsion pro-
cess. Since the chain length of polymer shell was con-
sidered as an important parameter affecting the strength
of the capsule wall, size of capsule and encapsulation
efficiency, the effect of weight average molecular weight
(M,,) of this polymer on properties of nanocapsule was
herein studied. PMA with various M, was conveniently
synthesized by using the thermal iniferter (initiator-transfer
agent-ferminator), based on controlled radical polymer-
ization. The method was found to proceed under mild
condition.!® A detail synthesis of PMA and the influences
of M,, on size, morphology and encapsulation efficiency

doi:10.1166/jbn.2010.1134 1
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of CHD-PMA nanocapsules stabilized by lecithin were
presented.

2. EXPERIMENTAL DETAILS
2.1. Materials

Methyl acrylate (MA) (Purum, Fluka, Belgium) was puri-
fied by passing through a column packed with neutral
and basic aluminium oxide (Purum, Fluka, Switzerland).
The iniferter, i.e., N-bromosuccinimide (NBS) (99%,
Aldrich, China), was recrystallized and dried under vac-
uum before use.'* Other reagents, i.e., analytical grade
dichloromethane, cyclohexane, methanol and tetrahydro-
furan (THF) were purchased from Lab-scan (Thailand).
Soybean phosphatidylcholine or lecithin (MP Biochemi-
cals, USA), sodium dodecyl sulfate (SDS) (GC, Fluka,
USA), pyrazine (>98%, Fluka, Japan) and 20% w/v CHD
(Sigma, Germany) were used as received.

2.2. Synthesis of PMA

PMA was synthesized via the controlled radical polymer-
ization using NBS as the thermal iniferter.'* Various M,
of PMA were obtained by employing 11.11 M of MA
and 0.68, 1.37, 2.74, 11.10 or 22.23 x 107> M of NBS
using polymerization time of 300 min. The mixture was
deoxygenated by three freeze—pump-thaw cycles and then
purged with nitrogen for 30 min. When the polymerization
was completed at 70 °C, the reaction was terminated by
cooling the flask in an ice bath. The product was obtained
by precipitating the PMA solution with a large amount
of methanol. The monomer conversion was gravimetri-
cally determined. M, and molecular weight distribution
(MWD) or M, /M,, when M, is number average molec-
ular weight, of PMA were measured by gel permeation
chromatography (150-CV, Waters, USA) at 30 °C using
THF as an eluent. 'H-NMR spectra of the PMA sam-
ples were recorded on a Bruker (DPX400, USA) using
PMA (10 mg) dissolved in CDCl; (2 ml). The 7, of PMA
(10 mg) was determined by differential scanning calorime-
ter (DSC) (DSC7, Perkin-Elmer, USA) with the heating
rate of 10 °C/min.

2.3. Preparation and Characterizations of
CHD-PMA Nanocapsules

In the preparation of CHD-PMA nanocapsules, a known
amount of PMA and of lecithin, used as surfactant,
were dissolved in dichloromethane (12 ml). Cyclohexane
(12 ml) was then slowly added as a non-solvent. After
charging CHD (0.5 ml) into the solution, the mixture
was ultrasonicated for 2 min at 90% amplitude (W450
digital Branson, USA). The reaction mixture was heated
up to 50 °C in an open vessel with continuous stirring
for 22 h. During evaporation, cyclohexane was added to
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replace dichloromethane and also the evaporated volume.
The CHD-PMA nanocapsules suspended in cyclohexane
(10 ml) were then redispersed in 0.5% w/v SDS aqueous
solution (10 ml). By evaporation of cyclohexane using a
rotary evaporator (Rotavapor R200, Buchi, Switzerland) at
40 °C for 15 min, the capsules suspended in SDS aqueous
solution were obtained.

The sizes of CHD nanodroplets and CHD-PMA
nanocapsules were measured by a particle size analyzer
(Zetasizer Nano ZS, Malvern, UK). The zeta potential of
nanocapsules redispersed in SDS aqueous solution was
determined by a microelectrophoresis apparatus (Zetasizer
Nano ZS, Malvern, UK). In the determination of encap-
sulation efficiency, nanocapsules were centrifuged and
dried before dissolving in a mixture of THF and ethanol.
Deuterated water and a known amount of pyrazine were,
respectively, used as an external solvent and a calibra-
tion standard in the quantitative analysis by 'H-NMR.®
Mass of drug in nanocapsules was calculated from the inte-
grated areas of peaks at 7.66 to 9.07 ppm corresponding to
aromatic-protons of the CHD and pyrazine, respectively.
The morphology of the capsules, mounted on copper grid
before coating with carbon, was investigated under TEM
(JEM-2010, JEOL, Japan).

3. RESULTS AND DISCUSSION
3.1. Characterization of PMA

The polymerization mechanism of PMA by thermal inifer-
ter, NBS, was proposed as shown in Scheme 1.

From Egs. (1)—(4), the polymerization proceeded via the
mechanism similar to that of the controlled radical poly-
merization in a homogeneous system.!> The successive
insertion of monomer (M) molecules into the dissociated
bond took place, which produced succinimidyl (R) and
bromine (R’) as the end groups of PMA chain. However,
some propagating chain radicals could be irreversibly ter-
minated according to Eq. (5)."

In order to confirm that NBS acted as the thermal
iniferter, the end groups of PMA chain were analyzed by
'H-NMR spectroscopy and the spectrum is presented in
Figure 1.

The signals at 3.57 (a), 2.22 (b) and 1.41-1.84 ppm (c),
corresponding to the methoxy, methine and methylene pro-
tons were observed.'> Signal of ethylene protons of NBS
appeared at 2.68 ppm (d) while that of methylene pro-
tons connected to the nitrogen atom of succinimide moiety
appeared at 3.69 ppm (e). The peak at 4.12 ppm (f) of the
methine protons connected to the bromine atom as the end
group of PMA chain was also detected. The presence of
the fragment of NBS at the end of PMA chain, therefore,
confirmed that the polymerization took place through the
thermal iniferter mechanism.

J. Biomed. Nanotechnol. 6, 1-6, 2010
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R-R' = R°*+R" (1)
Initiation R+ M —5 R-M* @)
Propagation R-M* +nM 2, R-[-M-],-M* (3)
Reversible termination R-[-M-],-M* +R"* = R-[-M-] -M-R’ 4)

Irreversible termination R-[-M-],-M®+R-[-M-], -M* LN R-[-M-],,,-[M-]

/n+l-R (5)

Scheme 1. Polymerization mechanism of PMA by using NBS iniferter technique.'® '*

3.1.1. Effect of Polymerization Time

The effect of polymerization time on conversion, M,, and
MWD of PMA was studied. The relationship between
monomer conversion and reaction time is presented in
Figure 2.

It was observed that percent conversion of MA linearly
increased with the increasing of reaction time, indicating
that the polymerization proceeded via a mechanism cor-
responding to controlled radical polymerization.'*!® This
implied that at the early stage, the iniferter acting as an
initiator dissociated into radicals, which then reacted with
MA. The long polymer chains were obtained from con-
tinuous propagation when polymerization time increased
until termination. The successful insertion of monomer
unit into polymer chain finally provided the high M, of
PMA. However, the conversion did not reach 100% due
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Fig. 1. 'H-NMR spectrum of PMA polymerized by using NBS.
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Fig. 2. Percent conversion of MA as a function of polymerization time
(Polymerized at 70 °C, [MA] = 11.11 M, [NBS] =2.74 x 1072 M).
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to the high viscosity imposed by long polymer chains pro-
duced in bulk system.

Since the initiator in the controlled polymerization sys-
tem continuously reacts with monomer in the absence of
terminating substance, the linear relationship between M,
and percent conversion should be observed.'* !4 Moreover,
in order to confirm the controlled radical characteristic of
the bulk thermal polymerization of MA with NBS inifer-
ter, the values of l\_/lw and MWD of PMA determined from
GPC were then plotted against the reaction time and the
data are presented in Figure 3.

As expected, the results showed that M,, was directly
proportional to the increased conversion.!*!* The iniferter
which acts as an initiator, transfer agent and terminator
in polymerization system, would attack the monomer to
form the growing chain and finally reach the reversible
termination. It was observed that the PMA obtained from
using thermal iniferter technique had MWD ranging from
1.65 to 2.05. This agreed well with those (1.6 to 2.0) gen-
erally reported in the literature.'* The MWD values of
greater than 1.0 indicated that the reaction system was not
a perfect living polymerization as in the case of anionic
polymerization.'” 18 This was probably because the reac-
tion was terminated at different times, resulting in a wide
distribution of polymer chain lengths.

3.1.2. Effect of Iniferter Concentration

The effect of iniferter concentration on M,, of PMA was
investigated and the results are displayed in Figure 4.
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Fig. 3. M, and MWD of PMA as a function of percent conversion
from reaction conducted at 70 °C ([MA] = 11.11 M and [NBS] = 2.74 x
107 M).
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Fig. 4. M, of PMA as a function of NBS concentration (Polymerization
reaction at 70 °C, 5 h).

It was observed that the M, of PMA increased from 40 K
to 550 K with decreasing NBS concentrations from 22.23
to 0.68 x 1072 M. This could be explained based on the
principle of radical polymerization that at the high concen-
tration of NBS, the probability of recombination of propa-
gating chain and the primary radical was high with the low
amount of monomer reacted with propagation radical.'®

The purity of PMA homopolymer could be assumed
from the DSC thermograms showing a single 7, in each
sample as shown in Figure 5.

Nevertheless, samples with higher M,, showed broader
transition state, which was probably resulted from their
higher MWD. In addition, 7, value of PMA shifted to
higher temperature with M,, increasing from 40 K to
550 K due to lower movement freedom of longer PMA
chains with the higher interchain interaction.

3.2. Analysis of CHD-PMA Nanocapsules

The sizes of CHD droplets, CHD-PMA capsules dispersed
in cyclohexane and then redispersed in 0.5% w/v SDS
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Fig. 5. DSC thermograms of PMA having various M,,.
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aqueous solution, prepared from using various M
PMA, are shown in Table I.

The data confirmed the monodispersed CHD nano-
droplets with sizes ranging from 216 to 251 nm. As
previously reported, CHD disinfectant, a lipophobe hav-
ing low solubility in an oily continuous phase, plays a
role in building up the osmotic pressure. As a result,
the effective ingredient exchange between the droplets,
i.e., Oswald ripening, can be substantially suppressed.?’
When CHD-PMA nanocapsules were formed in cyclohex-
ane, their sizes increased from 251 to 385 nm with an
increase in M,, of PMA from 40 K to 550 K.2' This
was because the longer PMA chains with higher viscosity
would easily precipitate onto the CHD droplets, leading
to a thicker shell formation.?>?* The well-defined tri-layer
membrane of lecithin was responsible for steric stabiliza-
tion in the organic continuous phase.’* After redispersing
in SDS aqueous solution, the zeta potential value of CHD-
PMA nanocapsules which remained unchanged at about
—95 mV confirmed the electrostatic stabilization of the
capsules in the medium. It was noticed that the size of cap-
sules consisting of PMA with M,, of lower than 550 K in
SDS aqueous solution was smaller than those suspended in
cyclohexane. This might be due to the fact that the lower
M, of PMA formed a thinner capsule’s wall (35-85 nm),
which allowed a portion of CHD disinfectant to leak from
the aqueous core to the SDS aqueous medium as previ-
ously observed in the case of CHD-PMMA.® Comparing
the samples prepared by using different M, it was found
that the size of nanocapsules with PMA of 40 K and
60 K did not increase. This could be explained in term
of the large surface area of the nanocapsules. The thick-
ness of the low M, PMA film over the area was very
thin by taking percent ratio of core and polymer shell into
account. The nanocapsules prepared from PMA with M,,
of 40 K showed bimodal size distribution a result of lower
Tg of short PMA chains, as shown in Figure 5, in which
the soft nature led to the aggregation of capsules. How-
ever, the size of redispersed CHD-PMA nanocapsules pre-
pared from PMA of 550 K did not significantly change.
This result confirmed that the dense or thick polymeric

of

w

Table I. Effect of I\_/IW of PMA on the size of CHD nanodroplets, CHD-
PMA nanocapsules dispersed in cyclohexane, and those redispersed in
SDS aqueous solution.

Size of CHD-PMA

Size of CHD  Size of CHD-PMA nanocapsules

M, of  nanodroplets nanocapsules in redispersed in SDS
PMA (nm) cyclohexane (nm) aqueous solution (nm)
40 K 216+4 25142 183+£13, 615+£25¢
60 K 22249 278+9 210423

180 K 2365 308+9 269+19

300 K 230+9 31543 286423

550 K 251+7 385+7 386+18

“Bimodal distribution.

J. Biomed. Nanotechnol. 6, 1-6, 2010
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shell (134 nm) could effectively entrap the CHD core. The
thicker shell of nanocapsules provided a higher mass trans-
fer resistance and thus reduced the diffusion of an aqueous
continuous phase into the aqueous core.

The encapsulation efficiency of CHD-PMA nanocap-
sules dispersed in cyclohexane and those redispersed in
SDS aqueous solution were determined by 'H-NMR and
the data are displayed in Figure 6.

The encapsulation efficiency of CHD-PMA nanocap-
sules in cyclohexane increased from 70 to 100% with
increasing M, of the polymer. The high encapsulation effi-
ciency of the capsules coated with PMA having M,, of
300 K-550 K was probably due to the entanglement of
the long polymer chains which, consequently, provided a
high durability of the capsule’s wall.> In the case of the
redispersed nanocapsules, the remaining CHD increased
from 55 to 80% when using PMA with M,, of 40 K-
300 K, whereas the capsules prepared from PMA having
M,, of 550 K retained >90% of the disinfectant agent. This
pointed to the fact that the tight molecular interlocking of
long PMA chains formed an effective shell which retarded
the water sorption, the penetration across the polymer bar-
rier and, thus, the reduction of diffusion of CHD through
the nanocapsules’ wall.?>?’

3.3. Morphological Study of CHD-PMA Nanocapsules

TEM micrographs of the CHD-PMA nanocapsules using
PMA with M, of 40 K and 550 K, redispersed in SDS
aqueous solution, are shown in Figures 7(a) and (b),
respectively.

The spherical nanocapsules with continuous intact
shells, i.e., no shell rupture, was noticed especially in
Figure 7(b). This confirmed that the thick shell obtained
by using PMA with high M, was due to the entanglement
of long polymer chains as previously described. The soft
nanocapsules with low M,, in Figure 7(a) confirmed the
bimodal size distribution of nanocapsules. On a contrary,
perfect structure of nanocapsules with no leakage of the

100 3 %

Encapsulation efficiency (%)

50
# In cyclohexane
< In SDS aqueous solution
0 T T T T T
0 100 200 300 400 500 600

M,, of PMA (x10™%)

Fig. 6. Encapsulation efficiency of CHD-PMA nanocapsules, prepared
from PMA with various M,,, dispersed in cyclohexane, and those redis-
persed in SDS aqueous solution.
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Fig. 7. TEM micrographs of CHD-PMA nanocapsules, prepared from
PMA with M,, of (a) 40 K and (b) 550 K, redispersed in SDS aqueous
solution.

core material was observed in Figure 7(b), when a high
M, PMA was employed. These results, therefore, empha-
sized the important role of high M,, of polymer shell on the
nanocapsules’ stability and the encapsulation efficiency.
It should be noticed that the size of the dried nanocapsules
prepared from PMA with M,, of 550 K (363 10 nm) was
slightly smaller than the hydrodynamic volume measured
by the particle size analyzer (386 £ 18 nm).

4. CONCLUSIONS

PMA having various M, synthesized by varying con-
centrations of thermal iniferter, were successfully used in
the preparation of disinfectant (CHD) nanocapsules. Aver-
age size, shell thickness and encapsulation efficiency of
the CHD-PMA nanocapsules were significantly improved
when PMA with M,, of 550 K was used as shell material,
i.e., the encapsulation efficiency of nanocapsules dispersed
in 0.5% w/v SDS aqueous solution was greater than 90%
and nanocapsules appeared to be intact. This structure is
suitable for further development of disinfectant medical
glove’s preparation.
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A novel tool for the detection of BCR/ABL fusion gene in chronic myelogenous leukemia (CML) was
developed by a magneto-polymerase chain reaction (PCR)-enzyme linked gene technique. The forward
primers covalently bound to the surface of magnetic nanoparticles allowed a convenient separation of
PCR products with high sensitivity (0.5 pg ml~") and high specificity using K562 cell line and CML
patients. The results were obtained when the biotinylated-reverse primer bound to streptavidin-
horseradish peroxidase (HRP) and hydrolysed the substrate. This novel readout system was
approximately 1000-fold more sensitive than the conventional agarose gel electrophoresis. The present
technique is practical and useful for following up CML patients and for providing appropriate

treatment, particularly to patients in remote areas.

Introduction

Chronic myelogenous leukemia (CML), a common hematologic
malignancy worldwide, is defined as a myeloproliferative
disorder characterized by uncontrolled proliferation of myeloid
lineage. The chimeric oncogene breakpoint cluster region gene
and a cellular ABL gene (BCR/ABL) are traditional genes
existing in almost all CML patients.!> Microarray studies of
mononuclear cells from CML patients reveal that most of the
genes induced by BCR/ABL are involved in signaling trans-
duction, cell proliferation, differentiation and apoptosis,
thereby, disrupting normal hematopoietic cell regulation.®
Therefore, the detection of BCR/ABL fusion gene is very
important in the early diagnosis and monitoring of the disease.
Quantitative assay is also necessary to determine the gene level
for case follow-up studies.

Currently, several diagnostic tools for CML have been focused
on the molecular level. Reverse transcriptase-polymerase chain
reaction (RT-PCR) followed by gel electrophoresis is commonly
performed in order to detect the specific fusion gene. However,
the PCR products often disrupt the interpretation of the elec-
trophoresis band pattern. In addition, this process is laborious
and requires the use of ethidium bromide (EB), known as
a carcinogenic agent, for visualizing DNA in agarose gel.
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Alternative techniques showing comparable sensitivity and
specificity to PCR, e.g., southern blot analysis and real-time
PCR, are also employed. Nevertheless, these techniques are
costly, more laborious, time consuming and not available at the
field site or at local hospitals.

To overcome these drawbacks, we developed a novel diag-
nostic tool which combines the RT-PCR technology with
magnetic nanoparticles (MNPs). MNPs are easily magnetized
by an external magnetic field and immediately redispersed upon
removal of the magnetic field. It has been widely used in
various biomedical applications, e.g., cell purification, immu-
noassay, drug delivery and as a contrast medium for magnetic
resonance imaging (MRI).” Success in the binding of a primer
onto the surface of MNPs and its application has been recently
reported.®*** A magneto immuno-PCR (M-IPCR) technique
which combined sandwich immunoassay and PCR for detec-
tion of recombinant Hepatitis B surface antigen with high
sensitivity was also presented.'*!* Here, we studied an inno-
vative modification of the magneto-PCR-enzyme linked gene
technique. It involved forward and reverse primers bound to
MNPs and the labeling system (biotin), respectively, for
detection of the fusion gene in the CML cell line (K562) and in
patients. After RT-PCR amplification, the PCR products
attached to MNPs were easily collected by an external magnetic
field. By using streptavidin-horseradish peroxidase (SA-HRP),
the substrate was allowed to generate the detectable colored
product with high sensitivity. The overall system is summarized
in Scheme 1. This technique is practical and reliable, with high
sensitivity and specificity, and is useful to follow-up patients for
an appropriate treatment.

Experimental
Cell culture

L929 (fibroblast cell line), K562 (t(9;22)/BCR/ABL) and NB4
(t(15;17)/PML-RARe) fusion genes were cultured in RPMI-1640
supplemented with 10% heat-inactivated fetal calf serum (FCS)

354 | Analyst, 2011, 136, 354-358

This journal is © The Royal Society of Chemistry 2011



Downloaded by Mahidol University on 26 January 2011
Published on 21 October 2010 on http://pubs.rsc.org | doi:10.1039/COAN00374C

View Online

.
COOH % 5 ?
s © s ©
O forward prime BCRIABL reverse primer
-SA-HRP -SA-HRP

B -
S o
g 00
3 &y
2 o 1O}
. PLE’O é) SA_H—R-PD ABED — Optical Density

Scheme 1 Schematic of the detection of BCR/ABL fusion gene in CML
by magneto-PCR-enzyme linked gene technique.

(GIBCO, Carlsbad, USA). Viability and number of cells were
determined by tryphan blue exclusion.

Sample collection

Blood samples were collected from 5 CML patients registered at
Ramathibodi Hospital (Bangkok, Thailand). Diagnosis of
patients was based on clinical findings, cytogenetics and
RT-PCR performed using a specific primer designed as previ-
ously reported.’® Two healthy adults living in Bangkok were
considered as “healthy control” (HC) subjects. This study was
approved by the Ethical Approval Committee of Biomedical
Institute of Ramathibodi Hospital. Informed consent was
obtained from each individual.

RINA extraction and cDNA synthesis

Total RNA was extracted from lysed cells by using Trizol®
(Invitrogen, USA). Briefly, Trizol® (1 ml) was added to the cells,
mixed vigorously for 15 s and then incubated for 5 min. After
adding chloroform (1 ml), the mixture was centrifuged (12000 g)
for 10 min at 4 °C. RNA in the colorless upper aqueous phase
was precipitated by using an equal volume of isopropanol. The
RNA was incubated at room temperature for 15 min before
being centrifuged (14000 g) for 10 min at 4 °C. The obtained
RNA pellet was washed twice with 75% ethanol (in diethyl
pyrocarbonate treated distilled water (DW)) and centrifuged
(14000 g) for 10 min at 4 °C. The RNA pellet was dried at
ambient temperature then treated with RQ1 RNase-free DNase
(Promega, USA). Afterwards, RNA (1-5 mg) was employed for
cDNA synthesis by using the first strand cDNA synthesis kit
including Oligo(dT), 15 (Invitrogen, USA) as the primer and
reverse transcriptase Superscript™ III (Invitrogen, USA). The
experiment was carefully handled to prevent possible contami-
nation.' For example, RNA was extracted in the separation
areas and the master mix with cDNA was performed before PCR
amplification.

Immobilization of primers on magnetic nanoparticles

The MNPs were kindly supplied by Chemicell, Germany (see
ESIY). Their morphology and size under transmission electron
microscopy (JEOL, JEM-2010) are shown in Fig. 1. After
washing twice with 25 mM 2-(N-morpholino)ethanesulfonic acid

Lt
Fig. 1 TEM micrograph of MNPs.

(MES) buffer (500 pl, pH 6.0), these carboxylates were immo-
bilized with NH,-modified BCR forward primer (5'-NH,-Cg-
CTG ACC AAC TCG TGT GTG AAA C-3) by using the
carbodiimide method. In brief, the MNPs (1000 pg) were mixed
with 5.4 nmol NH,-modified BCR forward primer and incubated
for 30 min at room temperature under gently shaking. 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) solution (10 pl)
(10 mg EDC in 0.25 ml MES buffer) and the MES buffer were,
subsequently, added to make a final volume of 100 pl. After
incubating for 10 min at room temperature, the supernatant was
decanted and the immobilized MNPs were mixed with 50 mM
Tris buffer (pH 7.4) to quench the unreacted carboxyl groups.!
The immobilized MNPs were washed twice and then resus-
pended in Tris-EDTA buffer (10 mM Tris-HCl and 1 mM
EDTA, pH 8.0) before storage at 4 °C.

RT-PCR

Specific primers for BCR/ABL amplification are shown in
Table 1. The NH,-modified BCR forward primer and the 4BL
reverse primer were 5'-labeled with the MNPs and biotin,
respectively. Primers for $-actin (a house keeping gene) and DW
were used as positive and negative controls, respectively. PCR
was carried out in a mixture (20 pl) containing 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, 2.0 mM MgCl,, 200 uM deoxynucleotide
triphosphates (ANTP), synthesized cDNA (100 ng), 1U of Taq
DNA polymerase (Intronbiotechnology, USA) and 0.3 uM
unbound or MNP bound primers (3 pg MNPs content) using
DNA engine PCR system (Bio-Rad Laboratories, USA). Reac-
tion steps were done as follows: denaturation at 95 °C for 5 min,
annealing at 57-65 °C for 1 min and at 72 °C for 1 min. The
MNPs-bound PCR products were then separated into two parts
for: (i) quantitative assay by using an enzyme-substrate system,
and (ii) qualitative assay by using agarose gel electrophoresis.
The MNPs-PCR products were cleaved by Baul enzyme (20 U)
(Promega, USA) at 37 °C for 24 h before being subjected to
electrophoresis.

Quantitative assay by the enzyme-substrate system

To determine the level of gene expression, the MNPs-PCR
products were incubated with horseradish peroxidase-conju-
gated streptavidin (SA-HRP) at room temperature for 30 min.
The obtained SA-biotin complexes were washed twice and simply
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Table 1 Cell line, target gene, sequence and size of PCR products of
fusion transcripts in the present study

Product
Target Sequence size
Cell line gene 5 -3 (base pairs) Ref
K562 BCR-F NH,-Cs-CTGACC 290 15
AACTCGTG
TGTGAAAC
ABL-R Biotin-TGTGATT
ATAGCCTA
AGACCCGGA
K562, B-actin-F AGAGGGAAAT 138 17
1929, CGTGCGTGAC
NB4 B-actin-R CAATAGTG
ATGACCT
GGCCGT

separated by applying an external magnetic field. Then,
2,2'-azino-di(3-ethylbenzthiazoline-6-sulfonate) (ABTS) con-
taining H,O, (50%) (Kirkepaard & Perry Laboratories, USA)
was sequentially added and the mixture was incubated for 1 h at
room temperature. Enzyme activity was measured by a micro-
plate reader (Perkin Elmer, Wallac Victor, Germany) at 405 nm.

Statistical analysis

Data were analyzed by SPSS PASW Statistics 17 (SPSS Inc.,
Chicago, USA) and reported as mean + standard error of mean
(sem). The difference between groups in each experiment
(annealing temperature, cell line, cDNA template concentration,
and CML negative and positive cells) was compared using one
way ANOVA followed by Turkey HSD Post-Hoc test. Statistical
significance was defined as p < 0.05. The reported bar graphs
showed the relative ratio of BCR/ABL expression, calculated
from the absorbance of PCR product at 405 nm from K562 cell
line divided by DW. Thin lines showed the sem value.

Results and discussion

After the immobilization of primers onto the surface of the
MNPs, the RT-PCR conditions, i.e., annealing temperature and
primer concentration, were optimized. The specificity of the
technique was tested by using the K562 cell line as a CML-
positive to compare with NB4 and 1929 which were used as
CML-negative cell lines. In the case of the K562 cell line, sensi-
tivity was obtained by varying the concentration of the cDNA
template before PCR amplification. The clinical samples were the
peripheral blood collected from 5 CML patients and 2 HC
donors.

Optimization of BCR/ABL amplification using MINPs-
immobilized primer

The quality of the DNA template from the K562 cell line was
investigated by using BCR/ABL primers and $-actin as a positive
control. The bands of the PCR products at different sizes, i.e.,
290 and 138 base pairs when using BCR/ABL and (-actin as the
DNA template, respectively, in Fig. 2A indicated the good
quality of the extracted DNA template.

A
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BCR/ABL

500
300

(-]

-~

O

Relative ratio of BCR/ABL expression O
o - (5] w 'y o» @
|

w
=
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Fig. 2 Optimized conditions for the PCR product. (A) The size of
BCR/ABL and $-actin gene product of the DNA template from the K562
cell line at 7, 63 °C. BCR/ABL gene expression using MNPs-bound BCR
forward primer at 7, from 57 to 65 °C determined by the enzyme
substrate system (C) and using primer without MNPs determined by gel
electrophoresis (D). (B) The gel electrophoresis results of Baul enzyme
cleaved products after RT-PCR. Bars show the relative ratio of
BCR/ABL expression calculated by the absorbance of PCR product at
405 nm from K562 divided by DW. Thin lines show the value of sem.
*significantly different (p < 0.05) from others.

To obtain a high amount of amplification product, the
annealing temperature (7,) of BCR/ABL amplification using
MNPs-immobilized specific primers was varied from 57 to 65 °C.
Fig. 2C shows the highest OD, indicated by the relative ratio of
BCR/ABL expression (6.74 + 0.07), when the reaction was per-
formed at 63 °C. This OD value was significantly different from
the others (p < 0.05) (mean + sem at 7, 57 °C = 3.54 £+ 0.02,
58°C =2.99 +0.01, 59 °C =3.12 £ 0.01, 60 °C = 2.44 £ 0.01,
61 °C = 3.04 £+ 0.02, 62 °C = 3.50 £+ 0.02, 64 °C = 1.98 +
0.02, 65 °C = 3.84 £ 0.02). Since the highest amount of PCR
product was obtained at 7, 63 °C, this temperature was used to
perform PCR in further steps. Results were correlated well with
the band intensities obtained from gel electrophoresis. It should
be noticed that the primers without MNPs and biotin tagging
were employed in the latter technique as presented in Fig. 2D.
The enzyme-substrate system, represented by the BCR/ABL gene
expression, could be compared with gel electrophoresis. More-
over, this enzyme substrate assay was safer than the conventional
gel electrophoresis because EB, a carcinogenic reagent, was not
required.

After amplification, Baul restriction enzyme was used to
separate the MNPs from the PCR products. Since Baul enzyme
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can cleave the PCR product at 5'-C | TC GTG-3' located on the
5’ terminal of the PCR product, the appearance of the 290 base
pairs nucleotide was detected as displayed in Fig. 2B. This
confirmed the presence of immobilized primers on the MNPs as
previously reported.®

Specificity of BCRIABL by the enzyme-substrate system

The specificity of BCR/ABL expression was determined by using
a cDNA template extracted from various cell lines, i.e., K562 as
CML-positive cell, L929 and NB4 as CML-negative cells, and
DW as a negative control. The BCR/ABL gene expression was
quantitatively and qualitatively determined by the enzyme-
substrate assay and gel electrophoresis, respectively, as presented
in Figs. 3A and 3B. The data shows a significant increase in the
relative ratio of BCR/ABL gene expression (2.70 + 0.01) as
compared to others (p < 0.05) and specifically detected the BCR/
ABL gene only in the K562 cell line. The values of mean =+ sem of
the relative ratio of BCR/ABL expression from 1929, NB4 and
DW were 1.00 £ 0.01, 1.06 £ 0.01 and 1.00 £ 0.01, respectively.
It can be observed in Fig. 3A that the relative ratio level for K562
was at least 3 fold above the average cut off from CML negative
cell lines and DW. This level was also correlated well with the
band appeared in the gel electrophoresis shown in Fig. 3B.

Sensitivity of the enzyme-substrate system

With the above optimized conditions, the sensitivity of detection
was investigated at 63 °C by varying 10 fold dilutions of K562
c¢DNA template from 1 pgml~'t0 0.5 pgml~'. The results in Fig. 4
show the highest relative ratio of BCR/ABL gene expression when
using 0.05 pgml~!(7.50 & 0.03) of cDNA. However, this level was
not significantly different when cDNA was varied from 1 pg ml~!
to 0.5 pg ml~! (level of: 1 pg ml~! = 4.23 + 0.01; 0.1 pg ml~! =
4.30 £ 0.01; 0.01 pg ml~' = 3.80 4 0.01; 0.005 pg ml~' = 4.31 +
0.01; 0.001 pg ml~! = 6.53 4 0.02; 0.0005 pg ml~' = 5.64 + 0.02;
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Fig. 3 The relative ratio of BCR/ABL gene expression in various cell
lines determined by enzyme substrate system (A) and gel electrophoresis
(B). Bar columns represent relative expression comparing to DW.
*significantly different (p < 0.05) from others. Thin lines show the value
of sem.
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Fig. 4 Relative ratio of BCR/ABL gene expression (A) and gel electro-
phoresis (B) at various concentrations of cDNA template ranging from
1-0.0000005 pg ml™'. Bar columns represent relative expression
compared to DW. Thin lines show the value of sem.

0.0001 pg ml~' = 5.70 £ 0.01; 0.00005 pg ml~' = 3.81 + 0.01;
0.00001 pg ml~* = 5.60 £ 0.01; 0.000005 pg ml~ = 4.18 £+ 0.01;
0.000001 pg ml™' = 6.16 & 0.01; 0.0000005 pg ml~"' = 4.04 +
0.01; DW =1.00 + 0.01). On the contrary, the difference between
the lowest amount of cDNA template concentration (0.5 pgml—")
and DW was clearly observed (p <0.05). In addition, at lower than
0.0005 pg ml~' of ¢cDNA template concentration, no band
appeared on the agarose gel as shown in Fig. 4B. This indicated
that the sensitivity of the MNPs-PCR products with the enzyme-
substrate system was approximately 1000-fold higher than that of
the gel electrophoresis. The detection limit of our assay (in pg) was
in the same scale as that of the real-time PCR, both SYBR green
and Tagman probe as reported in other systems.'*!

Detection of the BCRIABL gene in CML patients

The efficiency of the MNPs bound BCR forward primer and the
biotinylated A BL reverse primers with SA-HRP system to detect
the BCR/ABL fusion gene in clinical samples was evaluated by
using blood collected from 5 CML patients and 2 HC donors.
The results showed that the assay was able to detect all CML
patients compared with HC subjects and the negative control.
The BCR/ABL gene expressed by every CML patient was
significantly higher than the HC; 20 fold by patient no. 1 (CML1)
(21.84 £ 0.04) and 7-9 fold by patients no. 2-5 (CML2-5)
(the relative ratio of BCR/ABL expression from CML2 = 7.64 +
0.02, CML3 = 948 + 0.03, CML4 = 8.21 + 0.03, CMLS5 =
6.83 £ 0.03, HC1 = 0.99 £ 0.01, HC2 = 1.03 £ 0.01, DW =
1.00 £ 0.01) (p < 0.05) as presented in Fig. 5. The data correlated
well with those results obtained from gel electrophoresis (data
not shown). The specificity of our proposed detection system
was, therefore, confirmed. Since all patients were diagnosed with
the chronic phase of myelogenous leukemia, the correlation
between the severity of CML patients with the level of OD could
not be determined. As compared to the PCR based-gel electro-
phoresis, the combination of MNPs and the enzyme-substrate
system brought about an enhancement in sensitivity similar to
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Fig. 5 Relative ratio of BCR/ABL gene expression in the blood from
CML patients no. 1-5 (CML1-5) compared to healthy controls (HC1-2)
and DW as a control.

the real-time PCR technique. Due to the fact that the proposed
assay used the commonly available spectrophotometer to
quantitatively determine the level of gene expression, it would be
practical, especially in remote areas. Without using EB, this
novel method was considered as safer than gel electrophoresis.

Conclusions

A technique for fusion gene detection of CML by combining
MNPs bound to forward primer and biotinylated reverse primer
for RT-PCR amplification followed by the use of an enzyme-
substrate system for quantitative analysis was developed. The
technique could be applied to detect BCR/ABL fusion gene in the
CML-positive cell line with high sensitivity (0.5 pg ml~" of DNA
template). Also, high specificity was obtained when testing with
CML-negative cell lines. This assay was successfully used to
detect the BCR/ABL gene contained in CML patients. It could
also be used as an alternative method for early diagnosis and
follow-up treatment leading to a better prognosis for CML
patients in clinical trials. Based on this knowledge, the detection
of other genetic diseases, infectious diseases and cancers partic-
ularly in other leukemic cell types showing high prevalence
among the Thai population could be investigated.
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Abstract A new bis(diphenylphosphate)diimine ligand
(BP1) was prepared and evaluated for its ability for
selective detection of deoxycytidine 5’-monophosphate
(dCMP). BP1 exhibited off-type fluorescence in the
presence of dCMP. The fluorescence of BP1 was signifi-
cantly quenched upon the addition of 2.5x10™* M dCMP
and the detection limit was 1.25%x107> M in MeCN-H,0O
(1:1, v/v). The binding ratio between BP1 and dCMP was
determined to be 1:1 with the binding constant of 3.98+
0.60x10° M.

Keywords Fluorescence (FL) sensor- Deoxycytidine
5'-monophosphate (dCMP) sensor - Diimine ligand (DLs)

Introduction

Analytes are usually present in minute amounts in
biological systems. Therefore, sensitive and selective
detection of analytes with real-time are highly desired [1—
7]. Fluorescence chemosensors have found their applica-
tions in various fields, e.g. environmental and biomedical
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sciences since they provide excellent degree of selectivity
and sensitivity for the detection of biological and chemical
analytes [8—15]. In general, the design of chemosensors
bases on the incorporation of two functional moieties which
are: 1) ionophore (the receptor part) and ii) chromophore
(the signal generating unit). The binding of the analyte to
the ionophore initiates the communication between the
receptor and the signaling unit to induce the change of
chromophore’s physical properties [16—18]. Physical
changes of the chromophore can be of various types, e.g.
chemiluminescence (CL), redox potentials, absorption and
fluorescence (FL) [19-34]. Of these, fluorescence chemo-
sensor receives much research attention since it provides
the detection of analytes with low cost sampling and high
degree of selectivity and sensitivity [35-37].

Bisphosphonate and its derivatives are well recognized for
their applications as diagnostic tools in the cancer treatment
[38—42]. Particularly, aminobisphosphonate (NBP) is known
as an anti-cancer drug. The mode of action for an anti-cancer
activity of NBP is specific for prostate cancers. Apart from
its medical roles, NBP is known for its ability as a metal
chelator [43—45]. Gummiena and his group demonstrated the
ability of (-aminobisphosphonate derivatives as chelating
agents for copper (II) ion employing electron paramagnetic
spectroscopy (EPR) [46].

It is known that the bisphosphate moiety exhibits the
fluorescence quenching via the photon-induced electron
transfer (PET) mechanism. Diimine ligands (DLs) are
known as metal chelators and also as fluorophores due to
their photophysical properties [47]. Based on these facts,
the incorporation of these components would emerge a new
fluorescence chemosensor. Consequently, we have devel-
oped new bisphosphate derivatives based on diimine
ligands and evaluated for their FL sensing towards
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nucleotides. The introduction of bisphosphate group into DL
is aimed to facilitate the optimal hydrogen bonding between
the receptor and nucleotide substrates. The detection deox-
yeytidine Sdetection deoxycytidine-monophosphate (dCMP)
is normally achieved employing high-performance liquid
chromatography (HPLC) [48]. Up to date, the fluorescent
(FL) chemosensor for dCMP is not yet reported. To the best
of our knowledge, the chemosensor based on diimine
bisphosphate has not been reported as a selective receptor
for dCMP.

Experiments
Apparatus

Fluorescence measurements were carried out using a FP-
6300 spectrofluorometer (JASCO) equipped with a xenon
lamp source and a 1.0-cm quartz cell, and the scan speed
was 600 nmmin '. "H spectrum was recorded on Bruker
DPX 400 MHz spectrometer in CDClz using TMS as the
internal standard. Mass spectra were recorded on Bruker
Esquire and Finnigan MAT INCOS 50 mass spectrometers.

Reagents

All reagents for the synthesis of diimine ligand phos-
phates obtained commercially were used without further
purification. The stock solution of diimine ligand phos-
phates was prepared in acetonitrile with the concentration
of 10 mM. The corresponding nucleotide monophosphates
[deoxycytidine 5'-monophosphate (dCMP); deoxyadeno-
sine 5’-monophosphate (dAMP); deoxycyclicadenosine
5’-monophosphate (dcAMP); deoxythymidine 5’-mono-
phosphate (dTMP); deoxyguanosine 5’-monophosphate
(dGMP); uridine 5’-monophosphate (UMP); adenosine
5’-monophosphate (AMP); guanosine 5’-monophosphate
(GMP); cytidine 5’-monophosphate (CMP); thymidine
5’-monophosphate (TMP)] used in this study were
purchased from Sigma Aldrich (USA) and used without
further purification. Methanol was used as a HPLC
grade. All other chemicals used were supplied from
Sigma Aldrich (USA) as analytical grade and used
without further purification. MilliQ water was used
throughout this study. The concentration of stock
solution of metal ions was 1 mM.

General Synthesis of Diimine Ligands
DL was synthesized from the condensation between a
corresponding benzaldehyde (1 mmol) and o-phenylenedi-

amine (1 mmol) in the presence of distilled water (10 mL).
After the reaction mixture was left stirring for 6 h, the crude

@ Springer

solid was collected by filtration and crystallized from
methanol to obtain the final product in good yields.

3,3'-[1,2-Phenylenebis(nitrilomethylidene)]bis-phenol (DL1)

DL1 was obtained as white crystals (2.16 g, 74 %). 'H
NMR (DMSO-d6) 6y 7.65 (d, 1H), 7.60 (m, 2H), 7.41 (q,
1H), 7.19 (m, 1H), 6.89 (d, 2H), 6.64 (d, 2H), 5.41 (s, 2H).
MS (ESI) [M+H]" 317.13.

4,4'-[1,2-Phenylenebis(nitrilomethylidene)]bis-phenol
(DL2)

DL2 was obtained as white crystals (2.40 g, 82 %). 'H
NMR (DMSO-d6) 8y 8.94 (s, 2H), 7.67 (d, 2H), 7.46 (m,
4H), 7.41 (m, 4H), 6.97 (m, 4H). >*C NMR 5 117.6, 119.1,
119.4, 119.8, 127.9, 132.5, 133.5, 142.6, 161.5, 163.8. MS
(ESI) [M+H]" 317.35.

Synthesis of N, N'-Phenylenebis[2-hydroxybenzylidene-2-
benzylidenealdimine] (MP)

In a flame dried round bottom flask, DL1 (0.5 g, 1.58 mmol)
was added followed by addition of dry THF (5 mL). The
reaction mixture was stirred until the disappearance of DL1
and the solution was brought to —80 °C followed by addition
of potassium zert-butoxide (0.19 g, 1.74 mmol). The reaction
mixture was left stirring at room temperature for 3 h before
the reaction solution was cooled down to —80 °C followed
by the addition of diphenyl chlorophosphate (0.33 mL,
1.58 mmol). The reaction mixture was left stirring at room
temperature overnight before the addition of saturated
aqueous NH,4CI solution followed by extraction with EtOAc
(3x10 mL). The organic phase was washed with brine and
dried over MgSO,. The solvent was removed under a
vacuum and the crude product was chromatographed on a
silica gel column. Elution of the column with a mixture of
EtOAc and hexane (2:8) afforded the desired product as clear
oil (0.54 g, 62 %). "H NMR (DMSO-d6) &y 8.40 (s, 1H),
7.70 (d, 2H, J=8.51), 7.39 (d, 1H, J=8.50), 7.30 (t, 2H, J=
15.77), 7.22 (m, 2H), 7.08 (t, 2H, J=7.81 and 15.53), 6.92
(d, 1H, 7.49), 6.61 (d, 1H, J=7.74), 6.48 (d, 1H, J=7.49),
6.38 (s, 1H), 5.45 (s, 2H)."’C NMR 5 111.13 (ArCH),
117.47 (ArCH), 119.57 (ArCH), 119.74 (ArCH), 119.79
(ArCH), 119.88 (ArCH), 119.92 (ArCH), 120.54 (ArCH),
121.38 (ArCH), 121.70 (ArCH), 122.61 (ArCH), 123.22
(ArCH), 123.66 (ArCH), 125.54 (ArCH), 125.94 (ArCH),
126.04 (ArCH), 126.36 (ArCH), 128.77 (ArCH), 129.35
(ArCH), 130.04 (ArCH), 130.19 (ArCH), 130.28 (ArCH),
130.76 (ArCH), 130.89 (ArCH), 131.90 (ArC), 13591
(ArC), 139.37 (ArC), 142.53 (ArC), 149.64 (ArC), 149.71
(ArC), 150.17 (C=NH), 151.69 (C=NH). HRMS (ESI+)
[M+Na]" found 571.1392 [M+H]", caled for C3,H,5N,O5P
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Fig. 1 Chemical structures of
BP1, BP2 and MP. Conditions
and Reagents; (a) (i) 2.2 equiv
tert-BuOK, THF, room temper-

ature, 2 hrs (ii) 2 equiv CIP(O)

(OPh),, —80 °C, overnight. (b)

(1) 1.1 equiv tert-BuOK, THF,

room temperature, 2 hrs (ii) 1 \
equiv CIP(O)(OPh),, 80 °C, PhO g,,f . gpﬁ"“
overnight BP1

d o m@?

DL2

548.1501. IR (KBr, cm ') 3417, 3071, 2615, 1941, 1788,
1606, 1416, 1389, 1025, 964, 849, 777.

Synthesis of N, N'-Phenylenebis[2-benzylidenealdimine]
phosphate (BP1)

BP1 was synthesized according to the procedure described
for the synthesis of MP except 2 molar equiv of diphenyl
chlorophosphate was used. '"H NMR (DMSO-d6) &y 8.40
(s, 1H), 7.80 (d, 2H, J=8.67), 7.72 (d, 1H, J=8.96), 7.42
(m, 13H), 7.26 (m, 19H), 7.06 (d, 2H, J=8.61), 5.59 (s,
2H).'*C NMR 5 111.14 (ArCH), 115.26 (ArCH), 119.36
(ArCH), 119.91 (ArCH), 119.97 (ArCH), 120.30 (ArCH),
120.35 (ArCH), 120.41 (ArCH), 121.76 (ArCH), 122.42
(ArCH), 122.94 (ArCH), 125.97 (ArCH), 126.08 (ArCH),
128.10 (ArCH), 128.79 (ArCH), 130.24 (ArCH), 130.32
(ArCH), 130.49 (ArCH), 131.16 (ArC), 134.53 (ArC),

Fig. 2 The effect of various
nucleotides on the FL intensities
of MP, BP1 and BP2 in MeCN:
H,0 (1:1; v/v). [receptor] =
2.5x107% M. [nucleotides] =
2.5%10% M. Ax=280 nm

400 '1
300 -

200 A

Relative Fluorescence Intensity

Cfb db

0= P\OPh
OPh

DL1 MP

Ra)

OP\

OPh BP2 oFn "

135.81 (ArC), 142.61 (ArC), 149.77 (ArC), 152.13
(C=NH). HRMS (ESI+) [M+Na]" found 803.1687 [M+H]",
caled for C44H34N,0gP, 780.1790. IR (KBr, cmﬁl) 3064,
2929, 2870, 2611, 1942, 1867, 1783, 1730, 1588, 1487,
1449, 1389, 1298, 1186, 1161, 1090, 1072.

Synthesis of N,N'-Phenylenebis[3-benzylidenealdimine]
phosphate (BP2)

BP2 was similarly prepared according to the procedure for
BP1 except DL2 was used as a starting material. "H NMR
(DMSO-db6) &y 7.82 (d, 2H, J=8.65), 7.44-7.39 (m, 15H),
7.31-7.20 (m, 14H), 7.15 (d, 2H, J=7.15), 5.60 (s, 2H)."*C
NMR & 111.14 (ArCH), 115.26 (ArCH), 119.37 (ArCH),
119.87 (ArCH), 120.36 (ArCH), 121.80 (ArCH), 122.41
(ArCH), 125.61 (ArCH), 126.02 (ArCH), 128.10 (ArCH),
130.14 (ArCH), 131.16 (ArCH), 135.83 (ArCH), 142.64

= BP1
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Fig. 3 FL changes of BP1 (2.5x10°° M) in the presence and absence of nucleotides (a) BP1 + dAMP (b) BP1 + dcAMP (c) BP1 + dTMP (d)
BP1 + dGMP (e) BP1 + AMP (f) BP1 + GMP (g) BP1 + CMP (h) BP1 + TMP (i) BP1 + UMP and (j) BP1 + dCMP. [nucleotides] = 5x10* M

(ArCH), 142.77 (ArCH), 149.08 (ArCH), 149.83 (ArCH),
150.88 (ArCH), 151.51 (ArCH), 152.14 (ArC), 153.67
(ArC), 153.95 (ArC), 157.07 (ArC), 159.07 (ArC), 161
(C=NH). HRMS (ESI+) [M+Na]" found 803.1681 [M+H]",
caled for CyuH34N,05P, 780.1790. IR (KBr, cm™') 3451,
3268, 3070, 3007, 2881, 2512, 2249, 2123, 1996, 1828,
1768, 1621, 1374, 1223, 1056, 882, 759.

Results and Discussion
Syntheses of MP, BP1 and BP2

BP1 was synthesized in two steps from the reaction
between DL1 with 2 equiv of diphenylchlorophosphate in
the presence of potassium tert-butoxide as base. BP2 was
also synthesized in order to investigate the positional effect
of bisphosphate group. The synthesis of BP2 was similar to
the procedure described for the synthesis of BP1 except
DL2 was used as the starting material. After purification,
BP1 and BP2 were obtained in good isolated yields (BP1=
72% and BP2=77%) (Fig. 1). Monodiphenylchlorophos-
phate diimine ligand (MP) was also synthesized as the
control ligand for the investigation of the effect of
bisphosphate group due to the fact that the presence of
bisphosphate group is important for facilitating the hydro-

—4—0eq
300 - Bl
s — 2eq
Z 250 1 .i 0 equiv s 5¢q
a iy + +—10e
= /| » 9
& : /i
E 200 i‘;’ 1\ l 20eq
/i ——50eq
@ 150 A . .
E . i E 400 equiv 100¢q
5 100 4 i : ' - 120eq
‘6 / . N —+— 140eq
|.|_=. 50 ./." 8 B 160eq
" =¥ == e -}&;-_g._ — 200¢q
! ' : ' 4008q
300 350 400 450 500
Wavelength {nm)

Fig. 4 FL emission spectra of BP1 (2.5x10°® M) in the presence of
various concentrations of dCMP

@ Springer

gen bonding between the receptor and analytes. The
synthesis of MP was achieved by reacting DL1 with 1
equiv of diphenylchlorophosphate. BP1 was prepared in
moderate yield (62%).

Fluorescence Screening of MP, BP1 and BP2 with Various
Nucleotide Substrates

Obtaining BP1, BP2 and MP, FL quenching experiments of
these receptors in the presence of various nucleotides were
investigated. With reference to the screened nucleotides, the
FL property of BP1 exhibited a significant quenching in the
presence of deoxycytidine 5'-monophosphate (dCMP)
(Fig. 2). It was shown that after the addition of 2.5x
107* M dCMP, the FL intensity of BP1 was significantly
inhibited. The presence of other nucleotides did not
significantly quench the FL of BP1. BP2 and MP showed
no degree of FL quenching upon treating with any
nucleotides. It was shown that the presence of bisphosphate
group at the meta position on the aromatic ring of BP1 is
necessary for proper chelation between BP1 and dCMP.

In the case of MP, it lacks a phosphate group which
resulted in an improper interaction between MP and dCMP.
This was evident that the presence of bisphosphate group
was important since no FL quenching of MP was observed
in the presence of any nucleotides. BP2 possesses the

450 - — dAMP
400 4+ dCMP
Zsoql, - . -
(7] an W B =
E, 300 s . t
= -~ CMP
o 250 4
= i
@ 2004 ‘ BP1
o
g
5 1504
2
w 1004
50 4
0 r r T T T ]
0 50 100 150 200 250 300

Nucleotide Concentrations (uM)

Fig. 5 FL quenching of BP1 by various concentrations of dAMP,
dCMP, dTMP, and CMP
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Fig. 6 '"H NMR spectra
(400 MHz) of (a) free BP1

(10 mM) in DMSO (top); (b)
BP1 + 1 equiv of dCMP in
DMSO:D,0 (1:1; vv); (¢)
dCMP in D,O

a se1

b e

b BP1 + dCMP

| —— i -. J.J L

W

_JJ A Jll;"\ L

bisphosphate group which meets the requirement de-
scribed above for the optimal interaction between the
receptor and dCMP. The position of the bisphosphate
group on the BP2 aromatic ring is too remote for the
good binding between the receptor and dCMP. It was
obvious that BP1 exhibited high degree of selectivity
towards dCMP. The presence of the bisphosphate group
at the meta position on the aromatic ring of BP1 is a
prerequisite for the good recognition between the receptor
and dCMP. Therefore, BP1 was used as the optimal
receptor for subsequent experiments.

BP1 was shown to exhibit strong FL emission in
acetonitrile. The excitation wavelength (E£x) of BP1 was
280 nm while the emission wavelength (Em) was 360 nm.

Figure 3 shows the FL changes of BP1 upon the addition
of various nucleotides. The presence of various nucleotides
slightly to moderately affected the FL intensity of BPI. It
was clearly observed that 2.5x10~* M of dCMP dramati-
cally quenched the FL of BP1.

350 -
300
250

200 A

AF

150 A

100 +

50 4

0 0.2 04 0.6 0.8 1
mol fraction (dCMP)

Fig. 7 Job’s plot for BP1:dCMP. Y axis is fluorescence changes of
BP1

l
|
,r'k?w“'lk._ P

FL emission of BP1 was measured at different concen-
trations of dCMP while fixed the concentration of BP1 at
2.5x10°° M (Fig. 4). Increasing concentration of dCMP
resulted in the decrease of the FL emission of BPI.
When the concentration of dCMP reached 2.5x10™* M,
the FL intensity of BP1 was significantly quenched. To
investigate more precisely, the quenching effect of BP1
with dCMP and other representing nucleotides at different
concentrations was studied. The FL intensity of BP1 was
measured in the presence of various concentrations of four
nucleotides, dAMP, dCMP, dTMP and CMP. At all
concentrations of dAMP, there was a little FL quenching
of BP1 (Fig. 5).

Addition of dTMP and CMP resulted in slight
decrease of BP1’s FL intensity. The FL intensity of
BP1 was significantly inhibited in the presence of dCMP
even at low concentration. Further increasing concen-
trations of dCMP resulted in a gradual FL quenching of
BP1. When the concentration of dCMP reached 400

Py 5.0 a.s a.o .. a.e =

1.5 1

1.4 1

FolF

1.3 1

1.2 1

1.4

1 T T 1
0 50 100 150

[dCMP]/10-M

Fig. 8 Stern-Volmer plot of BP1 with increasing concentrations of
dCMP. [BP1] = 2.5x107% M. [dCMP}/10°® M=2.5, 5, 12.5, 25, 50,
300 (7=298 K)
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Fig. 9 Energy minimized structure of the complex between BP1 and
dCMP

molar equiv of BP1, the FL intensity of BP1 was
significantly quenched.

"H NMR Titration of BP1 with dCMP

Of the mechanistic detail concerning interaction between BP1
and dCMP, '"H NMR experiments were used for the
investigation (Fig. 6). It was clearly shown that the addition
of 1 equiv dCMP into BP1 solution caused a slight downfield
shift of aromatic protons in BP1 indicating the disturbance of
the electron density within this area. Apart from the downfield
shift of protons in the aromatic region, the solution contained
both BP1 and dCMP exhibited the change of the multiplicity
for the designated cytosine proton. This effect was evident
with the appearance of the new peak at & 6.15 ppm (indicating
as an asterisk in Fig. 6b). This new peak was the result from
the perturbation for the electronic environment of the cytosine
proton in dCMP due to the interaction with BP1.

Determination of the Binding Ratio and Constant for BP1
and dCMP

Attempting to obtain the binding ratio between BP1 and dCMP
by mass spectrometry was unsuccessful. Therefore, Job’s plot
analysis was used to determine the binding ratio [49]. Job’s
plot analysis indicated a breaking point at 0.6 mol fraction of
dCMP indicating the formation of a 1:1 complex of
BP1-dCMP (Fig. 7). The binding constant between BP1 and
dCMP was determined using the Stern-Volmer plot (K,). The
K, was obtained from the Stern-Volmer Eq. (1) [50]

Fo/F =1+ Ksy[Q] (1)

Where [Q] is the concentration of the quencher (dACMP),
K, is the Stern-Volmer constant. The Stern-Volmer

@ Springer

constant indicates the constant equilibrium of BP1-dCMP
complex in the static quenching process. It was shown in
Fig. 8 that the Stern-Volmer plot of BP1-dCMP complex
exhibited a linear relationship. The (F¢/F) was directly
proportional to the increased concentration of dCMP with
the correlation coefficient of 0.9953. From the plot, BP1
had a weak binding affinity to dCMP (3.98+0.60 x
10~* M") and upon the binding between BP1 and dCMP
it formed the non-fluorescent complex.

Proposed Mechanism for BP1 Binding with dCMP

The mechanistic detail for the binding between BP1 and
dCMP is believed to involve the hydrogen bonding
between the bisphosphate group of BP1 and the
cytosine NH, of dCMP. The good alignment for the
binding between BP1 and dCMP optimizes the interaction
of these two species. Upon binding between BP1 and
dCMP, the PET mechanism plays a significant role which
resulted in the FL quenching of the system. The steric
hindrance is also thought to play a role on the binding
between BP1 and dCMP. The steric hindrance could be
used to explain why the FL intensity of BP1 was not
quenched upon the addition with CMP. In the case of
CMP, the presence of the 2'-hydroxyl group causes the
structure more bulky to fit into the receptor’s pocket.
Therefore, the presence of the 2'-hydroxyl group in CMP
hindered proper binding between BP1 and CMP. This
explained the fact that CMP is not a good substrate for
BP1 due to the steric effect. The absence of the 2'-
hydroxyl group in dCMP facilitates the good binding
between BP1 and dCMP (Fig. 9).

Conclusions

In conclusion, we have discovered the selective FL
quenching of BP1 by dCMP. The FL quenching of BP1
exhibited excellent degree of selectivity towards dCMP
among various nucleotide substrates. FL and 'H NMR
experiments indicated the interaction between BP1 and
dCMP. Job’s plot analysis indicated the binding ratio
between BP1 and dCMP at 1:1 with the Stern-Volmer
constant of 3.98+0.60x 10> M. It was suggested that the
FL quenching of BP1 by dCMP took place via the PET
mechanism. The recognition of dCMP by BP1 may be due
to the extended hydrogen bonding with the proper
alignment. The steric effect of the substrate also plays a
determining role for good binding between BP1 and dCMP.
Since BP1 shows high degree of selectivity and sensitivity
to dCMP over other nucleotides it could be regarded as a
new FL chemosensor for dCMP.
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2-Hydroxybenzyl dansyl cadaverine (DNSCH) was designed as a fluorescent chemosensor for Fe>*. DNSCH
exhibited significant FL quenching with increasing concentrations of Fe>*. The presence of 15 M equiv of Fe>*
significantly quenched the FL intensity of DNSCH. The binding constant of DNSCH towards Fe** was
determined and found to be 1.5+ 0.4x10~# M~ DNSCH was employed as an intracellular chemosensor for

© 2010 Elsevier B.V. All rights reserved.

Molecular recognition of metal ions is one of active areas in
supramolecular chemistry. Based on de Silva et al., the design of
fluorescent (FL) chemosensor is simply achieved by the incorporation
of metal-binding receptor and fluorophore via the spacer [1]. FL
chemosensor receives much research attention in the field of
bioanalytical science due to its high selectivity, real-time detection
and simplicity [2-6]. The recognition of metals at the receptor is
achieved through various modes of interactions, e.g., hydrogen
bonding, van der Waals and electrostatic forces [7-9]. The binding
of metal ions at the receptor initiates the communicating event with
the fluorophore in which the signal obtained can be expressed as an
energy transfer. Particularly, in the FL quenching type chemosensor,
the quenching process involves the formation of an exciplex with
charge transfer or photo-induced electron transfer.

The design of FL chemosensors exhibiting selective recognizing of
Fe>* receives much research attention due to Fe>* is the most abundant
ion in intracellular compartments. Recently, several FL chemosensors
have been designed for the recognition of Fe*". Jang et al. designed a
benzimidazole-based FL sensor in which the imidazole moiety presents
in the sensor serves as the binding part for Fe>* [10]. The sensor exhibits
good binding constant with Fe*>*. Zheng and Huang reported an on/off
chemosensor for Fe** controlled by protonation-deprotonation
processes [11]. The sensor is designed based on calix[4]arene with
two 3-alkoxy-2-naphthoic acids pending on the upper rim. The binding
of Fe* is controlled by the deprotonation of phenolic moieties of calix

* Corresponding author. Tel.: +66 2 564 6700x3560; fax: +66 2 564 6632.
E-mail address: srung.sma@biotec.or.th (S. Smanmoo).
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[4]arene and dicarboxylic group of napthoic acid. On the contrary, the
unbound state of calix[4]arene towards Fe** is driven by the
protonation of calix[4]arene's phenol. Noh and his co-workers have
designed an excellent chemosensor for Fe**. The sensor is based on a
ferrocenyl chalcone structure which is capable in discriminating Fe>*
and Fe? ™ via the selective oxidation [12]. Up to date, Fe* chemosensors
for cell applications are scarcely reported and challenging for the design.
We have designed a new FL chemosensor, DNSCH, based on dansyl
cadaverine. DNSCH adopts the fluorophore-spacer-receptor format.
The dansyl fluorophore was attached via a pentylene spacer to the
2-hydroxybenzaldehyde receptor. DNSCH was evaluated against various
metal ions and found to exhibit selective FL quenching in the presence of
Fe>". DNSCH was employed as an intracellular chemosensor for Fe>*.
Dansyl derivatives were extensively used as chromophores to
construct a chemosensor platform [13-15]. The incorporation of
2-hydroxybenzaldehyde is expected to serve as the metal ion binding
moiety and to affect the intramolecular charge transfer which induces
the emission change of the sensor. 2-Hydroxybenzyl dansyl cadaverine
(DNSCH) was synthesized in one step from the condensation reaction
between dansyl cadaverine and 2-hydroxybenzaldehydes (Scheme 1).
After reaction mixture was left stirring under nitrogen atmosphere for
24 h, DNSCH was isolated and crystallized from ethyl acetate/hexane to
afford DNSCH in 81% (the spectroscopic identification for DNSCH is
accomplished and can be found in Supplementary Material). The C=N
group formed is aimed to provide the chelation to metal ions since it is
known that C=N exhibits good degree of affinity towards transition
and post-transition metal cations due to its electronic structure [16,17].
The selectivity of DNSCH towards metal ions was investigated
(Fig. 1). Of all metal ions, DNSCH exhibited a significant degree of FL
quenching in the presence of Fe**. In the presence of 15 M equiv of
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Scheme 1. Synthesis of DNSCH.
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Fig. 1. Emission spectra of DNSCH (2.5x 1075 M) upon the addition of different metal
jons (3.75x 107> M) in CH3CN-H50 (50:50, V/V); Aex =342 nm.

Fe**, the FL intensity of DNSCH was significantly quenched. The
design of Fe>* chemosensor with good discrimination between the iron
valence states (Fe? and Fe>*) is necessary for better understanding of
various biological processes and Fenton reaction [18]. It was clearly
shown that DNSCH is a selective Fe*™ chemosensor with the good
discrimination for iron valence states. The presence of the 2-hydroxyl
group in DNSCH is thought to facilitate the binding of Fe>™ near to the
dansyl fluorophore prior to initiate the quenching process.

Fig. 2 represented the color and FL images of DNSCH in the
presence of various metal ions. In the absence of metal ions, DNSCH
exhibited strong yellow (Aery =525 nm) FL when excited at 342 nm.
The emission of DNSCH at 525 nm is the characteristic emission of
dansyl fluorophore (Aep; =520 nm) [19]. In the addition of other
metal ions except Fe*>*, DNSCH exhibited no color and FL changes.
However, the addition of Fe*>' induced a slight change in color from
clear to pale yellow [Fig. 2(a)], associated with the strong FL
quenching [Fig. 2(b)].
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Fig. 3. FL ratio (Io-I/lp) of DNSCH (2.5x107°M) upon the addition of 15 M equiv
(3.75x 107> M) of metal guests in CH3CN-H,0 (50:50, V/V); Aex = 342 nm.
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Fig. 4. FL spectra of DNSCH (2.5 x 10~¢ M) titrated with (a) 0.5-15 M equiv of Fe>*, in
CH3CN-H,0 (50:50, v/V); Aex =342 nm.
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Fig. 2. (a) Images and (b) FL images of DNSCH (2.5x 1075 M) in the presence of various metal ions (3.75x 107> M) in CH3CN-H,0 (50:50, V/V); Aex = 342 nm.
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Fig. 5. FL responses of DNSCH (2.5x10~® M) containing Fe>" (15 M equiv) and other
co-existing metal ions (15 M equiv) in CH3CN-H,0 (50:50, v/V); Aex =342 nm.

In order to determine the degree of FL quenching of DNSCH by Fe3™,
the FL ratio was employed for this investigation. It was clearly shown in
Fig. 3 that the degree of FL quenching for DNSCH was mostly
pronounced in the presence of Fe>*. There were also slight changes in
FL of DNSCH in the presence of Cd>*, Co®™, Mn?*, Pb®* and Zn** ions.
Comparing to other metal ions, DNSCH is highly selective in its response
to Fe3+.
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Fig. 7. FLimages of (a) DNSCH (2.5x 10~% M). (b) DNSCH (2.5x 10~ M) in the presence
of 15 M equiv of Fe>* (3.75x 107> M). (c) DNSCH (2.5x 10~° M) in the presence of 15 M
equiv Fe>* with the addition of excess EDTA.

To determine the selectivity range of DNSCH towards Fe>™, the
titration experiment was conducted. The FL quenching of DNSCH was
investigated in the presence of various concentrations of Fe**. Fig. 4
shows that with increasing concentrations of Fe>™, the FL emission
intensity of DNSCH at Ay 525 nm was gradually decreased. The FL
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Fig. 6. (a) Stern-Volmer plot for DNSCH in the presence of various Fe** concentrations indicating 1:1 stoichiometry. (b) Benesi-Hilderbrand to determine the binding constant

between DNSCH and Fe3+.
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Fig. 8. Living-cell imaging of intracellular Fe** by FL microscopy: (a) Bright field transmission image of Vero cells incubated with 50 uM of DNSCH. (b) FL image of Vero cells
supplemented with 50 pM of DNSCH in the growth media for 15 min at 25 °C. (c) Vero cells incubated with 50 pM of DNSCH in the growth media for 15 min at 25 °C, washed three

times, and then further incubated with 100 pM FeCl; for 5 min at 25 °C.

quenching of DNSCH was mostly pronounced after the addition of Fe**
at 15 M equiv (3.75x 107> M). The addition of Fe** at 15 M equiv
significantly quenched the FL of DNSCH.

FL responses of DNSCH towards Fe** were investigated in the
presence of co-existing metal ions, e.g., Co>*, Fe?*, Hg? ", Ni?T, Pb2 ™,
Zn?*, Ag*, Mn?", Cd®>* and Cu®*. It was shown in Fig. 5 that the
presence of other metals did not interfere the FL quenching of DNSCH
by Fe** and the FL changes caused by the addition of Fe>* were not
affected by the co-existing metal ions.

In order to determine the binding ratio between DNSCH and Fe™,
the Stern-Volmer plot was used and found the good fit in the
concentration range between 1 and 25 uM which indicated the binding
ratio between DNSCH and Fe** at 1:1 stoichiometry [Fig. 6(a)]. On the
basis of this binding ratio, the binding constant for DNSCH and Fe>* was
then calculated using the Benesi-Hilderbrand equation and found to be
1.5+04x10"*M~! [Fig. 6(b)] [20]. The reversible binding mode of
DNSCH towards Fe>" was investigated. It was clear that DNSCH was a
reversible FL chemosensor (Fig. 7). In the presence of 15 M equiv Fe>*
(3.75x 107> M), DNSCH (2.5 x 10~® M) exhibited strong FL quenching.
However, the FL of DNSCH was recovered after the addition of excess
EDTA. This demonstrated the potential application of DNSCH as a
reversible FL chemosensor.

The mechanism for FL quenching of DNSCH by Fe3* is proposed
from ligand metal charge transfer (LMCT) in which the transition of
the charge transfer is initiated by the binding of Fe>" to the ligand
(DNSCH). The chelation between DNSCH and Fe** is facilitated by the
extra coordination from i) C =N group which is known for the strong
binding affinity to transition and post-transition metals [16,17] and ii)
the 2-hydroxyl group. These functional groups are in the positions
where Fe3" is held close enough to the dansyl fluorophore. The
electronic charge of DNSCH transfers to Fe>* (d-orbital) results in the
distribution of charge at the excited state. This finally causes the FL
quenching of DNSCH.

For the practical application of DNSCH, it was employed as a
selective intracellular chemosensor for Fe** (Fig. 8). DNSCH's ability
was assessed as an intracellular FL chemosensor for Fe** by FL
microscopy. As seen from the bright field image, Vero cells
incubated with 50 uM of DNSCH for 15 min at 25 °C show cell
viability [Fig. 8(a)] with strong intracellular background FL [Fig. 8
(b)]. After, Vero cells which pre-incubated with DNSCH were
supplemented with 100 uM of Fe** in the growth medium for
5min at 25 °C, and intracellular background FL was significantly
reduced in its FL intensity [Fig. 8(c)]. Apart from its high selectivity
of DNSCH towards Fe3* in CH3CN-H,O, DNSCH was as an
intracellular chemosensor for Fe*>'. According to this fact, DNSCH
was a membrane-permeable FL chemosensor exhibiting selective FL
quenching towards Fe3™.

In summary, a novel FL chemosensor based on dansyl cadaverine,
DNSCH, was synthesized and evaluated for its sensing ability towards
metal ions. DNSCH exhibited high selectivity towards Fe3* among
other screened metal ions with good discrimination between different
iron oxidation state (Fe?" and Fe**). The 2-hydroxyl group in DNSCH
facilitates the binding of Fe** prior to LMCT mechanism, which was
initiated to induce the FL quenching. DNSCH exhibited a selective
recognizing mode with high selectivity towards Fe>*. DNSCH shows
no interference from other metal ions. DNSCH was evaluated as a
cell-permeable chemosensor for intracellular detection of Fe>*.
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ABSTRACT: Polylactic acid/ethylene glycol triblock copol-
ymer (LLA4cEG46LLA,6) was prepared and used in a crosslink
process of epoxidized natural rubber (ENR) by employing a
ring-opening reaction using Sn(Oct), as a catalyst. The OH-
capped copolymer acts as a macromolecular crosslinking agent
in the formation of ENR networks, leading to drastic enhance-
ment in tensile properties. Crosslink efficiency and chemical
structures of the cured materials are examined by solvent frac-
tionation, swelling experiments, XRD, 'H-NMR, and ATR-

FTIR spectroscopy. The efficiency of the curing process is
dependent on the ENR/copolymer feed ratios. The degree of
property improvement and gas permeability/selectivity
behaviors of the cured materials are strongly dependent on the
copolymer content and the efficiency of the curing process.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2011

Key words: rubber; crosslinking;
biodegradable; block copolymers

gas permeation;

INTRODUCTION

Natural rubber (NR) is known as a “green,” sustain-
able, renewable, and biodegradable material.! How-
ever, NR latex film cannot be used without vulcani-
zation because it is not very strong and lacks
elasticity. Vulcanization is required to introduce
chemical network junctures between rubber or polyi-
soprene chains to form crosslinked networks, which
enhances their mechanical properties suitable for
applications. Vulcanization is mainly classified as
sulfur and nonsulfur processes. The crosslink junc-
tures from sulfur vulcanization are derived from
either single sulfur atoms or short-chain sulfur com-
pounds with accelerators such as 2-benzothiazole
disulfide.”™ In contrast, organic peroxides for exam-
ple dicumyl peroxide®® are commonly used in non-
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sulfur vulcanization. In addition, NR latex can be
vulcanized by employing chemical-free processes,
such as using electron beams,” y rays,'”!! UV radia-
tion, and ultrasonic waves.'?

Vulcanization by crosslinking of specially func-
tionalized rubbers has attracted great interest in the
research community. Epoxide groups are introduced
and used as crosslink sites instead of allylic groups
in sulfur vulcanization.'>* The double bonds of NR
are well known to react with peracids to produce
epoxide groups in the conversion of NR to epoxi-
dized NR (ENR). This process leads to an enhance-
ment in certain properties, such as higher hysteresis
and oil resistance, and lower air permeability com-
pared with its native NR counterpart.'>'> Moreover,
epoxide groups can readily react with many nucleo-
philic reagents for further modification of the mate-
rial properties, such as amines,'*'*!” phosphorus,'®
and carboxylic acids.'” The interest of reacting
hydroxyl groups with ENR has been initiated and
reported by Derouet et al.,, where alcohols were
grafted onto ENR backbone through ring-opening
reaction of its epoxide.”**!

Polylactic acid (PLA) is a biodegradable/biocom-
patible polymer that is particularly attractive for use
in various applications, especially in biomedical
fields.”® However, its low hydrophilicity limits its
use in certain applications. Therefore, poly(ethylene
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Figure 1 Proposed curing reaction of ENR by OH-capped LLA/EG/LLA block copolymers, and the possible structures

of the “cured” products and their solvent solubility.

glycol) (PEG), a hydrophilic polymer with outstand-
ing properties, i.e.,, nontoxicity and biocompatible
characteristics, is introduced. Copolymerization of
PLA and PEG at various compositions offers an op-
portunity to combine the advantages of these poly-
mers to obtain biocompatible/degradable materials
with tailored hydrophilicity.”** Incorporation of
NR with PLA has been conducted to improve its
mechanical properties, especially the impact
strength. It was reported that miscibility enhance-
ment of ENR/PLA blend was achieved by a reactive
mixing process at high temperature. The reaction of
epoxides of ENR and ester groups of PLA was pro-
posed as the origin of this enhancement.?**”

In our previous work,® OH-capped triblock
copolymers of L-lactide (LLA) and ethylene glycol
(EG) were synthesized by ring-opening polymeriza-
tion of LLA using PEG as a macroinitiator. The
LLA/EG/LLA copolymers with various block
lengths and hence different properties were pre-
pared by varying LLA/PEG molar ratios. In this
study, the block copolymer is used as macromolecu-
lar crosslinker for ENR by utilizing the reaction of
its two hydroxyl groups at the chain-ends with
epoxides of ENR*?' Properties of the resulting
cured ENR products are then characterized. The
materials are not only biocompatible and biodegrad-
able, but also exhibit good mechanical properties
comparable to conventionally cured rubber materi-
als. Gas permeability behaviors of the cured ENR
are also characterized for potential use in high-value
and specific applications: membranes or medical
applications such as breathable gloves or patches.
Most importantly, the properties of these materials

Journal of Applied Polymer Science DOI 10.1002/app

can be further modified by varying block lengths of
the copolymer, epoxide content of ENR, and the co-
polymer/ENR feed ratios for specific applications.

EXPERIMENTAL
Materials

OH-capped LLA4EGsLLAy triblock copolymer
was synthesized by the method reported in our pre-
vious work.”® ENR with 20% epoxidation (ENR20)
was synthesized from commercial high ammonia
(HA)-preserved NR latex concentrate (Rayong Bang-
kok Rubber, Thailand) based on the methodology
reported by Saendee et al.?? Sn(Oct), (Wako) and
dried tetrahydrofuran (THF) was respectively, used
as a catalyst and solvent.

Crosslinking of ENR by LLA/EG copolymer

The crosslink reaction was conducted by mixing
ENR20 and the OH-capped LLA4EG4sLLA,4 copoly-
mer at three weight compositions (4/1, 2/1, 1/1) in
dried THF (20% w/v) at 50°C. The samples are
referred to as R41, R21, and R11, respectively. The
mixture solution was first dried under vacuum for 1
h before purging with nitrogen gas. Sn(Oct), catalyst
(1 wt % of copolymer) was then added. The cross-
link reaction was performed in a round-bottom flask
equipped with magnetic stirrer at 70°C for 24 h.

The proposed chemical structures of the cured
ENR products obtained from the reaction with the
OH-capped copolymer are illustrated in Figure 1.
When both OH end groups of the copolymer
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Figure 2 Overview of characterizations of the copolymer-cured ENR products.

undergo ring-opening reaction with epoxides of
ENR, crosslink junctions are generated. In contrast,
grafting of copolymer onto ENR backbone is achieved
when only one hydroxyl per copolymer chain reacts.
As ENR20 has 20% epoxide content, grafted ENR
products with varied degree of grafting are gener-
ated. Additionally, unreacted copolymer chains may
be present in the ENR matrix as a blended mixture,
due to an excess amount of copolymer, when
ENR20/copolymer ratios are varied. These possibil-
ities will be referred to as “crosslinked,” “grafted,”
and “free” or simple blend fractions. These fractions
of products exhibit different solubility behaviors (dis-
cussed later), as summarized in Figure 1.

Characterizations

The cured ENR product, suspended in THF solvent
after the crosslink reaction, was cast on a Teflon
plate at room temperature. After completion of sol-
vent evaporation, film samples (~ 0.1 mm thick)
were obtained. The samples were then characterized
as summarized in Figure 2. First, efficiency of the
curing process in terms of weight fraction of “cross-
linked,” “grafted,” and “free” copolymers in ENR
matrix, was examined by sequential solvent fractio-
nation, employing THF and toluene solvents. Given
that ENR and the copolymer are completely dis-
solved in THF at 50°C, Soxhlet extraction by THF
was first employed for 24 h to determine the weight
content of remaining uncured ENR and “free” or
unreacted copolymers in the soluble fraction
(denoted by Styr), which was recovered by com-
plete evaporation of the solvent. The THF-insoluble
fraction (Ityr) was then further extracted by toluene
at room temperature for ssven days. The soluble and

insoluble fractions (denoted by Sto and It), corre-
sponding to “grafted” and fully “crosslinked” ENR
domains, respectively, were recovered. The remaining
weight of each fraction was then recorded and the
weight percentage was calculated based on mass of
the original sample. Chemical structures and chain
compositions of each fraction were characterized by
"H-NMR spectroscopy on a Bruker DRX400 using
CDCl; as a solvent. ATR-FTIR spectra of each fraction
were recorded on a ThermoNicolet 6700 model spec-
trometer. The spectra were recorded at 2 cm ™' resolu-
tion with 32 scans. ATR accessory equipped with
ZnSe with a face angle of 45° was employed.

The crosslink density of the toluene insoluble (It)
samples was examined by using the solvent swelling
method. A piece of sample was accurately weighed and
then immersed in toluene (40 mL) at room temperature
in a dark cabinet. At equilibrium swelling time, where a
constant solvent weight uptake was reached (about
seven days), the test piece was removed, wiped with fil-
ter paper, and its weight was recorded. The swelling
percentage was calculated, as follows:

Weq — W,

[

% swelling = x 100 1)

where W, = original weight of dried sample (g)

Weq = weight of swollen sample at equilibrium
swelling time (g)

Tensile tests were carried out using dumbbell
specimens cut from the cured rubber films (prepared
from solution cast technique) with a thickness of
~ 0.1 mm by using the Type II die, in accordance
with ISO 37. At the onset of testing, two extensome-
ter clamps were set and attached to the sample 20-
mm apart within the gauge region. The cross-head

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Solvent extraction results and swelling behav-
iors of cured products as a function of ENR20/copolymer
feed content.

speed and full scale force used were 100 mm/min
and 1 kN, respectively. The specimens were pulled
in tension until rupture. The values of 100 and 300%
modulus, tensile strength, and elongation at break
were recorded, and the average value from three to
four specimens was reported. Crystalline characteris-
tics of the cured samples were examined by XRD on
a JEOL JDX-3530 Diffractometer, using CuK,; radia-
tion. The sample films were scanned from 20 of 5-
40° with 0.02 step size.

Permeability tests were also conducted on cast
film samples with thickness of ~ 0.1 mm. Water
vapor permeability was measured on an Illinois
instrument (Model 7200), using ASTM F1249-01 at
38°C, 90% relative humidity and 1 atm pressure.
Oxygen permeability was recorded on a Mocon
instrument (Ox-Tran Model 2/21), following ASTM
D3985 at 23°C, 0% relative humidity. Carbon dioxide
permeability was measured on a Mocon instrument
(Permatran-C Model 4/41) at 23°C, 0% relative
humidity.

RESULTS AND DISCUSSION
Solvent fractionation

Results on weight percentage of products obtained
from sequential solvent fractionation are summar-

F3 ized in Figure 3. As ENR20, LLA/EG copolymer,

Journal of Applied Polymer Science DOI 10.1002/app
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and a simple mixture of the two materials are com-
pletely dissolved in THF at 50°C, the content of
Stur, therefore, indicates the amount of the “free” or
simple blend fraction. It is noted that slightly grafted
ENR chains (copolymer-grafted ENR with low
degree grafting) are also extractable by THF.**?!
This is confirmed by NMR spectrum of the soluble
material, where peaks due to copolymer dominate,
with weak signals associated with ENR, as shown in
Figure 4.

The content of the insoluble extracted sample
(Ityp) represents the amount of newly formed
“crosslinked” structure and “grafted” ENR domains,
which are not soluble in THF solvent.’>! These two
fractions are then further separated by toluene
extraction. The “grafted” portions are soluble in
toluene, while the “crosslinked” network remains in-
soluble. Unlike its slightly grafted counterpart, solu-
bility behavior of the “grafted” ENR in toluene (but
not THF) may be explained in terms of a decrease in
epoxide content of ENR as a result of conversion to
grafting points, and a large increase in the molecular
weight of the “grafted” products. These two effects
lead to a decrease in polarity and hence lower solu-
bility in THF.

In the sample with low copolymer content in feed
(R41), “crosslinked” and “grafted” fractions of ~ 40
and 36 wt % are observed. Unreacted “simple
blend” of ~ 20 wt % is obtained. These indicate that
the majority of hydroxyl groups in the copolymer
chains effectively react with ENR20. When the
copolymer content in feed is increased, the weight
content of the “crosslinked” fraction is significantly
comparable in all samples at ~ 40 wt %. In contrast,
those of the “grafted” and the “simple blend” por-
tions vary with the copolymer content. The “simple
blend” (Styp) content increases with an increase in
the copolymer content in feed, while that of the
“grafted” (Sto) fraction shows the opposite trend.
Therefore, the feed ratio of ENR20/copolymer can
be optimized to control the reaction efficiency. It is
noted that the ENR : copolymer weight ratios of 4 :
1,2:1,and 1 : 1 are equivalent to epoxide : OH
molar ratios of 50 : 1, 25 : 1, and 12 : 1, respectively.
The variation in the feed ratio leads to changes in
two factors, i.e., the probability of copolymer’s
hydroxyls reacting with ENR (grafting efficiency),
and the crosslinking efficiency (two hydroxyls from
the same copolymer chain react with ENR to form
crosslink junctions).

The increase in hydroxyls content leads to an
increase in the grafting efficiency, which may reach
a constant value when the limiting reagent
(hydroxyl) is completely consumed. It was expected
that hydroxyl groups are completely consumed in
all three compositions. However, it is observed that
unreacted copolymer remain in all samples even in
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Figure 4 "H-NMR spectra and signal assignments of ENR20, LLA;EG46LLA ¢ triblock copolymer, insoluble (Itprll) and
soluble (Styp 11) fractions of the cured products after THF Soxhlet extraction.

the sample with the epoxide : hydroxyl molar ratio
as high as 50 : 1. This is probably due to restriction
in accessibility of the hydroxyls to epoxides, i.e.,
epoxide groups are spaced apart in ENR chains
(20% epoxidation). In addition, steric factors and
chain stiffness also play a role, as the hydroxyls are
terminal groups of long copolymer chains and ENR
contains double bonds in its backbone. Nonetheless,
improvement of the grafting efficiency can be
achieved by employing a reactive blend process,
where catalyst and mechanical force are applied to
aid the reaction. This will be reported in a separate
communication.

In contrast, the increase in the feed hydroxyl con-
tent leads to a lower probability for two hydroxyl
end-groups from the same copolymer chain, to react
and form crosslink junctions, compared with that of
forming grafted points. This results in a decrease in
the crosslink efficiency. Figure 3 clearly indicates
that the content of “grafted” fraction decreases upon
increasing the feed ratio from 4 : 1 to 1 : 1. This
reflects that the former effect is a dominant factor in
this curing process. It is noted that solubility behav-
ior of copolymer-grafted ENR chains varies with the
degree of grafting. This may cause some uncertain-
ties in the results obtained from the sequential

Journal of Applied Polymer Science DOI 10.1002/app
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solvent extraction, as “grafted” ENR with certain
range of degree of grafting is likely to dissolve in
both THF and toluene solvents, as indicated by an
overlap area of solubility in Figure 1.

Degree of crosslinking

Degree of crosslinking of the insoluble fraction after
solvent fractionation (It,) is examined in terms of
the swelling percentage in toluene. The results are
also summarized in Figure 3. All samples exhibit a
swelling ability, higher than 10 times their original
dimensions, where the lowest swelling ratio of
1050% is observed in the sample derived from a 1 :
1 ENR20/copolymer feed ratio, indicating the high-
est crosslink density. This value is clearly higher
(~ 2-fold) than those reported for typical sulfur-
vulcanized NR samples,®* where short sequences of
sulfur bridges are employed as crosslink junctions.
These results firmly support our proposed crosslink
mechanism and structures that the copolymers act
as long-chain junctions, which provide higher flexi-
bility for the rubber network swelling.

TH-NMR spectra

Chemical structure of the cured ENR products is
illustrated in Figure 4. Formation of “crosslinked” or
“grafted” structures is obtained, as a result from the
variation in ENR20/copolymer feed ratio. 'H-NMR
spectra and signal assignments of ENR20,
LLA4EGsLLA,s OH-capped triblock copolymer are
also compared in Figure 4, where THF soluble and
insoluble fractions of the R11 cured sample are also
shown. Signals located near 5.10 ppm consist of a
singlet of methine proton (a) of cis-1,4-isoprene
repeat units and a quartet of methine proton (c) of
lactate units. Signals located at 2.10 (b) and 2.65 (d)
ppm are assigned to methylene proton of NR units
and methine proton of ENR, respectively. The strong
(b) signal and a combination of signals at 5.10 ppm
(a+c) in the spectrum of the THF-insoluble fraction
strongly indicate that the sample consists of ENR20
matrix with the presence of the copolymer as cross-
linked junctions. In contrast, a weak (b) signal in the
spectrum of the soluble fraction demonstrates that
the sample mainly consists of “uncrosslinked”
copolymers and some copolymer-grafted ENR.**

Content of the copolymer in the THF soluble frac-
tion of the cured products is calculated from 'H-
NMR spectra, as follows:

Sc = S(a+c) - Sa (2)

S; = peak integration of methine proton (5.10
ppm) of ENR

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Weight Fractions and Copolymer Content of the
Extracted Products After THF Soxhlet Extraction

ENR20/copolymer Weight Copolymer
feed content fraction® content?
Samples (wt %) (wt %) (wt %)
Srprdl 75 : 25 23 63
Srr2l 66 : 33 30 84
Sturll 50 : 50 53 90
@ Result from Soxhlet extraction.
b Calculated from 'H-NMR spectra.
S, = peak integration of methine proton (5.10
ppm) of copolymer
Sarc = peak integration of methine protons of

ENR and copolymer

S, = peak integration methylene proton (2.10
ppm) of cis-1,4-polyisoprene unit

The weight content of the copolymer in the sam-
ples is calculated, as follows:

Mp
Mp + (Sh X %—LA X MNR) X (ﬁ)

epoxy

C(%) = % 100

®)

where C(%) = weight content of the copolymer,
Mp = molar mass of copolymer (8600 g/mol),

Uy = average number of LLA repeat units in the
copolymer chain (92 units),

Mnr = molar mass of cis-1,4-polyisoprene repeat
unit (68 g/mol),

Xepoxy = epoxide content of ENR20 (20%).

Results on the weight fraction and copolymer con-
tent of THF-soluble samples (Styp), as summarized
in Table I and Figure 3, show an increasing trend, as
a function of increasing copolymer content in the
feed. The increase in weight fraction of Styp from
the Soxhlet extraction reflects an increase in (excess)
unreacted copolymers, present as simple blend com-
ponent or small amount of “grafted” fraction with
low degree of grafting. In addition, the increase in
copolymer content of Sryr samples, calculated from
NMR spectra, with the copolymer content in the
feed also reflects that the Styr sample consists of a
certain amount of slightly grafted ENR and an
increasing quantity of unreacted copolymers.

ATR-FTIR spectra

ATR-FTIR spectra of ENR20, LLA/EG copolymer,
and R41 cured sample are shown in Figure 5. Char-
acteristic bands of ENR20 are observed at 3030
(C—H stretching of epoxide), 1655 (C=C stretching
of rubber unit), 1375 (C—H symmetric deformation
of rubber’'s —CHj), and 1250 cm ! (C—O stretching
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Figure 5 ATR-FTIR spectra of LLA4EGsLLA,4 triblock
copolymer (a), ENR20 (b), and R41-cured sample (c).

of epoxide).>* The characteristic absorption bands of
LLA/EG triblock copolymer are observed at 1750
(C=O0 stretching), and 1375 and 1360 cm™! (C—H
symmetric deformation of —CHj of lactate).** The
spectrum of R41 cured ENR sample, also shown in
Figure 5, exhibits band characteristics of the two com-
ponents. It is clearly observed that the epoxide bands
located at 3030 and 1250 cm ™' decrease in band inten-
sity upon reacting with the copolymers, indicating a
reduction in epoxide content as a result from the ring-
opening reaction with hydroxyl groups.

The infrared spectra of cured ENR samples pre-
pared from different ENR20/copolymer feed ratios

F6 are compared in Figure 6. Changes in relative inten-

sities of the band characteristics of the two compo-
nents as a function of feed content are clearly
observed. The relative quantity of the two compo-
nents can be measured by examining the intensity
ratio of the 1750/1655 or 1375/1360 cm ' bands.
The spectra indicate the intensity ratios that are in

wavenumber (cm™)

Figure 6 ATR-FTIR spectra of ENR20 (a), R41 (b), R21
(c), and R11 cured samples (d).

0 io0e

oo 12
wavenumber (cm" )

Figure 7 ATR-FTIR spectra of extracted products after
THF Soxhlet extraction: Styr4l (a), Stur2l (b), and Stygpll
(c) soluble fractions; and Ityr4l (d), Itae21 (e), and Itpgll
(f) insoluble fractions.

accord with the feed compositions. The efficiency of
the curing process can be determined from the ATR-
FTIR spectra by following the change in intensity of
the 1250 cm ™! band, i.e., the epoxide content. The
band intensity clearly decreases as the feed copoly-
mer content increases, reflecting the conversion of
epoxide groups after reaction with the hydroxyl
groups. The corresponding spectra of THF extraction
products, Stpyr and Ityp, as a function of feed
ENR20/copolymer content are compared in Figure
7. The change in relative intensity of band character-
istics of the ENR and copolymer components is
clearly observed, and the results are in accord with
those observed from 'H-NMR spectra.

XRD spectra

XRD traces of LLA/EG copolymer, ENR20 and the
cured samples are compared in Figure 8. The spec-
trum of ENR20 shows a broad diffraction pattern
due to its highly amorphous nature. In contrast, the
spectrum of LLA4EG4LLA4 copolymer show dif-
fraction peaks at 20 of 16.8, 19.1, and 22.4°, which
correspond to crystalline domains of the LLA blocks.
The diffraction patterns of EG blocks are not
observed, probably because of its significantly short
sequences and chain restriction imposed by the LLA
terminal blocks that retards its crystallization. XRD
traces of cured ENR products show diffraction peaks
of the copolymer, whose intensity and sharpness
increase with an increase in the copolymer in the
feed. This reflects an increase in the copolymer con-
tent in the cured products, and an enhancement in
crystallize ability of the copolymer, due to excess
amount of copolymer chains in the ENR matrix.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 XRD traces of ENR20 (a), R41 (b), R21 (c), R11 (d) cured samples, and LLA46EGycLLA 4 triblock copolymer (e).

This is in good agreement with our previous discus-
sion. It should also be noted that the peak position
of the diffraction peaks, especially at 16.8°, shifts to
lower angle along with the decrease in the peak in-
tensity and sharpness as the feed ENR20/copolymer
ratio increases from 1 : 1 to 4 : 1. This is probably
due to lower degree of order arrangement of the co-
polymer domains, as the chains effectively react
with the ENR and are present as “grafted” or “cross-
link junctions.” This results in mobility restriction,
and hence a retardation of crystal formation.

Tensile properties

Tensile properties of R11 cured sample, a 1 : 1
ENR20/copolymer simple blended mixture without
the use of catalyst (N11), and pristine ENR20 are
examined and compared in Table II. It is noted that
these samples do not contain ENR chains linked by
conventional crosslinking junctions, i.e. reaction
with double bonds. R11 and N11 show drastic
improvement in 100% Modulus (M100), 300% Modu-
lus (M300), and tensile strength, compared with
those of the original ENR20. This indicates that the
incorporation of LLA/EG copolymer, either by sim-
ple blending (N11) or as grafted chains and crosslink
junctions (R11), leads to an enhancement in tensile

properties of the samples. Given that the NMR spec-
trum of N11 and its extraction result (100% soluble
in THF) indicate no significant chemical change in
the simple blended mixture, the property improve-
ment observed in this sample is probably attributed
to interfacial adhesion of copolymer and ENR20
chains in the blend.> With the application of
Sn(Oct), catalyst, formation of “grafted” and “cross-
linked” ENR networks by copolymer junctions is
obtained in R11. This leads to further improvement
in the tensile properties.

The elongation at break of R11 and N11 clearly
decreases, compared to that of the original (uncured)
ENR, because the incorporation of plastic materials,
i.e.,, copolymers, into the rubber matrix leads to a
decrease in elastic properties of the mixture, hence a
drop in elongation at breaks. A mismatch in solubil-
ity parameter of the two components, which affects
the mixture’s miscibility, and the presence of excess
copolymers may also play a role in the drop in the
elongation at break of N11. The results also show
that elongation at break of R11 is higher than that
of N11. This is probably due to the existent of
“grafted” ENR, which generate higher degree of
chain entanglements and a closer match in solubility
of the components, leading to an increase in elonga-
tion at break. In addition, the present of “crosslinked”

TABLE II
Tensile Properties of R11-Cured Sample, a 1 : 1 ENR20/Copolymer Blend (N11), and ENR20

Samples M100 (MPa) M300 (MPa) Tensile strength (MPa) Elongation at break (%)
R11 211 £ 0.10 3.98 £ 0.22 5.97 = 0.31 407 = 30
N11 1.88 = 0.03 2.68 = 0.04 3.14 £ 0.13 345 = 25
ENR20 0.41 = 0.02 0.42 = 0.02 0.52 £ 0.04 650 = 20

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Elongation at break (a), Tensile strength (b),
100% Modulus, M100 (c), 300% Modulus, M300 (d) of
ENR cured samples as a function of ENR20/copolymer
feed content.

ENR in R11 also results in an enhancement of elonga-
tion at break.

Tensile properties of the cured samples as a func-
tion of ENR20/copolymer feed content are shown in
Figure 9. The degree of improvement in tensile
strength, M100, and M300 is dependent on the
copolymer feed content, where R11 shows an
improvement of more than 10 times of those of neat
ENR?20. This is due to the presence of network struc-
ture and “grafted” ENR chains, leading to a mobility
restriction of the cured ENR products, as previously
discussed. Additionally, the increase in the content
of excess copolymers in the samples is also responsi-
ble for the increase in modulus and tensile strength.
It is also clearly observed that elongation at break
decreases with the increase in the copolymer content
in the feed, mainly due to the increase in the content
of excess copolymers. As the degree of improvement
of tensile properties is strongly dependent on the
ENR20/copolymer ratio in the feed, cured ENR
products with specific properties can be obtained by
adjusting this value. Given these excellent mechani-
cal properties and their biocompatibility, the materi-
als can be applied in various applications, especially
in biomedical fields.

Permeability behaviors

Permeability characteristics of the cured samples are
examined to elucidate their potential use in mem-
brane applications. Theoretically, the permeability of
a polymer for a gas penetrant is defined as a prod-
uct of solubility coefficient and diffusion coefficient,
where the former is derived from the relative size of
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Figure 10 Water vapor and oxygen permeabilities of
cured ENR samples as a function of ENR20/copolymer
feed content.

penetrant and the inter/intrachain spacing of the
polymer. The latter term is associated with sorption
ability of the penetrant on the polymer.*® Results of
water vapor permeability of the cured samples, as
summarized in Figure 10, show an increasing trend
with increasing feed copolymer content, compared
to that of neat ENR20, at 13 mm cc/ (m2~day atm).
This is mainly because the cured products contain
long-chain crosslink junctions that disrupt chain
arrangement of the ENR matrix (See Fig. 1), leading
to an enlargement of chain spacing and hence ease
of water vapor permeation. EG sequences in the
block copolymer also play a key role in the enhance-
ment of the solubility coefficient term, as its strong
hydrophilic nature provides high sorption ability to
the vapor. This agrees with those observed by Zen-
kiewicz et al.’’ that the presence of 20% of PEG in
the PLLA matrix doubly increased the water perme-
ability of the mixture.

Results on oxygen permeability, as shown in
Figure 11, indicate that an increase in copolymer
content in the cured materials leads to a drastic
reduction in the oxygen permeability. Oxygen per-
meability of pristine ENR25, PEG and PLLA was

200 -
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(mm-ec/|m’-day-atm|]
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200
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Copolymer feed content (%o wt)

Figure 11 Experimental (a) and theoretical oxygen per-
meability: the free volume theory (b) and the empirical
model (c), of cured samples as a function of ENR20/copol-
ymer feed content.
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reported as 328, 17, and 17 mm cc/ (m2 day atm),
respectively.****?° Given the much lower values for
PEG and PLA compared with that of ENR, a
decrease in the permeability of the cured ENR sam-
ples is expected as a result from the incorporation of
the copolymer. The reduction in the oxygen perme-
ability can be explained in terms of a decrease in
both diffusion and solubility coefficients, due to the
relatively larger size of oxygen molecule and its non-
polar nature.

The variation in the oxygen permeability as a
function of ENR20/copolymer content can be
explained by the following empirical model, which
was modified from that proposed by Paul et al. in
the explanation of polymer blend characteristics.*’

log Peured = o 10g Peo + Gpnr l0g Penr 4)

where Piyeq is gas permeability of the cured
samples.

deo and dpnr are volume fractions of copolymer
and ENR20 in the cured samples.

P., and Pgnr are oxygen permeabilities of pure
copolymer and ENR components.

Alternatively, the free volume mode which is
used to explain the transport behavior of gas in a
polymer matrix, can be adopted, as described below:

1’40

-1
P cured ¢ENR (I)co
ot s+l ks

where A is parameter for free volume model at
25°C, 7.9 x 107 (cm*(STP)-cm/[cm?® sec cmHg])

Figure 11 summarizes oxygen permeability of the
cured samples obtained from experiments, com-
pared with those calculated from the empirical
model and the free volume theory. Data obtained
from the two models are significantly lower than the
experimental results, probably because the models
were designed for polymer blend systems. However,
these cured ENR materials consist of full/partial
crosslinked networks and blend mixtures. The free
volume theory is a closer match to the experimental
values, and perhaps more suitable to describe the
gas permeability behavior of these materials. The
higher experimental values compared to the pre-
dicted values by the free volume theory is probably
due to the long-chain crosslink junctions derived
from the block copolymers, which leads to formation
of excess free volume in the cured network and
hence, higher gas permeability.

Carbon dioxide permeability characteristics of
ENR20 and R11 are compared in Table III. The val-
ues of 6142, 531, and 72 mm cc/ (m2 day atm) were
reported for ENR25, PEG, and PLA, respec-
tively.”****! Given the empirical model (10gPcyreq =

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Carbon Dioxide, Oxygen Permeability, and CO,/O,
Selectivity of ENR20 and Cured R11 Sample

CO, permeability O, permeability
(mm-cc/ (mm-cc/ CO,/0,
Samples [mz-day‘atm]) [mz-day‘atm]) selectivity
ENR20 6 117 841 7.3
R11 12 840 384 33.4

$eologPeo + denr logPeng), the CO, permeability of
the cured samples is expected to decrease with
increasing copolymer content. The experimental
data, however, shows the reverse trend, where the
cured R11 sample shows higher CO, permeability of
more than two times, compared to that of the origi-
nal ENR20. This intriguing behavior is mainly due
to EG segments in the copolymer chains. It was
reported that PEG can dissolve a substantial amount
of sour gas.*” Ether groups in PEG as polar moiety
groups have affinity to CO, gas due to dipole-quad-
rupole interaction.® CO, is present as a strong sorb-
ing penetrant for PEG, resulting in large solubility
coefficient. The polymer matrix is subsequently plas-
ticized by high concentration of this strong sorbing
penetrant, resulting in an increase in local segment
motion. Therefore, an enhancement in diffusion coef-
ficients and permeability is achieved.****** In addi-
tion, the presence of hydroxyl end-groups from
“grafted” or “free” copolymers in the ENR matrix,
and the newly formed hydroxyls from ring-opening
reaction of epoxide (See Fig. 4), also favor the trans-
port of CO, through the membrane because of its
acidity.

Results on CO,/O, selectivity are also summar-
ized in Table III. An enhancement in the CO,/0O,
selectivity of more than four times is observed in
R11 sample, compared with that of the neat ENR20.
The ideal selectivity of penetrant is defined as the
product of diffusivity selectivity and solubility selec-
tivity. For rubbery polymer, it is commonly found
that the selectivity is dominated by the solubility
term.*® This is firmly supported, as the solubility
selectivity of the system strongly favors the transport
of CO,, as previously discussed. In addition, the per-
meability and selectivity of these materials may be fur-
ther adjusted by varying the block length of EG
sequence in the copolymer chains. Therefore, these co-
polymer-cured ENR samples are excellent choice for
use as selective materials in membrane applications.

CONCLUSIONS

OH-capped LLA/EG/LLA triblock copolymer is
used as a macromolecular crosslink agent for the
ENR matrix by utilizing ring-opening reaction of
epoxides and hydroxyl groups, using Sn(Oct), as a
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catalyst. "H-NMR and ATR-FTIR spectra indicate the
formation of chemical bonds between copolymer
chains and ENR. Efficiency of the crosslinked reac-
tion is varied as a function of ENR/copolymer feed
ratios, which is reflected by the content of “cross-
linked,” “grafted,” and “free” simple blend fractions
of the copolymer-cured ENR samples. These are
examined by 'H-NMR, ATR-FTIR, XRD, solvent
fractionation, and swelling experiments. The cured
ENR products exhibit drastic improvement in tensile
properties, suitable for use as crosslinked rubber
materials for specific and high-value applications.
The use of a rather high content of the biocompati-
ble/biodegradable copolymer as a curing agent is,
therefore, not a major concern. Improvement in per-
meability and selectivity behaviors of the materials is
also achieved, where water vapor and carbon dioxide
permeability increase with an increase in copolymer
feed content. The opposite trend is observed for oxy-
gen permeability. These cured materials with excel-
lent properties show high potential for use in bio-
medical and membrane applications. In addition, the
properties of these cured materials can be fine tuned
for specific applications by varying the ENR20/ copol-
ymer ratios, the epoxide content of ENR, and the rel-
ative block lengths of the copolymer.
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Abstract

Luminol dextran conjugate (LD) was synthesized by
incorporating luminol into the oxidized dextran template
followed by reduction with sodium borohydride. The
fluorescence (FL) response of LD towards various amino
acids was investigated by FL spectroscopy. The FL intensity
of LD significantly quenches upon the addition of L-arginine
and goes to completion after the addition of 50 x 10~ mol L
L-arginine. Since LD is highly soluble in water, LD could be
potentially used as a FL polymeric sensor for the
determination of L-arginine in aqueous environment.

Introduction

Chemosensors have found their standing position in
environmental and biomedical applications."> Due to the
limited signal generated by molecular chemosensors,
polymeric chemosensors have therefore gained their
popularity due to the amplified signal output.*’ The effect
could be due to a large number of chromophores incorporated
into the macromolecular template.® Recently, polymeric
chemosensors have been widely used for detection of
explosives, volatile organic compounds, biological and
chemical molecules.”"

Amino acids (AAs) are important analytes present in
biological fluids. It is known that many diseases are directly
correlated to the deficiency of AAs."" Among these AAs, L-
arginine is of research focus due to its various biological
roles. L-arginine is a precursor for biosynthesis of a signal-
transduction molecule, nitric oxide, via the enzymatic process
assisted by nitric oxide synthase (NOS)."*™* Over the past
decades, AA chemosensor for L-arginine is scarcely reported.
However, the specific recognition between adenosine
triphosphate (ATP) and L-arginine has been recently
exemplified.” The recognition of L-arginine by ATP
proceeds via the hydrogen bonding and the charge-charge
interaction between the guanidinium residue of L-arginine
and the triphosphate moiety of ATP. A chemosensor based on
the calix[4]pyrrole-TCBQ assembly has been carefully
designed and used for the detection of AAs and amines.'® The
photophysical response of the calix[4]pyrrole-TCBQ
assembly towards AAs is driven by the #n-7 charge-transfer.

Herein, we have designed a polymeric chemosensor for L-
arginine based on luminol dextran conjugate (LD). Dextran, a
polysaccharide consisting of a number of glucose subunits, is
chosen as a polymeric template due to the fact that it exhibits
strong affinity towards L-arginine via a charge-charge
interaction."” Luminol (Lu) is selected as a chromophore
because its fluorescence (FL) could be quenched in the
presence of analytes via the internal charge transfer (ICT)
pathway."® Upon binding of L-arginine to LD, ICT process is
operated which quenches the FL of Lu moiety. Since LD is
highly soluble in water and highly selective towards L-
arginine, this offers LD as a potential chemosensor for an
intracellular detection of L-arginine.

Experimental

Materials. Luminol and isoluminol were purchased from
Tokyo Chemical Industry (TCI), Japan. Dextran and other
chemicals were supplied from Aldrich. All reagents were
used without further purification.

General. '"H NMR spectrum was recorded on Bruker DPX
400 MHz spectrometer in D,O using TMS as the internal
standard. Elemental analysis for the synthesized compound
was analyzed by Tokyo Chemical Industry (Japan).

Luminol dextran conjugated (LD): LD was prepared
according to a literature.® "H NMR (400 MHz, D,0) [ppm]:
8.33 (s), 7.55-7.41 (m), 7.28-7.23 (m), 6.95 (d, J = 8.38 Hz),
4.85 (br, dextran), 4.08-3.23 (m, dextran).

Results and Discussion

Isoluminol dextran conjugate (ID) and LD were prepared
according to Kai’s procedure with slight modification.®
Briefly, dextran (Mr approx. 2 x 10° g/mol) was oxidized
with sodium periodate (NalO,) to provide the oxidized
dextran which was then reacted with either isoluminol (IL) or
Lu, followed by reduction with sodium borohydride (NaBH,)
to furnish ID and LD as yellow powder (Scheme 1).

0 NH,

HN
HN

Isolummc\ (L) Luminol (Lu)

o&o

oH
HN NH Hoﬁ
ID or LD o
n

Scheme 1. The synthesis of ID and LD.

(2) NaBH,,4°C

ID and LD were dried in vacuo before subjecting to
elemental analyses performed by Tokyo Chemical Industry



Table 1. Elemental Analysis and Molecular Weight Determination of ID and LD

%C %H %N

Composition of compound

Molecular weight Polydispersity index

(GPC) (My/M,)
ID 43.76 5.65 595 (IL)3262-(GIC)12345 2.5 % 106 g/mol 1.59
LD 43.96 5.62 5.50 (Lu)2725-(G1C)|2375 2.6 x 106 g/mol 1.56

IL = isoluminol unit; Lu = luminol unit; Glc= glucose unit.

(Japan). Table 1 shows %C, %H and %N of ID and LD.
From the data obtained, the composition of IL, Lu and
glucose (Glc) units in ID and LD were deduced. According to
the data, a large number of IL (3,262 units) or Lu (2,726
units) has been incorporated into a macromolecular dextran
template. This could improves the sensitivity of the
polymeric sensor.'” The molecular weight of ID and LD,
determined by Gel Permeation Chromatography (GPC), were
found to be 2.5 x 10 and 2.6 x 10" g/mol, respectively. Their
polydispersity indexes (Mw/M,) were 1.59 and 1.56. FL
emission of ID and LD appeared at 425 nm in water which is
the characteristic FL emission of IL and Lu. The thermogram
obtained from thermogravimetric analysis (TGA) of LD is
displayed in Figure 1. The weight loss of LD is found over
three regions (0-238, 238-315 and 315-626°C) where the
maximum decomposition temperature is at 626°C.

*|  sample; Dextran, 85782 mg
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Figure 1. TGA thermogram of LD.

The selectivity of LD (25 x 10 mol L) towards different
concentrations of AAs was investigated. In the presence of
AAs, various degrees of FL enhancement and quenching of
LD were observed. However, only L-arginine significantly
quenched the FL of LD. The FL quenching effect was clearly
observed when 50 x 10 mol L' of L-arginine was added
into the LD solution. FL of LD gradually decreases upon
increasing concentrations of L-arginine and nearly undergoes
to completion after the concentration of L-arginine reached
25 x 10”° mol L' (Figure 2). Figure 3 shows FL quenching of
ID, used here as a control, in the presence of AAs. It was
clearly shown that FL enhancement and quenching of ID
were also observed with different AAs. L-arginine, although,

exhibited some degrees of FL quenching of ID. However, the
quenching effect was less pronounced when compared to LD.
This indicates that the Lu moiety in LD serves as a specific
chromophore interacting with L-arginine and the interaction
initiates the FL quenching of LD via the ICT process. Since
IL is an isomer of Lu, it would expect to display some
degrees of FL quenching.”® The more quenching effect of LD
compared to ID is presumably due to the orientation of Lu
moiety in the present conformation of polymeric dextran in
which the Lu moiety and L-arginine achieves the maximal
interaction.
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Figure 2. FL emission of LD (25 x 10° mol L) in the
presence of various concentrations of AAs in water.
Excitation wavelength (Ag) = 275 nm. Where LD = luminol
dextran conjugate; R = L-Arginine; D = L-Aspartic acid; H =
L-Histidine; 1 = L-Isoleucine; K = L-Lysine; M = L-
Methionine; Hyp = L-Hydroxyproline; A = L-Alanine; C =
L-Cysteine; P = L-Proline; N = L-Asparagine; Q = L-
Glutamine; T = L-Threonine; S = L-Serine; L = L-Leucine;

V =L-Valine; Y = L-Tyrosine.

Since the ICT process highly depends on the choice of
donor and acceptor, the FL quenching of LD in the presence
of L-arginine is presumably due to the ICT channel in which
Lu and guanidinium groups are good electron donor/acceptor
in this process.?!

A curve equation is linearly obtained in the range of L-
arginine concentrations from 0 to 0.1 x 10° mol L', R=
-0.982, N = 3. According to the equation, the FL detection
of LD was determined to be as low as 1.0 x 10° mol L™
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Figure 3. FL emission of ID (25 x 10° mol L") in the
presence of various concentrations of AAs in water.
Excitation wavelength (Ag) = 275 nm. Where ID =
isoluminol dextran conjugate; R = L-Arginine; D = L-
Aspartic acid; H = L-Histidine; I = L-Isoleucine; K = L-
Lysine; M = L-Methionine; Hyp = L-Hydroxyproline; A = L-
Alanine; C = L-Cysteine; P = L-Proline; N = L-Asparagine;
Q = L-Glutamine; T = L-Threonine; S = L-Serine; L = L-
Leucine; V = L-Valine; Y = L-Tyrosine.

The FL change of LD in the presence of AAs was clearly
observed under UV light. When LD (1.0 x 10 mol L") was
added with various AAs (50 x 10° mol L™), only L-arginine
exhibited significant FL quenching. The presence of other
AAs displayed no noticeable FL change of LD (Figure 4).
Increasing concentrations of L-arginine resulted in gradually
FL quenching of LD and the significant FL quenching of LD
was clearly observed after the addition of 50 x 10° mol L™ of

L-arginine [Figure 5(h)].

= o oo 1 o e
B 17

Figure 4. FL change of LD (1.0 x 10° mol L") in the
presence of different AAs (50 x 10° mol L") in water. LD
with (a) water (blank) (b) L-Methionine (c) L-Isoleucine (d)
L-Histidine (e) L-Lysine (f) L-Hydroxyproline (g) L-Alanine
(h) L-Cysteine (i) L-Glutamine (j) L-Tyrosine (k) L-Aspartic
acid () L-Proline (m) L-Serine (n) L-Asparagine (o) L-
Leucine (p) L-Valine (q) L-Threonine (r) L-Glutamic acid
(s) L-Arginine. Excitation wavelength (Az) =275 nm.

Figure 5. FL change of LD (10 x 10®° mol L") in the
presence of various concentrations of (a) 0 (b) 0.38 (c) 0.75
(d) 1.5 (e) 3 () 6 () 12 (h) 25 (i) 50 x 10 mol L' of L-
arginine. Excitation wavelength (Ag) =275 nm.

Conclusions

In summary, LD was prepared as a selective polymeric
chemosensor for AAs. Among screened AAs, LD displayed
high selectivity towards L-arginine. In the presence of 50 x
10° mol L' of L-arginine, the FL of LD undergoes to
completion. Since LD is highly soluble in water, LD serves as
a potential intracellular chemosensor for detection of L-

arginine.
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Abstract. Poly(methyl methacrylate) (PMMA) particles were deposited via the Layer-by-Layer
technique onto sulphur prevulcanized natural rubber latex film grafted with polyacrylamide (SPNR-
g-PAAm). Besides an increase in surface hardness and roughness, hence, decrease of the surface
friction of SPNR glove, a direct contact between skin and rubber film was reduced. Consequently, it
was expected that the allergic problem to certain sensitive individuals and cytotoxic potential caused
by the leachable non-rubbers (proteins) and lubricant powder sprinkled onto SPNR glove would be
lowered. The SPNR and SPNR-g-PAAm coated with PMMA particles were extracted by using the
culture medium and subjected to the in vitro cytotoxicity evaluation on L-929 fibroblasts. Results
showed that the cytotoxicity was effectively reduced by coating PMMA particles onto the grafted
rubber film. In order to improve both the binding ability with SPNR and antimicrobial activity, the
PMMA-chitosan core-shell particles were prepared for further depositing onto the non-grafted
SPNR film. Moreover, the nanocapsules containing an aqueous core of disinfectant agent
(chlorhexidine digluconate) and poly(methyl acrylate) or sulphur prevulcanized skim rubber shell
were prepared for being embedded in SPNR glove.

Introduction

Sulphur prevulcanized natural rubber (SPNR) latex is generally used as raw material for the gloves’
production due to the good physical properties of thin film. However, the high surface friction
between skin and glove still causes the drawback and powder talc or cornstarch is traditionally
applied to solve this problem. Unfortunately, the lubricant powder is not appropriate for the gloves
used in certain applications, e.g., in electronic and biomedical fields. Therefore, the mimetic system,
i.e., the deposition of hard poly(methyl methacrylate) (PMMA) particles onto SPNR film grafted
with poly(acrylamide) (SPNR-g-PAAm) via the Layer-by-Layer (LbL) technique, was investigated
[1-4]. Besides effectively roughening the film surface, the presence of PMMA particles reduced the
direct contact area between SPNR film and skin. Therefore, the allergic and cytotoxic potential
caused by non-rubbers or additives would effectively decrease. However, the penetration from
needle or sharp objects through the glove might lead to infection for the medical personnel who
contact to blood or body fluids from patients [5]. The three-layer glove consisting of disinfectant or



antiseptic agent, i.e., aqueous chlorhexidine digluconate (CHD), incorporating between two
elastomeric layers is, therefore, desired [6].

In this present work, the soap-free PMMA latexes and the PMMA latex particles stabilized by
chitosan (PMMA-CS) were prepared and then deposited via the LbL technique onto the SPNR-g-
PAAm and non-grafted SPNR sheets, respectively. The modified rubber was characterized by
scanning electron microscope (SEM) and atomic force microscope (AFM). An in vitro test on L-
929 fibroblast cells was used for investigation of the cytotoxicity of rubber film coated with PMMA
particles. In addition, the nanocapsules of poly(methyl acrylate) (PMA) containing an aqueous
solution of CHD were synthesized [6-8]. The aggregate of CHD-PMA nanocapsules was,
subsequently, used as a core for the preparation of composite particle having sulphur prevulcanized
skim latex (SPVS) particles as shell via the heterocoagulation technique. The coherent film of SPVS
is expected to be miscible with the SPNR substrate when coating with these core-shell particles for
further preparation of medical gloves.

Experimental

Latexes. SPNR latex (Dr.Boo Co. Ltd., Thailand) was used for preparation of SPNR-g-PAAm
[3,4]. SPVS was prepared from skim latex (5% dry rubber content) as described elsewhere [9].

Preparation of PMMA and PMMA-CS latexes. PMMA latexes with different sizes were
prepared at 80°C for 2 h by the soap-free emulsion polymerization using potassium persulphate
(0.18 g) dissolved in deionized water (137 g) and various MMA contents (0.18-3.28 M) [3]. The
PMMA-CS particles were synthesized via the miniemulsion polymerization process at 80°C for 2 h
by using 2,2’ azobisisobutyronitrile as initiator, hexadecane as hydrophobe and oligochitosan (1%
w/v in 0.1 M acetic acid) as stabilizer. The size and zeta potential of particle were measured by a
Zetasizer (Malvern) while its morphology was observed under TEM (Phillips, EM 400).

Preparation of CHD-PMA/SPVS composite particle. CHD-PMA nanocapsules in cyclohexane,
prepared via the modified nanoprecipitation technique, were redispersed in deionized water and
0.5% w/v sodium dodecyl sulphate (SDS) aqueous solution (1:1) to produce cationic and anionic
nanocapsules, respectively [8]. The homocoagulated CHD-PMA at the weight ratio of cationic to
anionic nanocapsules of 40:60 was used as a core of CHD-PMA/SPVS composite particle. Nonidet,
a nonionic surfactant (10% w/w of dried nanocapsules) was adsorbed onto the aggregate and a
known amount of 1% CHD-PMA(Nonidet) was mixed with 1% SPVS latex at pH 2 in an
Erlenmeyer flask at room temperature. The blending ratio was calculated from the theoretical
number (Npax) [8,9]. The zeta potential and morphology of the CHD-PMA/SPVS composite latex
particle under TEM were examined.

Deposition of PMMA or PMMA-CS particles on rubber. A piece of SPNR-g-PAAm or SPNR

sheet, was dipped into PMMA or PMMA-CS latex. The sample was washed with Milli-Q water
three times and dried at room temperature before being characterized. The surface coverage, a ratio
of the area of deposited PMMA particles to selected area, was determined under SEM (Hitachi, S-
2500). The surface morphology and roughness of the modified rubber were examined by using
AFM. The SPNR and SPNR-g-PAAm coated with PMMA particles were extracted by the culture
medium and subjected to the in vitro cytotoxicity evaluation on L-929 fibroblasts as previously
explained [4].

Results and discussion

Effect of PMMA particles. SEM and AFM techniques confirmed the adsorption of mono-
dispersed PMMA particles onto the SPNR-g-PAAm surface in the form of monolayer [3]. With
increasing average size of PMMA from 162, 364, 480 and 626 nm (at surface coverage of 12%), the



AFM in tapping mode indicated the increase in surface mean roughness from 50, 60, 80 and 89 nm
and the decrease of friction coefficient from 2.0, 1.9, 1.6 and 1.4, respectively. Due to the decrease
of contact area of the top surface of the sample, the presence of PMMA particles on the rubber
surface would also cause the change in surface chemical compositions.

In vitro cytotoxicity test on L-929 fibroblasts. The SPNR and SPNR-g-PAAm coated with
PMMA particles were extracted at 37°C for 24 h by using the culture medium. After mixing the
extracts or the culture medium (negative control) with L.-929 fibroblast cells for 6 days, the number
of cell colonies when cells proliferated and theirs morphologies are shown in Fig. 1.

As compared to the negative control, < 12.5% diluted sample slightly affected the growth
inhibition of cells. When compared with the positive control (unmodified SPNR) at the extract
concentrations < 25%, the significant decrease of growth inhibition indicated that the cytoxicity was
effectively reduced by the coating PMMA particles onto the SPNR-g-PAAm.
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Fig. 1 Growth inhibitions of L-929 fibroblasts as a function of concentrations of the extract of
SPNR-g-PAAmM/PMMA films compared with that of SPNR (positive control) (extraction time 24 h,
37°C) and of the medium without extract (negative control) (a), morphology of L-929 cells
incubated with the extract of SPNR (b) and with that of SPNR-g-PAAm/PMMA (c) [4].

Surface modification of SPNR film by PMMA-CS particles. TEM image of monodisperse and
spherical PMMA-CS particles (average size = 380 nm) is shown in Fig. 2(a). Theirs positive zeta
potentials at pH ranging from 2 to 7 in Fig. 2(b) confirmed the presence of CS as the outer layer.
These cationic particles could electrostatically attract the negative charges derived from non-rubbers
(protein-lipid) at the surface of SPNR sheet as observed under SEM in Fig. 2(c). The formation of
aggregates was possibly caused from the attractive capillary force between these particles during
drying step [3]. In order to increase particle repulsion, various CS concentrations were added into
the PMMA-CS latex. The increase in hydrodynamic volume of PMMA-CS after adding different
CS concentrations was observed.

Preparation of CHD-PMA/SPVS composite particles. Before preparation of CHD-PMA/SPVS
core-shell particle, the size of core was increased by homocoagulation of CHD-PMA nanocapsules
having oppositely charges. When the weight ratio of cationic:anionic nanocapsules was 40:60, the
largest size of homocoagulated CHD-PMA or aggregate of 415 nm with their zeta potential of -54
mV were obtained. The aggregate covered with Nonidet molecules having PEO moieties could form
complex via hydrogen bonding at pH 2 with protein-lipid and/or SDS molecules on the SPVS shell
particles. The zeta potentials of all blends at various ratios (Nmax, Nmax/2, Nmax/4 and Ni.x/8) were



positive and reached the maximum value of +25.7 mV at Npa. This value which was vastly
different from that of the CHD-PMA(Nonidet) (-19.6 mV) but approached that of SPVS particles
(+40.8 mV) confirmed the presence of SPVS as the outer layer of the composite particles. The TEM
micrographs of aggregate CHD-PMA (Nonidet) and CHD-PMA/SPVS composite particles at Npax
before and after being heated at 40°C for 3 h are shown in Fig. 3.
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Fig. 2 TEM micrograph (a), zeta potentials of PMMA-CS particles at different pH (b) and SEM
micrograph of SPNR surface coated with PMMA-CS particles (c).
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Fig. 3 TEM micrographs of aggregate CHD-PMA(Nonidet) (a), CHD-PMA/SPVS composite
particles before (b) and after being heated at 40°C for 3 h (c).

In Fig. 3(b), the CHD-PMA/SPVS composite particles consisted of the SPVS particles (light)
surrounding an aggregate CHD-PMA (Nonidet) core (dark) as shown in Fig. 3(a). After raising the
temperature to 40°C for 3 h, the SPVS particles were partially fused to provide the composite CHD-
PMA/SPVS core-shell particle as shown in Fig. 3(c). The coherent film of the outer SPVS shell
would be miscible with the SPNR film used as the substrate for further gloves’ preparation.

Summary

The cytotoxicity to L-929 fibroblast cells and surface friction of SPNR film were effectively
reduced by coating with PMMA latex particles. With the aim to improve the binding ability with
SPNR, antimicrobial and antiseptic activity, the PMMA-CS and the CHD-PMA/SPVS core-shell
particles were successfully prepared. The deposition of these particles onto the non-grafted SPNR
film for further gloves’ preparation was under investigation.
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Abstract:

This work aimed to reduce the steps used for preparing homogeneous and
functionalised magnetic polymeric nanoparticle (MPNP) under mild condition. Fe;O4
magnetic nanoparticle (MNP) was synthesised by the chemical co-precipitation of an
aqueous Fe’*/Fe’" solution with NH,OH at room temperature under N, atmosphere.
After dispersing MNP coated with oleic acid into a mixture of styrene (St) and acrylic
acid (AA) monomers, the MPNP functionalised with AA was directly produced via
the miniemulsion polymerisation without using magneto-template. When mixing a
crosslinking agent (divinyl benzene; DVB) with St and AA in the polymerisation
recipe, we obtained the homogeneous distribution of MNP (53%) in the PS/DVB
matrix without the appearance of non-magnetic polymer particle. The
superparamagnetic MPNP was, therefore, fulfilled criteria for further use in bio-

related applications.

Keywords: Functionalisation, Magnetic nanoparticle, Miniemulsion polymerisation,

Polystyrene.



Introduction

Magnetic nanoparticle (MNP) has attracted more and more scientific and
technological interest because of its unique properties under applied magnetic field. In
most applications, e.g., magnetically guided drug delivery, cell separation, protein
purification and molecular diagnostics, monodisperse MNP is required in order to
have uniform chemical and physical properties which depend strongly on particle size
and size distribution.'” To date, a range of techniques, e.g., the thermal decomposition
and hydrothermal synthesis, have been developed for the preparation of MNP.**
Among these techniques, the chemical co-precipitation is a cost-effective and simple
method to produce the high yield of MNP.> Tron oxide MNP, i.e., magnetite (Fe;04)
or maghemite (y-Fe,Os), is obtained from precipitating an aqueous Fe’/Fe®” salt
solution under base condition. The size, shape and composition of MNP can be
controlled by the type of salt used, Fe*"/Fe®" ratio, reaction temperature, pH and ionic
strength of the media."®” The fraction of superparamagnetic components of cobalt
ferrite (CoFe;O4) MNP decreased as the precipitation temperature increased with the
increased particle size.® In addition, the selection of a proper surfactant is the key in
the production of monodisperse iron oxide nanoparticle.” It was reported that oleic
acid (OA) is an effective surfactant to stabilise Fe;04 MNP. The co-precipitation
method is conventional for grafting MNP with oleate or OA and for preventing the
agglomeration of the ferrofluid or OA-MNP dispersed in organic solvent and non-
polar monomer.” When a monomer, e.g., styrene (St), containing OA-MNP is
polymerised, magnetic polymeric nanoparticle (MPNP), a polymer encapsulating
MNP, is obtained. The stability of MPNP in an aqueous solution derived from the
added ionic surfactant or hydrophilic polymer and functionalised monomer can be the

conjugation site for attachment MPNP with biomolecules.'” The MNP functionalised



by glucuronic acid was covalently attached to specific primer for detection of
BCR/ABL fusion gene in chronic myelogenous leukemia with high sensitivity and
high specificity."!

In order to obtain monodisperse MPNP with high magnetic content,
miniemulsion polymerisation is one of the most effective methods used for
encapsulating MNP.'? By using this polymerisation technique, the stable monomer
droplets with 50-500 nm in diameter are generated when applying ultrasonic. Since
the particle nucleation occurs primarily within the droplets, the size of MPNP is
controlled via the size of the initial emulsion. Moreover, the hydrophobic inorganic
particles can be directly dispersed in the monomer phase. The MPNP with the
magnetic content of 20—40%wt was obtained by polymerisation of St miniemulsion
containing OA/sodium dodecyl sulphate (SDS) bilayer stabilised magnetite."> The
magnetic content was increased when a two-step preparation route including
ferrofluid droplet preparation and swelling of the droplets with monomer were
applied.' Recently, the less complicated process using minidroplet of Fe;0, dispersed
in octane as the magneto-template miniemulsion polymerisation of St-divinyl benzene
(DVB) has been applied for producing uniform-sized MPNP with high magnetic
content.? However, the presence of octane in the Fe;O4 minidroplet induced the
phase separation of polystyrene (PS) from the magneto-template due to the low
viscosity of the polymerisation medium. The use of monomer as a dispersed phase of
the MNP was found to be an effective way to solve this plroblem.lz’14

With the aim of reducing the steps used for preparing homogeneous and
functionalised MPNP under mild condition, we synthesised Fe;04 MNP via the co-
precipitation method at room temperature using OA as stabiliser. Then, the prepared

MNP was mixed with St/AA or St/DVB/AA monomer which was subsequently



polymerised via the miniemulsion process without using magneto-template. The
effects of OA and DVB on the final morphology of the prepared MPNP were
considered. Their crystallographic structure, composition and magnetisation were
determined. Distribution of the MNP into PS/AA or PS/DVB/AA was investigated
under Transmission Electron Microscope (TEM). The amount of AA presented in
PS/DVB/AA-MNP was also examined via the conductometric back titration

technique.

Experimental

Materials. St (Fluka, Purum) and AA (Fluka, Purum) monomers were purified
by passing through aluminium oxide column and distilled under reduced pressure.
The purified monomers were stored in a refrigerator at 4°C until use. Anhydrous
FeCl; (Riedle-de Haen), FeCl,4H,O (Fluka, Purum), NH4OH solution (25%v/v)
(Merck, AR), OA (Fluka, Natural from suet), SDS (Fluka, GC), potassium
persulphate (KPS; Fluka, Puriss), hexadecane (HD; Fluka, Purum), DVB (Merck),
NaOH (Lab-scan, AR), HCl (Merck, GR) and methanol (Merck, AR) were used

without further purification. Deionised water was used throughout this work.

Preparation of MNP and MPNP. FeCl; (2.92 g) and FeCl,.4 H,O (1.76 g)
were dissolved in milli-Q water (80 ml) under nitrogen atmosphere while stirring at
400 rpm. After adding NH4OH solution (40 ml), the mixture immediately turned to
black. The reaction was allowed to continue under centrifugation (Beckman; JA 20) at
5,000 rpm for 15 min. The precipitate MNP was mixed with St (15 ml) and OA
(10 %v/v based on St) with stirring for 10 min. The ferrofluid (OA-MNP-St) was

centrifuged at 5,000 rpm for 15 min to remove large aggregate. Then the upper phase



containing stable MNP was separated into 2 portions. The first portion of OA-MNP-
St (7.0 g) was mixed with St monomer (3.0 g) whereas the second one was repeatedly
washed with methanol to remove excess OA before redispersing in St (1.5 g)/DVB
(1.0 g). In both cases, AA (3% wt based on St) and HD (0.3 g) were added. After
sonication for 2 min, each mixture was poured into an aqueous solution of SDS (0.072
g of SDS in 24.0 g of deionised water) under continuous stirring for 1 h for pre-
emulsification. It was then ultrasonicated for 10 min at 60% amplitude (Vibracell,
VCX 700) in an ice bath. After raising temperature to 72°C, an aqueous solution of
KPS (0.1 g KPS in 2 g of deionised water) was introduced into the reaction mixture to
start the polymerisation. The reaction was left for 22 h under nitrogen atmosphere.
The obtained PS/AA-MNP and PS/DVB/AA-MNP were purified by dialysis method
(pore size of dialysis membrane = 25.5 mm, MWCO = 6,000-8,000 Da) before being

characterised.

Characterisations of MNP and MPNP. X-ray powder diffraction (XRD;
Rigaku TTRAX III, 18kW) with a high power CuKa, X-ray source was used to
investigate the crystallographic structure of the prepared MNP and MPNP. The phases
of sample were identified through the Power Diffraction File (PDF) database (JCPDS,
International Centre for Diffraction Data). The average crystallite size of MNP was

calculated from the Debye-Sherrer equation, "

092
pcosb

(1

where D is average crystallite size (A), 1 is X-ray wavelength (CuKa,: 1=1.5418 A),
p is the full width at half maximum (FWHM) (in radians) and @ is the Bragg

diffraction angle.



Thermogravimetric analysis (TGA; Mettler Toledo, SDTA851), Fourier
transform infrared spectroscopy (FTIR; Perkin Elmer, Spectrum GX) and Zetasizer
(Malvern, Nano ZS) were applied to determine the magnetic content, composition and
zeta potential of the prepared MNP and/or MPNP, respectively. Vibrating sample
magnetometer (VSM; Lakechore, 7403) was used for recording the magnetisation
curve. The magnetic moment of each sample was examined over a range of applied
magnetic field from -10 to 10 kOe. Particle morphology and selected area electron
diffraction (SAED) pattern of the MNPs were observed under TEM (JEOL, JEM-

2010).

For determination of surface charge density (G) representing the amount of

ionised groups existing on the surface of MPNP, the conductimetric back titration was
applied.'® The PS/DVB/AA-MNP (500 pl) was dispersed in deionised water (25 ml)
under stirring. Excess amount of 1 M NaOH (50 pl) solution was added into the
sample before being titrated with 1 M HCI aqueous solution. The conductivity was
measured by using conductimeter (ORION, 180) equipped with a glass conductivity
cell (K=1). The number of microequivalent of acid groups per gram ([Acid]) were

calculated by using the following equation,'’

3

[Acid] = Yo Mua 107 (10q /) 2)
Vpart (ml) P
100

where Vyci 1s volume of HCI at equivalent point (ml), V. 1s sample volume (ml),
My is concentration of HC1 (M) and SC,ay is solid content of the magnetic latex.

The o value of latex was calculated from equation (3),

ppart

o=

D, [Acid] N, -e  (uC/em?) (3)



where ppar 1s density of MPNP, Dy is particle diameter (cm), N i1s Avogadro’s

number (6.022x10%mol™) and ¢ is electronic charge in coulombs (1.602x10™" C).

Results and Discussion

MPNP functionalised by PAA was prepared in two stages: i) synthesis of initial
ferrofluid or OA-MNP-St and ii) polymerisation of St/AA-MNP or St/DVB/AA-
MNP. Each step was followed by characterisation of the product including

crystallographic structure, morphology, chemical composition and magnetisation.

Preparation and Characterisations of MNP. Fe;O4 was synthesised at room
temperature through the chemical co-precipitation of the mixture of F e"/Fe*" at
stoichiometric ratio of 2:1 in order to avoid the formation of nonmagnetic hydroxides
(Fe(OH), and Fe(OH)3).'*'™ The MNP obtained from using NH,OH as the
precipitator should have better crystallinity, smaller size and higher magnetisation
than that using NaOH due to the gradual change of the reaction conditions.” It was
observed that the resulted MNP was dense, black in colour and strongly attracted by a
magnet. The critical oxidation of magnetite to maghemite was prevented by bubbling
nitrogen gas through the solution. Since the as-prepared MNP could be flocculated
mainly due to the Van der Waals force, its surface was subsequently modified by
using OA through esterification with the hydroxyl group on the particle. After adding
into OA mixed with St monomer, the brownish ferrofluid was stable due to the steric
stabilisation generated from the hydrophobic tail of OA turned to the St phase while
its carboxylated groups anchored on the surface of iron oxide nanoparticle.'*"

The crystallinity of OA-MNP was indicated in the XRD pattern shown in

Figure 1(A). The position and relative intensity of the peaks at 220, 311, 400, 422,



511 and 440 matched well with the standard patterns of the magnetite Fe;O04 with
inverse cubic spinel structure.”’ The results, therefore, confirmed the successful
synthesis of Fe;O4. By using the Debye-Scherrer equation, equation (1), the calculated
size of the OA-MNP was 8.9 nm which was similar to that determined by TEM (9
nm) as shown in Figure 1(B). This revealed that each individual particle was a single
crystal.”” It could be assumed from the square form of the particle that the inhibition
factor for the crystal growth of the particle was absent.”’ The good dispersion of the
particle resulted from the OA coated on the particle surface. In addition, the distinct
rings which are the characteristics of polycrystalline sample of the SAED pattern are
observed in Figure. 1(C). This indicated that the structure of the prepared MNPs
composed of domains whose crystallograghic axes randomly oriented.”> The pattern

correlated well with that of XRD pattern in Figure 1(A).

The chemical composition of the OA-MNP was analysed by FT-IR and the

spectrum of OA-MNP compared to that of MNP is presented in Figure 2.



Figure 2.

In Figure 2(A), the characteristic absorption peaks at 437 and 582 cm™ relating
to the stretching vibration of Fe-O bond of Fe;O4 before coating with OA were
observed. Whereas, the new absorption peaks at 1708 cm™ corresponding to the C=0
stretching vibration of ester bond appeared in Figure 2(B). This indicated that the
carboxylic group of OA was esterified with the hydroxyl group on the surface of the
MNP. The peaks at 2852 and 2923 cm™ can be attributed to the stretching of saturated
C-H bond of OA. From this analysis, it was evident that the as-prepared MNP was
Fe;04 which chemically bound to OA.

The magnetic and OA contents of the OA-MNP were determined by TGA and

the thermograms are shown in Figure 3.

Figure 3.

In Figure 3(A), one-step decay at temperature less than 120°C was ascribed to
water evaporation from the MNP. In the case of OA-MNP, the detection of two-step
decay in Figure 3(B) indicated the presence of two types of OA. The first weight loss
of 11.1% at less than 400°C corresponded to the physically adsorbed OA in the outer
layer. The second one of 8.4% at 400-500°C was resulted from the inner layer of OA
that covalently bound to the MNP surface.” Thus, the residual weight loss of 80.5%
was owed to the magnetic content. Based on the mean diameter (9 nm) and magnetite

density (5.16 g/cm’) of the MNP, the calculated area occupied by an OA molecule

10



was 0.31 nm?/molecule which was slightly less than the mean molecular area

occupied by a single OA molecule (~ 0.42 nm?*/molecule).”

Preparation and Characterisations of MPNP. The PS/AA-MNP was
prepared by polymerisation of St/AA containing OA-MNP (without removing excess
OA) and HD. On contrary, the excess OA was removed by repetitive washing with
methanol before preparation of PS/DVB/AA-MNP. In both cases, HD acted as
hydrophobe to suppress the Oswald ripening in the miniemulsion system while DVB

13,24

was used as crosslinker only in the latter case. TEM micrographs of the prepared

PS/AA-MNP and PS/DVB/AA-MNP are shown in Figures 4(A) and (B), respectively.

In both micrographs, the PS/AA-MNP and PS/DVB/AA-MNP were spherical
in shape with an average size of 148+38 and 117+£28 nm and polydispersity index
(PDI) of 1.2 and 1.1, respectively. The phase separation between magnetite and PS
matrix, previously observed when using the conventional OA/octane-based ferrofluid,
was suppressed.'* However, the non-magnetic PS/AA particles (light phase), i.e., free
from magnetic material (dark spot), and the inhomogeneous distribution of MNPs
within each PS/AA-MNP particle are noticed in Figure 4(A). The formation of non-
magnetic particle might be due to the immiscibility between the excess OA in the OA-
MNP-St and PS. It was reported that the large amount of OA in the ferrofluid droplets
could act as poor solvent for PS chains and the low viscosity of polymer matrix

10,12

enhanced the possibility of non-magnetic PS/AA particle formation. Therefore,
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the abundant OA was removed before polymerisation of St/DVB/AA. Since DVB is a
crosslinking agent of PS, the internal viscosity of the magnetic St/ DVB/AA-MNP
particles would increase during polymerisation. The homogeneous distribution of
MNP in the PS/DVB/AA matrix without non-magnetic polymer particle was obtained
accordingly. The previous work showed that the optimum concentration of DVB to
produce the uniform distribution of MNP and to eliminate the non-magnetic polymer
particle was about 20-40 wt% relative to total amount of monomer.'> Hence, 40% of
DVB based on St monomer was used in this present work. As expected, Figure 4(B)
displays that MNPs were completely incorporated into the PS/DVB/AA, i.e., neither
free magnetite nor the non-magnetic polymer particle appeared. The high viscosity
caused from the presence of DVB inside the particle kept the Fe;O4 nanoparticle from
moving outward. It was reported that, even the St monomer was replaced with methyl
methacrylate, the well-dispersed MNP into polymer matrix containing DVB was still
obtained.'? The results confirmed that combination of the removal of the excess OA
and the addition of DVB was the key role to produce the homogeneous distribution of
MNP in the polymer matrix without pure polymer particle formation. Additionally,
AA tended to be on the particle surface due to its hydrophilic nature. Consequently,
poly(acrylic acid) (PAA) chain and/or oligomer that formed during the polymerisation
was imparted electrosteric stabilisation. Since the AA monomer was added into the
reaction at the initial period before pre-emulsification, the polymerisation step in our
study was reduced when compared to the previous work.'**> Although, some carboxyl
groups might be buried in the polymer matrix, most of them possibly remained on the
particle surface and provided the colloidal stability of the PS/AA-MNP and
PS/DVB/AA-MNP particles. This was supported by the zeta potential values of the

particles which were -63.3+1.8 and -49.8+1.1 mV for PS/AA-MNP and PS/DVB/AA-
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MNP, respectively. With increasing the amount of AA more than 3% based on
monomer content, the MPNP was not stable possibly due to the bridging effect
originated from long PAA chains.

Owing to its satisfied morphology, the PS/DVB/AA-MNP was systematically
characterised. Figure 5(A) illustrates its XRD pattern which revealed that the
crystallographic structure of MNP contained in the PS/DVB/AA matrix after
polymerisation did not change compared to that in Figure 1(A). The low intensity
peak at 20 less than 25 degree, which related to the amorphous polymer matrix, was

additionally observed.'®*°

Figure 5.

The magnetic content which is a very important factor to alter the respond
speed of the MPNP to an external magnetic field was determined from TGA and its

thermogram is shown in Figure 6(A).

Figure 6.

In Figure 6(A), the two-step weight loss was observed. The first peak of 8.4%
between 150 and 300°C was attributed to the dehydration and decomposition of
residual surfactant and HD. The weight loss of 38.8% between 300 and 500°C was

mainly due to the decomposition of polymer matrix.** Therefore, the magnetic content
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deduced from the residual weight percentage of PS/DVB/AA-MNP was 53%. Due to
the high magnetic content, the MPNP (10%v/v) could be completely separated from
the aqueous phase under an externally applied magnetic field within only 3 min, as
shown in Figure 6(B).

The magnetic properties of the PS/DVB/AA-MNP compared to those of the
MNP and OA-MNP were investigated by VSM at room temperature and the

magnetisation curves are displayed in Figure 7.

Figure 7.

From Figures. 7(A)-(C), the magnetisation versus magnetic field of the MNP,
OA-MNP and PS/DVB/AA-MNP exhibited no hysteresis with undetectable
remanence and coercivity at room temperature. This confirmed that all samples had
superparamagnetic behaviour at room temperature.’ The superparamagnetism enables
the nanoparticles to respond to an applied magnetic field without any permanent
magnetisation and rapidly redisperse after removal of the magnetic field.'® Under
applying a large external magnetic field, the magnetisation of the particle aligns with
the field direction and reaches its saturation value. The saturation magnetisation (M)
values of the MNP, OA-MNP and PS/DVB/AA-MNP were 47.4, 36.5 and 17.4
emu/g, respectively. The presence of OA and PS/DVB/AA matrix reduced the Mg
value possibly because the surfactant and polymer substances changed the surface
anisotropy of MNP, which led to the increase in surface spin disorientation resulting

in the reduction of the magnetic moment.”’
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With the objective of further use of the prepared MPNP as a solid support for
immobilisation of biomolecules, the amount of —COOH functional group originated
from AA onto the PS/DVB/AA-MNP surface were quantified. Therefore, the surface
charge density (o) of the MPNP was determined by the conductimetric back titration

technique. The titration result of the PS/DVB/AA-MNP is presented in Figure 8.

Figure 8.

In Figure 8, the three different intervals in the conductimetric back titration
curve were observed. The rapid descending curve appeared in the first interval I
corresponded to the neutralisation of excess QH ions of NaOH previously added
causing a decrease in conductivity of the system to the first minimum point. Then, the
increase in the volume of HCI to the second minimum point in interval II related to
the titration of acidic groups (COO™ from AA and SO, from KPS initiator) at the
particle surface. Finally, the ascending back titration curve in the last interval III
corresponded to the excess of HCl added. The difference of HCI volume between the
two minimum points of the back titration curve (about 1.1 ml) was used to calculate
the [Acid] and the o value of PS/DVB/AA-MNP which were 919+97 peq/g and
832487 uC/cm?, respectively. Our previous work revealed that the o value of
poly(styrene-co-acrylic acid) (St/AA) increased with increasing the amount of AA
added in the reaction.'® Due to the presence of the surface carboxyl group, the
prepared PS/DVB/AA-MNP would potentially coupled with biomolecules for further

applying in a wide variety of biological applications.
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Conclusions

MNP coated with OA (OA-MNP) having an average size of 9 nm and 80.5% of the
magnetic content was simply prepared by adding NH,OH into an aqueous Fe*"/Fe®”
(2:1) solution at room temperature. Through ultrasonication, the OA-MNP dispersed
in St/AA or St/DVB/AA was directly emulsified for the synthesis of MPNP via the
miniemulsion polymerisation. The use of DVB to crosslink the PS matrix enhanced
the integrity of the MPNP and, hence, provided more uniform distribution of MNP
without any non-magnetic polymer particle. The MPNP (53% of magnetic content)
was superparamagnetic and, thus, appropriate for biomedical applications after

suitable surface modification.
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FIGURE CAPTIONS

Figure 1. (A) XRD pattern, (B) TEM micrograph and (C) SAED of the OA-MNP.
Figure 2. FT-IR spectra of (A) MNP and (B) OA-MNP.

Figure 3. TGA thermograms of (A) MNP and (B) OA-MNP.

Figure 4. TEM micrographs of (A) PS/AA-MNP and (B) PS/DVB/AA-MNP.

Figure 5. XRD pattern of PS/DVB/AA-MNP.

Figure 6. (A) TGA thermogram of PS/DVB/AA-MNP and (B) photographic images
of the PS/DVB/AA-MNP before and after applying magnetic field.

Figure 7. Magnetisation curves of (A) MNP, (B) OA-MNP and (C) PS/DVB/AA-

MNP measured by VSM at room temperature.

Figure 8. Conductimetric back titration curve of PS/DVB/AA-MNP.
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Figure 1
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Figure 4
Click here to download high resolution image
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Figure 6
Click here to download high resolution image
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morphology of the prepared MPNP were considered. Results confirmed that the
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A novel “turn-on” fluorescence chemosensor based on dansyl
Schiff base derivative (1) has been simply prepared for the
detection of Cu®* ion. 1 exhibited a remarkable blue shift of
emission upon the addition of Cu?' ion in CH;CN/H,0.

Molecular recognition of heavy metals is one of the active
research areas in supramolecular chemistry. Of transition metal
jons, Cu®" ion is one of the important metals both in physiological
and environmental systems. It involves various enzymatic
processes as a cofactor. However, high concentration of Cu*" ion
leads to cytoxicity and many diseases, e.g. Wilson, leukemia, and
dyslexia.™ Cu®" ion is known for the correlation to Alzheimer’s
disease.'

Over the past decade, the development of selective Cu®" ion
fluorescence chemosensor receives much research attention.
However, these sensors are usually cross-selective with other
metal ions, e.g. Hg”", Ag" and Pb*" ions.? Besides, the sensors
exhibit an “off-type” mode in which their fluorescence intensities
are quenched by either i) an energy or electron transfer’ or ii) an
enhancement of spin-orbit coupling.* The disadvantages of
fluorescence quenching are due to high signal output and the
differentiation of spectra of similar complexes with time-resolved
fluorometry.” For the issue of sensitivity, a chemosensor whose
fluorescence emission maximum is enhanced or changed upon
the complex with metal ions is highly desired. Cu®* ion induced
fluorescence enhancement (a “turn-on” type) chemosensors have
been reported, However, those sensors require complicated
synthetic manipulations and some of them are completely
dissolved in organic solvents.’

In recent years, several dansyl-based chemosensors have been
developed for the sensitive and selective detection of various
metal ions. Dansyl moiety is popularly chosen as
intramolecular charge transfer (ICT) fluorophore due to its highly
sensitive fluorescence response to the surrounding environment.
In a polar solvent (e.g. water), dansyl fluorophore shows weak
fluorescence emission while strong fluorescence and a blue shift
of emission are observed in nonpolar solvents.’

The design of metal induced fluorescence enhancement
chemosensor needs serious consideration. In general, an “on-
type” chemosensor requires a minimized fluorescence quenching
process while the corresponding process is in the minimization at

an

the metal-bound state.” We have deliberately designed a simple
yet highly selective chemosensor based on a dansyl Schiff base
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for Cu*" ion. Imine and 2-hydroxyl groups serve not only as
donors for the good coordination to Cu*" ion, but they also
facilitate and maximize the contact between the
The
corporation of dansyl and salicylaldehyde unit is intended in such
that the binding of Cu®" ion with 1 induces photophysical changes

dansyl

fluorophore and a bound Cu** ion. intramolecular

of the system. To the best of our knowledge, among few “turn-
on” fluorescence chemosensors for Cu®" ion, none of the dansyl-
salicylaldehyde Schiff base sensors has been ever reported.

1 was simply prepared in one step from the reaction between
2-hydroxybenzaldehyde and dansyl hydrazine in distilled water
(Scheme 1). After the reaction mixture was left stirring under
nitrogen atmosphere for 24 hours, crude dansyl receptor 1 was
obtained and crystallized from ethyl acetate/hexane to afford pure
1 in 92% yield. The structure of 1 was confirmed by 'H NMR,
C NMR and HRMS (ESIt). The imine group present in 1 is
known as an active functional group which shows a strong
affinity towards the transition metals.® This is due to the special
characteristic of the imine group in providing geometric and
cavity control to the metal ion complex. Consequently, the
lipophilicity, selectivity and sensitivity are enhanced.” The
presence of dansyl sulfonamide proton (C=N-NH) in 1 is
proposed for the responsibility in stabilizing the cationic adduct
resulting from the complex between 1 and Cu®" ion.'°

~n

N
~y
N OH
O °”°
+
0=$=0 OH
o;z:o HN\N/
“NH,

Scheme 1 Synthesis of 1

The photophysical property of 1 was investigated in CH;CN.
The emission spectra of 1, when excited at 350 nm, displayed the
maximum at 547 nm which is the characteristic emission of
dansyl chromophore.'" As previously described, the fluorophore
of Cu®* ion sensors is generally quenched due to the
paramagnetic effect via an energy or electron transfer process.'>
However, upon the addition of Cu?* ion, 1 exhibited a blue shift
(hypsochromic shift) of the emission maximum to 479.5 nm with
fluorescence enhancement (Fig. 1a). The new blue shift of
emission at 479 nm was made possible by the coordination of
Cu®" ion by 1. The blue shift of 1 was evident by the emission

This journal is © The Royal Society of Chemistry [year]
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color changing from yellow to blue (Fig. 1b). In the presence of
other transition metal ions including physiological metal ions
(Mn2+ ,Cd*, zn*, Ag’, NiZ*, Pb?", Co?*, Fe2+), the fluorescence
emission of 1 exerted no change. The addition of Hg®' ion
resulted in a slight blue shift in 1’s emission (to 534 nm) with
fluorescence quenching. After the addition of Fe*" ion, there was
no hypsochromic shift of 1’s fluorescence emission. However, a

o

substantial decreasing of fluorescence intensity was observed.
The efficiency of a blue shift of 1’s emission in the presence
10 of Cu?" ion was confirmed by the fluorescence intensity ratio
(F4792m/F 537.5,m) Where Fyz0,,, and F's3;5,, are the fluorescence
intensities of 1 with respect to the wavelength at 479 nm and
537.5 nm. It was shown that 1 exhibited remarkable selectivity in
response to Cu®* ion, while other transition metal ions displayed

a

no response (ESIT).
Next, the quantitative data of 1 was obtained. 1 was titrated
against various concentrations of Cu?” ion. When it was observed
that increasing in concentrations of Cu®* ion resulted in a blue
shift of 1’s emission with a slight enhancement. The blue shift
2 could be noticed when 1 equiv of Cu®" ion was added. Continuing
addition of Cu®' jon gradually increased the fluorescence
intensity of 1. After the addition of 25 x 10° M Cu®' ion, the
fluorescence intensity of 1 reached the maxima and exhibited no
significance in fluorescence enhancement (Fig. 2).

25

a)

&

Fig. 1 Fluorescence emission spectra of 1 in the presence of
s0 various transition metal ions. [1]=2.5 x 10” M, [ion] =25 x 10°
M, CH3CN/H,0 (1:1, v/v). Excitation wavelength was 365 nm.

It is documented that some fluorescence dyes once
aggregated result in either a bathochromic (J-type) or
ss hypsochromic (H-type) shift of the emission band. Comparing to
our case, the blue shift of 1 upon the addition of Cu*" ion is
proposed based on an ICT process.

An attempt to determine the binding ratio between 1 and Cu®*

ion by mass spectroscopic technique was unsuccessful.
6 Therefore, the binding analysis by the method of continuous

variations (Job’s plot) which indicated the binding ratio between

1 and Cu®" jon at 1:1 (ESIt). The association constant, K. was

estimated by a nonlinear curve fitting of the fluorescence titration

data of 1 and found at 1.68 x 107 M which demonstrated the
6s strong affinity between 1 and Cu? ion (ESIT)."

The metal competing experiment was accomplished. This
could provide the information on the selectivity of 1 in the
presence of Cu?" with other co-existing metal ions. Results from
Fig. 3 indicated that the hypsochromic shift of 1 by Cu®*" ion was

70 not influenced by the addition of other transition metal ions.

i10-
100 109:1uiv

75 - 1only

0 equiv

Fl {au)

s0. 0.5 equiv

80

o s
400

Fig. 2 Fluorescence titration of 1 with increasing concentrations
ss of Cu®" ion.

10 Fig. 3 Fluorescence emission spectra of 1 (2.5 x 10° M) and 1 in
the presence of respective metal ions (10 equiv) in responses of 1
containing Cu®* ion to different metal ions in CH;CN/H,O (1:1,
v/v). Excitation wavelength was 366 nm.

1os  In order to get a better insight into the coordination between 1
and Cu®" ion, '"H NMR experiment was conducted (Fig. 4). 'H
NMR spectra clearly indicated the coordination of Cu®* ion since
the proton on salicylaldehyde shifted upfield (A8 = 0.10 ppm) and
broadened upon the addition of 1 equiv Cu®*" ion. The proton

1o from dansyl moiety was shifted downfield (A = 0.12 ppm) due
to the Cu®" ion coordination which caused the decrease in
electron density of dansyl unit. The proposed coordination of
Cu?" ion by 1 is shown in the optimized geometry (Fig. 5).

2 | Journal Name, [year], [vol], 00—00
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Fig. 4 Partial 'H NMR spectra of 1 measured in DMSO-d6/D,0
s (1/1, v/v): (a) without Cu* ion and with (b) 1 equiv Cu** ion, (c)
2 equiv Cu?" ion.

The fluorescence enhancement of 1 upon the addition of Cu?*
ion could be explained via the radiationless pathway from the nn*
10 state of the emission from imine lone-pair electrons. The photo-
induced electron transfer (PET) channel is operated which
suppresses the fluorescence emission of 1.'° In the presence of
Cu®" ion, the bound Cu®"1 complex interferes with the PET
pathway resulted from imine lone-pair electrons. This would raise
1s the energy state of nz* while the zz* state of emission from
dansyl fluorophore is minimized.'® While the hypsochromic shift
of emission is on the basis of ICT process. Therefore, the
fluorescence responses of 1 towards Cu®" ion operates via two
channels which are the combination of i) PET (fluorescence
20 enhancement) and ii) ICT (hypsochromic shift).'”

o P
. Jo% N q(“‘f,
29" *; o"

O

35 Lra /-J_

o, Y ,ﬁ
% a0 % 2
" d:% » i-*‘ TJ s

45 Fig. 5 Optimized geometries of 1 and 1-Cu“" ion complex.

In summary, a novel fluorescence “turn-on” chemosensor (1)
is simply prepared and evaluated for its fluorescence response
towards Cu®' ion. 1 has been deliberately designed based on a

so combination of PET and ICT processes. The “suppressed” PET
mechanism offers 1 with fluorescence enhancement upon binding
to Cu®" ion while the ICT process facilitates 1 with a blue shift of
emission. Since 1 is quite soluble in an aqueous environment, this
could offer 1 as a potential chemosensor for Cu®>* ion for the

ss practical use.

a

1 is currently integrated into a hydrophilic
polymeric template as a new polymeric sensor for a 100 %
aqueous utility.
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Pyrazolidine luminol as a selective colorimetric receptor for Cu’*" in an
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ABSTRACT

Pyrazolidine luminol (PL) was prepared as a selective colorimetric receptor for Cu® ion. PL
exhibits good selectivity and sensitivity towards Cu*" over other metal cations, e.g. Cr’,
Al3+, Pd2+, Ni2+, Ce4+, Sn2+, Mn2+, C02+, Fez+, F63+, M02+, and Ag+ ions. The colorimetric
change of PL was easily observed by naked eyes in which the color of PL changed from pale
yellow to dark green. The detection limit for PL was determined to be 3.75 x 10 M with the
binding ratio between PL and Cu®" of 2:1. PL was immobilized on a silica gel plate and
employed for the detection of Cu®" ion in an aqueous environment with good detection limit.
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1. Introduction

The design of the colorimetric receptor with high selectivity and sensitivity has gained
chemists’ attention because the detection of analyte could simply be achieved via naked eyes
[1-3]. A number of colorimetric receptors play significant roles in sensing biological analytes
and metal cations [4,5]. In the field of environmental sciences, colorimetric receptors have

been employed for the determination of contaminated heavy metals in natural resources [6,7].

In general, the design of colorimetric receptor is based on the careful selection of an
ionophore (the analyte binding unit) and a chromophore (the signaling part). The recognition
of analytes at the binding unit is achieved by various modes of interactions, e.g., hydrogen-
bonding, electrostatic interaction, metal-ligand coordination and Van der Waals interaction
[7-9]. Upon binding of analytes to the ionophore, the communication between the binding
moiety and the chromophore is initiated to alter the photophysical property of the receptor.
The measurement of the physical change of chemosensors normally relies on spectroscopic
methods which sometime involve complicated sample preparation and analysis [10,11].
Therefore, the development of a portable chemosensor kit with low cost of sampling and

sensitive detection is desirable.

Luminol and its derivatives are well known chemiluminescence (CL) reagents due to their
high quantum yields [12]. CL emission of luminol is initiated by reacting luminol with
appropriate oxidizing agents in the basic condition [13]. Recently, luminol derivative has
been used as a CL sensor for metal cations [14]. The incorporation of a crown ether moiety
into the luminol structure offers a CL receptor which confers the binding mode to metal
cations. Upon binding to metal cations, the signal transmission between the receptor (crown

ether) and the chromophore is established.

In this paper, we have synthesized a new chromogenic receptor, pyrazolidine luminol (PL).
The luminol scaffold was used as the chromophore of the receptor, while the presence of the
5-membered ring of PL served as the binding unit to the metal cation. Among metal cations,
PL exhibited good selectivity towards Cu”" ion and showed the colorimetric change upon the
addition of Cu®" ion. This offers PL as a selective receptor for the detection of Cu®" ion by the

colorimetric mean.



2. Experimental
2.1. Materials and instrumentations

The stock solution of the corresponding PL was prepared in DMF with the concentration of
500 uM. The metal complexes used in this study were as followed: cobalt (II) chloride,
chromium (III) chloride, copper (II) chloride, nickel (II) chloride, palladium (II) chloride,
manganese (II) chloride and disodium molybdate (VI), iron (II) chloride, iron (III) chloride,
aluminium (III) chloride, silver (I) chloride, tin (II) chloride and cerium (IV) sulfate. Metal
complexes were obtained from Aldrich or Acros and used without further purification.
Solvents were used as a HPLC grade. Other chemicals used were supplied from Aldrich as
analytical grade and used without further purification. MilliQ water was used throughout
unless other stated. The concentration of stock solution of metal cations was 10 mM.

The reactions were monitored by thin-layer chromatography (TLC) on a commercial silica
coated plates with a particle size of 60 A. Developed plates were visualized by UV lamp (254
nm). Column chromatography was performed using 0.063 — 0.20 nm silica gel. Fluorescence
measurements were carried out using a FP-6300 spectrofluorometer (JASCO) equipped with
a xenon lamp source and a 1.0-cm quartz cell, and the scan speed was 600 nm min™.
Absorption spectra were recorded by a Shimadzu-240 UV-vis spectrophotometer using a 1.0-
cm quartz cell. "H spectrum was recorded on Bruker DPX 400 MHz spectrometer in CDCl;
using TMS as the internal standard. CDCl; (77.0 ppm) were used as the internal reference for
BC NMR. Mass spectra were recorded on Bruker Esquire and Finnigan MAT INCOS 50
mass spectrometers. The fluorimetric images were taken after the membrane exposed under

the UV lamp (A = 366 nm).

2.2 Preparation and characterization of pyrazolidine luminol (PL)

The preparation of PL was achieved in 2 steps as followed. In a flame dried round
bottom flask, a solution of luminol (1 g, 5.64 mmol) in methanol (5 mL) was added
sodium methoxide (0.91 g, 16.9 mmol) and the reaction was brought to reflux for 3 hrs.
After the reaction was cooled down to room temperature, methanol was completely
removed under vacuum before the obtained yellow solid was re-dissolved in ethanol

folllowed by the addition of epichlorohydrin (2.21 mL, 28.2 mmol) under the N,



atmosphere and left stirring at room temperature for 4 days. The crude product was
recrystallised in water before the desired PL was obtained as a white solid; 70%; mp. 215
°C; IR vmax (KBr) 1406, 1591, 1619, 3443 cm'l; ESMS; Calculated for C;;H;1N3;03 [M']
= 233.080; measured mass [M +Na] = 256.0697; 'H NMR (DMSO-db6): 6 3.95-4.04 (m,
2H, CH;), 4.11 (dd, J=11.8 Hz, 2H, CH,), 4.58 (m, 1H, CHOH), 5.76 (br, 1H, OH), 6.30
(br, 2H, NH>), 6.98 (dd, 1H, J=2.36 Hz and 8.55 Hz, 1H, ArH), 7.22 (s, 1H, ArH), 7.81
(d, 1H, J = 8.56 Hz, ArH) ; °C NMR (DMSO-d6): 54.5 (CH,), 54.8 (CH,), 65.0 (CH),
108.0 (ArCH), 117.08 (ArCH), 118.5 (ArCH), 128.2 (ArCH), 131.2 (ArCH), 153.3
(ArCH), 154.4 (NHC=0), 154.8 (NHC=0).

3. Results and discussion
3.1. Synthesis of pyrazolidine luminol

On the course of optimization for PL synthesis, the condition described in scheme 1
provided the best yield hence it was employed in the study throughout. The synthesis of PL
was achieved in 2 steps as already mentioned. Spectroscopic data of PL agreed well with the
structure shown. PL is designed as a chromogenic receptor where the luminol moiety acts as
a chromophore. The 5-membered ring with the hydroxyl group is used as a chelating unit for

metal cations.

O @

iand ii
¥ : o
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Scheme 1. Synthetic procedure for PL. Reaction conditions: (i) NaOMe, MeOH, 80 °C, 3 hrs;
(i1) epichlorohydrin, ethanol, RT, 4 days.



3.2. Chemiluminescence (CL) profile of PL comparing to luminol

It is known that the chemical manipulation of the luminol’s phthalhydrazide ring generally
leads to the loss of its CL property [15]. Therefore, the CL emission of PL was investigated
and compared with luminol. Previously, we have optimized the condition for the CL emission
of luminol employing Fe’" catalysis [13(a)]. Therefore, the corresponding condition was used
for the CL emission of PL. CL emitting reagents (CH3CN, TPA, and FeCl;) were used to
initiate the CL emission of both luminol and PL. It was shown in Fig. S2 (see supplementary
material) that the introduction of a 5-membered ring into the PL structure retained its CL

property. Therefore, this offers PL as a newly synthesized CL reagent.

3.3. Selectivity of PL towards metal ions

The selectivity of PL over other metal cations was investigated. Various cations were
added into the PL solution and the color change of the solution was observed by naked eyes
in the optimized solvent (DMF:H,0). In the presence of other metal cations (e.g. Fe*', Fe'*
and Mn”" ions), no significant colorimetric change of PL solution was observed. It was
interesting to note that in the presence of Cu" ion, the color of PL solution significantly
changed from pale yellow to dark green (Fig. 1). The change was not observed when the
same molar equiv of Cu”" ion was added into luminol solution (see supplementary material,
Fig. S3), hence the presence of hydroxyl group in PL is crucial for this interaction. The
colorimetric change of PL solution upon the addition of Cu*" ion indicated the interaction
between PL and Cu’” ion which is believed that the observed effect proceed via the
intramolecular charge transfer (ICT) process. The ICT mechanism of PL is originated from
the binding to Cu*" ion which subsequently triggers the ICT from the receptor (the 5-

membered ring moiety) to the chromophore.
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Fig. 1. Pictures of PL upon the addition of various metal cations in DMF:H,0 (9:1; v/v). [PL]
=4.5 x 10™* M, [metal cations] = 1 x 10~ M.

3.4. UV-vis spectra of PL upon the addition of various metal cations

The ground state absorption of PL was recorded in DMF:H,0 (9:1; v/v). It was clearly
shown that in the absence and presence of other metal cations, the absorption spectra
indicated three absorption maxima at 305, 350 and 375 nm. In the presence of Cu®" ion, there
was a new absorption observed at 425 nm (Fig. 2) which is a CT band. The colorimetric
change of PL solution upon the addition of Cu®" ion corresponded to the occurring of the new
absorption at 425 nm. Since no absorption at 425 nm in the presence of other metal cations,

the absorption at 425 nm indicated the characteristic interaction between PL and Cu®" ion.
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Fig. 2. UV-vis titration spectra of PL in the presence of various metal cations. [PL] = 4.5 X

10 M, [metal cations] = 1 x 10~ M.



3.5. Ratiometric response of PL upon the addition of various metal cations

The change in the absorption of PL in the presence of metal cations was demonstrated
with respect to two absorptions at 350 and 425 nm. The absorbance ratio at 350 and 425 nm
indicates the good selectivity of PL towards metal cations. It was clearly shown that the
change in the corresponding absorbance ratio (4425/350) of PL upon the addition of Cu®" ion
was more pronounced than other metal cations (Fig. 3). In the presence of other metal
cations, the 4425/350 absorbance ratio did not significantly change. This shows that PL is

highly selective in its response to Cu** ion in comparison to other metal cations.

0.3 -
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Fig. 3. Ratiometric response of PL towards different metal cations. [PL] = 4.5 x 10* M.

[metal cations] = 1 x 10~ M.

3.6. UV-vis titrations of PL with various concentrations of Cu’" ion

It is clear that the absorption of PL is highly affected by Cu®" ion. The change in the
absorption spectra of PL in DMF:H,O in the presence of various concentrations of Cu®" was
investigated. Fig. 4 represented the CT band (absorption at 425 nm) which selectively
responded to Cu®" ion. Increasing concentrations of Cu®’ ion resulted in the progressive
incline of the absorption maxima at 425 nm, which was thought to be due to the interaction of

the hydroxyl group participating in the ICT process.
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Fig. 4. UV-vis titration spectra of PL (4.5 x 10* M) in the presence of increasing

concentration of Cu”" ion in DMF:H,0 (9:1; v:v).

3.7. Colorimetric response of PL upon the addition of various concentrations of Cu’" ion

Next, the colorimetric change of PL was observed in the presence of various
concentrations of Cu®" ion. It was noticed that the color of PL solution gradually developed
more intense green color upon increasing concentration of Cu®* ion (Fig. 5). From the naked
eye detection, the clear cut for the color change of PL solution was observed when 3.75 x 10™
M of Cu*" ion was added into the PL solution. Further increasing concentration of Cu*" ion
resulted in a more intense green color. Therefore, the detection limit for the liquid-phase

colorimetric detection of Cu®" ion employing PL was 3.75 x 10™* M.

(@ (b) (c) (d) (e) () (g (h) () G) (k) () (m) (n) (o)

’ { B £y« S Fy o



Fig. 5. Pictures of color changes of PL upon increasing concentrations of Cu®’ ions in
DMF:H,0 (9:1; v/v). PL with Cu®" ion (a) 0M (b) 1 x 10° M (¢) 1 x 10* M (d) 3.75 x 10™*
M (e) 7.5 x 10* M (f) 1x 10° M (g) 1.5 x 10° M (h) 3 x 10> M (i) 6 x 10° M (j) 1 x 102 M
(k) 1.2 x 107 M (1) 2.4 x 10 M (m) 4.8 x 107 M (n) 7 x 102 M (0) 1x 10" M. [PL] = 4.5 x
10 M.

3.8. Mass spectroscopic spectra of PL with the addition of Cu”" ion

In order to investigate the stoichiometric binding ratio between PL and Cu®" ion, ESI-MS
was used for the investigation. Various stoichiometric binding ratios between PL and Cu®"
ion were employed and subjected to the mass spectroscopic analysis. Of binding ratios, the
solution containing 2:1 molar equiv between PL and Cu®" ion showed the peak at m/z =

528.54 corresponded to the complex between PL and Cu® ion at 2:1 (Fig. 6).

163.99

209.03
|

283.03

2PL + CuZ*

| ||
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P
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Fig. 6. Mass spectroscopic analysis of PL and Cu®" ion in DMF:H,0 (9:1; v/v). The binding

ratio between PL and Cu?" ion was indicated as the black arrow (PL:Cu*" ion = 2:1).
3.9. Proposed complex between PL and Cu’" ion

From the mass spectroscopic data and the computational modeling, the proposed binding
complex between PL and Cu®" ion is shown in Fig. 7. It was believed that the binding mode

between PL and Cu®" ion is through the coordination of Cu** ion by two moles of PL. The



coordination of Cu®" ion by PL is a C2 symmetry which is assisted via the chelation from the
hydroxyl group present in the 5-membered ring of PL and the carbonyl group. The
coordination of Cu*" from the other PL adopts the same mode of binding with the opposite
orientation to obtain the tetragonal complex between PL and Cu*" ion. From computer
modeling, the hydroxyl group of the 5-membered ring adopts the puckered conformation
which facilitates the binding between Cu”" ion, hydroxyl and carbonyl groups. This result
demonstrates the importance of the 5-membered ring present in PL and could explain the lack

of selectivity of luminol towards Cu®" ion.

Fig. 7. MM2 energy-optimized complex between PL and Cu" ion at the binding ratio

between PL and Cu®" ion of 2:1.

3.10. Preliminary application of PL chemosensor kit

In order to develop PL as a chemosensor kit, a silica plate was immobilized with PL. The
immobilizing process was achieved by immersing a silica plate into PL solution before
drying under vacuum. It was clearly shown that the immobilized plate with PL exhibited the
characteristic pale yellow. After the immersion into Cu®" ion solution, PL immobilized plate
showed a colorimetric change from pale yellow to green which clearly observed by naked
eyes (Fig. 8). PL immobilized plate was employed for the detection of Cu®" ion in an aqueous
environment and found that the detection limit for Cu®" ion was as low as 0.4 x 10~ M.
Therefore, this chemosensor kit has a potential to further develop as the portable detection kit
for Cu®" ion with the lower detection limit and will be employed as an analytical device in

environmental science.

10



(a) (b)

Fig. 8. Pictures of silica plates: (a) the PL immobilized silica plate. (b) the PL immobilized

silica plate after immersion into the 0.4 x 10° M of Cu*" ion solution.

4. Conclusion

We herein demonstrate a new colorimetric receptor based on the luminol scaffold,
pyrazolidine luminol (PL). Its colorimetric change is clearly observed by naked eyes with
selective response to Cu®* ion. The color of PL solution changed from pale yellow to dark
green upon the addition of Cu®* ion. The detection limit of PL solution towards Cu®" ion was
10* M. The binding ratio between PL and Cu®" ion was determined by mass spectrometry
and found to be 2:1. To the best of our knowledge, this is the first colorimetric receptor for
Cu”" ion based on PL. For the application, PL was immobilized on a silica plate and used for
the detection of Cu®" ion in an aqueous environment. The improvement of the PL sensitive

chemosensor kit could facilitate applications in biological and environmental sciences.
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ABSTRACT
The maleated sulfur prevulcanized natural rubber grafted cellulose (M-SPNR-g-
cellulose) was prepared from SPNR latex and cellulose fiber of corn leaves by using
benzoyl peroxide and potassium persulfate as thermal initiators. The chemical
structure of the M-SPNR-g-cellulose was confirmed by ATR-FTIR and solid state
BC-NMR. The swelling ratio of M-SPNR-g-cellulose film decreased as a function of
cellulose and maleic anhydride contents. Their modulus and hardness dramatically
increased with increasing cellulose content. However, the tensile strength and
elongation at break decreased when compared to the unmodified SPNR. The M-
SPNR-g-cellulose exhibited good thermal resistance at 90°C. The well dispersed
cellulose fibers in rubber matrix was confirmed by SEM and optical microscopy. The
composite film had antibacterial activity and could be easily degraded when buried in

moist soil.

KEYWORDS, Natural rubber; Maleic anhydride; Cellulose; Chemical modification;

Latex; Biopolymer
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INTRODUCTION

The biodegradable materials, e.g., cellulose, natural rubber (NR) and starch, are used
to replace the synthetic polymers due to the environmental friendly reason. Moreover,
cellulose, the most abundant natural polymer, can be obtained from the ‘waste’
agricultural by-product, e.g., sugar beet pulp, eucalyptus kraft pulp, palm and rice
husk [1-4]. Before utilization, cellulose must be treated with acid and base to remove
the non-cellulose, e.g., fatty acid, wax and hemicellulose [5,6]. However, the
drawbacks of the treated cellulose, i.e., high moisture absorption and high fungi
attack, still exist.

In order to solve these problems, several chemical modifications, i.e.,
etherification, esterification, oxidization, crosslinking and graft copolymerization,
through hydroxyl groups of cellulose have been carried out [7-11]. Besides reducing
the moisture absorption of cellulose, these modifications enhance the adhesion
between hydrophilic and hydrophobic materials. Although the cellulose grafted with
polymers, e.g., polyacrylonitrile, butyl acrylate, polystyrene, B-cyclodextrin and
renewable polymeric matrices, were studied, the grafting between NR and cellulose
has not yet been reported [12-16]. The previous works concerned only the blend of
acid treated cellulose with NR. It was found that their modulus increased depending
on cellulose content due to hydroxyl group and 1,4 glycoside linkage in cellulose.
However, the poor adhesion between both materials caused the slight decrease of the
tensile strength and elongation at break of the blend [17-20]. The better adhesion
between cellulose and NR was obtained from using cellulose grafted with allyl
acrylate and allyl methacrylate [17]. The stress/strain measurement and dynamic
mechanical analysis of NR/allyl acrylate and allyl methacrylate grafted cellulose

composites were, therefore, improved. The modification of cellulose from banana
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fiber by maleic anhydride (MA) for its use as a coupling agent was also investigated
[22]. Results showed that the mechanical properties of the maleated cellulose blended
with polyethylene were enhanced due to the better compatibility [22].

In this present work, MA reacted with sulfur prevulcanized natural rubber
(SPNR) latex producing maleated (M) SPNR which was grafted with cellulose fiber
from corn leaves. The value-added agricultural ‘waste’ by-product was the main goal
of this study. Effects of MA and cellulose contents on the physical properties, i.e.,
swelling ratio in toluene, tensile strength, elongation at break and hardness, of the M-
SPNR-g-cellulose film were investigated. Their antibacterial activity, thermal
properties, morphology and biodegradability in soil of the composite film were also

studied.

EXPERIMENTAL

Materials

High ammonia (HA) NR having 60% dry rubber content (DRC) was supplied by
Chalong Latex Industry Co., Ltd (Songkhla, Thailand). Poly(vinyl alcohol) with 89%
hydrolysis and vulcanizing agents, i.e., sulfur,) Zinc diethyl dithiocarbamate (ZDEC
and Zinc oxide (ZnO), were purchased from Sonal Company (Songkhla, Thailand).
Sodium dodecyl sulphate (SDS) was supplied from Fluka (Seelze, Germany). Maleic
anhydride (MA) was supplied by Fluka (Seelze, Germany). Benzoyl peroxide (BPO)
was purchased from Merck Schuchardt OHG (Seelze, Germany). Butylated
hydroxytoluene (BHT) or 2,6-bis(1,1-dimethylethyl)-4-methylphenol was purchased
from Kitpiboon Chemical Ltd. (Bangkok, Thailand). Teric 16, a non-ionic surfactant,
was purchased from Lucky Four Company (Bangkok, Thailand). Potassium persulfate

was supplied from Rankem analytical company (New delhi, India). Hydrogen
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peroxide and perchloric acid were purchased from Solvay Peroxythai Ltd. (Bangkok,
Thailand and Guangdong, China).

In order to prepare cellulose fiber, the corn leave was consecutively immersed
in 10% NaOH for 24 h in H,O; solution for 24 h and in perchloric acid for 36 h. After

being washed with water until reaching neutral pH, the cellulose was dried at 80°C.

Preparation of M-SPNR-g-cellulose

First, 6%wt MA was dissolved in 10% Teric 16 aqueous solution while BHT was
dissolved in toluene (2 mL). Both MA solution (10 mL) and 1.5% BHT solution (2
mL) and 1% w/w BPO were then added into SPNR latex having 30% DRC (50 mL).
Then, PVA (3 g) and SDS (3 g) dissolved in distilled water (100 mL) at 80°C for 1 h
were added into the mixture. 10% w/v Cellulose fiber dispersed in water (0, 5, 10, 20,
30, 50 or 100% w/w with respect to dried weight of SPNR) was then mixed at 80°C
for 3 h by using a homogenizer. At the same time, the 1% w/w K;,S,05 was added in
the mixture. The M-SPNR-g-cellulose obtained was finally poured into a glass
container to form a sheet with 0.5 mm in thickness after drying at ambient
temperature and then at 80°C for 6 h. The sample was kept at room temperature for

overnight before characterisation.

Characterizations of M-SPNR-g-cellulose

The M-SPNR-g-cellulose was characterised by using attenuated total reflection-

Fourier Transform Infrared spectrophotometer (ATR-FTIR) (Equinox 55; Bruker) for

100 times of scan. CP/MAS solid-state "*C-NMR spectrometer (Chemagnetics

CMX100) was operated under a static field strength of 2.3 T (100 mHz, 1H) at
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20+1°C. The contact time for CP was 1 ms with a proton 90° pulse of 5.5 ps and
decoupling power of 75 kHz. The MAS speed was 3 kHz and the delay time 4after
acquisition of the FID signal was 4 s. The chemical shifts were calibrated by using an
external hexamethyl benzene standard methyl resonance at 17.3 ppm with 1600 scans.
In order to study of thermal properties, thermogravimetric analysis (TGA) was
performed (TGA7; Perkin Elmer). Each sample (5-6 mg) was analysed under N, with
a flow rate of 45 mL/min. The temperature was varied from 50 to 850°C at a heating
rate of 10°C/min.

For the morphological study, the sample was fractured under liquid nitrogen
and then coated with platinum (12 Pa vacuum) before being investigated under
scanning electron microscope (SEM; JMS-5800 LV, JEOL) at an accelerating voltage
of 6 kV. The photograph image of the M-SPNR-g-cellulose was analyzed by optical
microscopy (OM, Primo Star company, Carl Zeiss.). The tensile strength (elongation
at the break) and modulus of the sample were measured according to ASTM D412-
98a and JIS K6251 using the tensile tester (Strograph E-L; Toyoseiki) at a crosshead
speed of 500 mm/min with a load cell of 100 and 500 N, respectively. Its tear strength
was also determined according to ISO 34-1. For the study of heat aging resistance, the
tensile retention value considering the respective initial tensile strength was
investigated after ageing the sample in a circulating air chamber at 90°C for a week.
The aged specimen was left at room temperature for at least 24 h before testing. The
hardness of the vulcanizate was determined from a Shore A type durometer by using
the method adopted from ISO 48. For the examination of biodegradation, the
specimen (3 cm X3 cm) was buried under soil (100 g) at 5 cm from top soil (Hat Yai,

Province of Songkhla, Thailand) while water was added every week for 3 months.
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Every month, the sample was carefully taken out, washed with distilled water and
dried at 45°C for 2 days before being weighed.

Bacterial strain including E. coli ATCC25922, was used in this experiment as
representative pathogenic bacteria of medical importance. All bacterial strains were
cultured routinely on tryptic soy agar (T'SA, Difco, France) and incubated at 35 °C for
24 h. The isolated colonies were suspended in Mueller Hinton broth (MHB, Difco,

France) and then incubated for 16 h.

RESULTS AND DISCUSSION

FTIR and solid state C-NMR analysis

The possible mechanism of grafting M-SPNR with cellulose by using BPO and
K5S,03 1s presented in Fig. 1. Free radicals from BPO attacked carbon-carbon double
bonds of MA which then reacted with carbon-carbon double bonds of SPNR
molecules activated by K,S,0g leading to the M-SPNR formation. When the M-SPNR
reacted with cellulose fiber, the M-SPNR-g-cellulose was generated. In addition, the

crosslink between M-SPNR and cellulose might occur through MA bridging.

The chemical structure of M-SPNR-g-cellulose was confirmed by ATR-FTIR.
Fig. 2 shows the ATR-FTIR spectra (4000-500 cm'l) of cellulose, SPNR, M-SPNR

and M-SPNR-g-cellulose.
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A broad band from 3100 to 3500 cm™' in the spectrum of cellulose was
assigned to OH stretching and the peaks at 896, 1046, 1382 and 2926 represented C-H
deformation, C-O-C from p-1,4—glycosidic, OH bending and C-H stretching,
respectively [22]. In the spectrum of SPNR, C-H and strong asymmetrical methylene
group vibrations were respectively observed near 2950 and 2853 cm™ while carbon-
carbon double bond was observed at 1664 cm’ [27]. The band at 1076 cm’! mainly
attributed to the symmetric C—S—C group stretching vibrations in the two C—S bonds
also appeared. During vulcanization, the addition of sulfur broke the double bond
between two carbon atoms and then sulfur atoms bridged two polymer chains, i.e.,
crosslink between polymer chains was formed. In the case of M-SPNR, the absence of
unreacted MA was identified by the disappearance of the characteristic band at 698
cm’' (C=C bond) of MA [2]. It should be stated that the absorption bands of unreacted
MA were in the same region than those of the grafted anhydride [2,4]. The presence
of grafted anhydride on SPNR molecules was confirmed by a broad and intense
characteristic band at 1780-1784 cm™ and a weak absorption band at 1854 cm’
assigned to symmetric (strong) and asymmetric (weak) C=0 stretching vibrations of
succinic anhydride rings, respectively [28]. The grafted MA was also deduced from
the absorbance ratio of FTIR peaks at 17801784 cm™ and 1854 cm™ to 835 cm™ (-
C—H stretch on cis C=C bonds of cis-1,4-polyisoprene). The weak band at 3045 cm™
was attributed to an intramolecular hydrogen stretching bond from the maleate
conformation. After chemical modification of M-SPNR with cellulose, the new
functional group occurred. It was expected to be the carboxylic group (see Fig. 1)
corresponding to the bands at 2530 cm™ due to the unsaturation and 1734-1724 and
1282-1164 cm™" assigned to C=0. The appearance of a new band at 821 cm™ in the

M-SPNR-g-cellulose spectrum was attributed to out of plane deformation of
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carboxylic group. The absence of any band at 1850 and 1780 cm™ also confirmed the
absence of non-reacted MA. The band at 776 and 1235 cm™' represented C—H and
COOH plus out of plane hydroxyl bending.

The “C-NMR spectra of the cellulose, SPNR, M-SPNR and M-SPNR-g-

cellulose are shown in Fig. 3.

Figure 3

For cellulose fiber, the peaks at 60-70 ppm correlated to C6 of primary alcohol
group whereas those of C2, C3 and C5 appeared at 70-81 ppm. In addition, the signals
at 81-93 and 102-108 ppm related, respectively, to C4 and C1, anomeric carbon as the
center of a hemiketal group [29]. The appearance of three singlet peaks at 23, 26 and
32 ppm in SPNR spectrum were assigned to methyl carbon and two methylene
carbons. The two peaks at 125 and 134 ppm corresponded to olefinic carbons of
SPNR. After modification of SPNR with MA, the new band of carboxyl group of M-
SPNR was observed at 190 ppm. The signals at 64.8 and 72 ppm referred to hydroxyl
group of M-SPNR-g-cellulose. In addition, those at 40, 44, 50 and 58 ppm
represented hydroxyl group of SPNR-g-cellulose. It was explained that the carbon
atom beared primary hydroxyl which involved intramolecular hydrogen bonds with
the hydroxyl, and intermolecular bonds with the hydroxyl in the adjacent chains. The
C-O-C of B-1,4—glycosidic bond in cellulose was observed at 103 ppm. The chemical
shift of SPNR molecule at 14.4, 29.7, 129.9 ppm referred to -CHs, -CH,, and -CH,

respectively. The success of the reaction was confirmed by the signal at 192 ppm

relating to carbonyl groups. However, the signals were overlapped and expected to

show both ester and carboxylic groups. This upfield shifted signal was mainly due to
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the conjugated system of the two different isomers. The a,B-unsaturated carbons of

the modifier would shift the signal to 126 and 136 ppm [23].

Mechanical properties

The values of tensile strength of the M-SPNR-g-cellulose sheets at various cellulose
contents are illustrated in Fig. 4. The tensile strength of the samples having 5, 10, 30,
50, 70 and 100% w/w of natural cellulose were 13.8, 13.5, 13.2, 12.8, 10.5 and 9.5
MPa, respectively, while that of the SPNR was 18 MPa. The lower tensile strength of
the M-SPNR-g-cellulose could be explained that the incorporated cellulose retarded

the stress induced crystalline of SPNR molecule.

Fig. 5 shows that the tear strength of M-SPNR-g-cellulose with 50% of
cellulose was 32 N/mm whereas that of NR was 55 N/mm. The lower tear strength of
M-SPNR-g-cellulose was observed comparing to pristine SPNR due to reduction of

crystalline of SPNR molecule after chemical modification.

The percent elongation at break of SPNR-g-cellulose was in the range 470-
350 while that of SPNR sheet was 560 as shown in Fig. 6. The elongation at break
which decreased as a function of cellulose content might be attributed to the change in
the hardness of SPNR sheets after grafting with cellulose. Fig.7 shows the influence

of cellulose content on the hardness (Shore A) of the M-SPNR-g-cellulose sheets.
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18 It was found that the hardness of SPNR was 36 Shore A, whereas that of the
20 SPNR-g-cellulose was ~50 Shore A. The results indicated the change of chemical
structure of SPNR after addition of cellulose. Besides grafting of MA on SPNR or
25 cellulose, the hard sample might be caused from the crosslinked rubber chains
27 through MA bridging [27].

The modulus of the SPNR was also enhanced after grafting with cellulose as
32 shown in Fig. 8. The increase in modulus with adding 10, 20 or 30% of cellulose was
34 due to the hard cellulose. However, the 50 or 100% of cellulose resulted in a decrease
of the modulus. The values of 100% modulus of SPNR and of M-SPNR-g-cellulose
39 with 50% of cellulose were 1.1 and 1.3 MPa, respectively. This result agreed well

41 with that of the hardness in Fig.7.

51 Morphology
53 SEM image of cellulose fiber at magnification of 150 times is shown in Fig. 9. It was

observed that the surface of untreated cellulose fiber was almost free of trenches.
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The diameter of cellulose fiber was in the range of 100-250 microns. The significant
change on the surface was obviously noticed when the surface of cellulose was

removed after chemical modification.

Fig. 10 shows OM images of M-SPNR and M-SPNR-g-cellulose with 5, 10,
20, 30, 50, 70 and 100 %w/w of cellulose. At cellulose content from 50%, it was

observed that the fibers well dispersed in SPNR matrix.

SEM micrographs of the fracture surfaces of SPNR and M-SPNR-g-cellulose
are shown in Fig. 11. The cellulose fibers homogeneously distributed in the SPNR
matrix were observed in all samples. At cellulose content <50%, the adhesion
between SPNR and cellulose seemed to be good. However, at > 50% of cellulose, the
adhesion between M-SPNR and cellulose was poor as observed from void in the M-
SPNR-g-cellulose [26]. It was explained that the higher amount of cellulose fiber
caused the greater surface area of the fiber while the surface of SPNR was fixed. The
imbalance between the surface area of M-SPNR and cellulose fiber was responsible

for the void formation.

Antibacterial analysis

John Wiley & Sons
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As shown in Fig. 12, both M-SPNR-g-cellulose and SPNR suppressed pathogenic
growth. The antibacterial activity, investigated by measuring diameter of the clear
zone, of the composite was significantly greater than that of SPNR possibly due to the
carboxylic group which was a new functional group of the M-SPNR-g-cellulose. As
previously reported, phenolic hydroxyl groups in poly(styrene-alt-maleic anhydride)-
4-aminophenol conjugate was responsible for its antibacterial activity [30] although
the bactericidal mechanism has not yet known. Therefore, it was assumed that both
hydroxyl and carboxylic groups of the M-SPNR-g-cellulose contributed to its

antibacterial activity.

Thermal properties

TGA thermograms of the cellulose, SPNR, M-SPNR and M-SPNR-g-cellulose
are shown in Fig. 13. It was observed that thermal decomposition of SPNR started at
~380 °C followed by two major losses of weight during the main volatilization and
pyrolysis which were essentially completed by ~550°C. The onset degradation
temperature at 265°C of the M-SPNR-g-cellulose containing 10, 25 and 50 wt%
cellulose fibers was slightly lower than that of M-SPNR. When compared to SPNR,
the M-SPNR-g-cellulose rapidly degraded at ~100°C due to the high thermal
degradation of cellulose. The weight loss from 195 to 292°C in the TGA curve of M-
SPNR-g-cellulose corresponded to water evaporation whereas that from 292 to 350°C
related to the main chain of cellulose. With raising temperature to 350-400°C, the
main M-SPNR molecules degraded. The weight loss at >400°C confirmed the

grafting between M-SPNR and cellulose [23]. The onset degradation temperature of
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cellulose at ~170°C indicated that cellulose was more sensitive to thermal degradation
than rubber. Starting from ~390°C, both M-SPNR and M-SPNR-g-cellulose followed
almost the same thermal degradation behavior. However, the amorphous
(hemicellulose) region in cellulose fiber was easier to be degraded than that of the
crystalline part [31]. It was previously reported that the mass loss stages for cellulose
and hemicellulose shift towards high temperature from 330 to 430°C and from 225 to
400°C, respectively. From the more visible degradation of hemicellulose, it might be
deduced that the thermal degradation of M-SPNR-g-cellulose was faster than that of

SPNR due to hemicellulose.

Biodegradation

The reduction of weight of M-SPNR-g-cellulose degraded in soil was
investigated. Results in Fig. 14 show that the biodegradation of M-SPNR-g-cellulose
dramatically increased with increasing the cellulose contents. It was believed that
cellulose was greatly degraded by bacteria and fungi in soil activated by moisture and
heat. In the case of SPNR, the sulfur bridges and high molecular weight (~10°) of cis-
1,4-polyisoprene were responsible for the more difficult biodegradation [18]. The
previous work reported that NR can be slowly degraded in nature by specific
microorganisms. The high rate of degradation of M-SPNR-g-cellulose within 1 month

and nearly constant after that was due to the low amount of cellulose in the composite.
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CONCLUSIONS
The M-SPNR-g-cellulose was successfully prepared. Its structure was proved by the

appearance of a new band at 821 cm™', in ATR-FTIR spectrum, attributing to the out

O©CoOoO~NOOPRWN -

11 of plane deformation of carboxyl group. Solid state NMR revealed the signal at 192
13 ppm related to carbonyl groups. At high cellulose content (over 50 phr), their tensile
15 strength decreased from 18 MPa to range 8-14 depending on cellulose content due to
18 the morphological change of the M-SPNR-g-cellulose film. Its optimum tensile
20 strength of 11 MPa was found. The lowest swelling ratio of M-SPNR-g-cellulose in
toluene at 50% cellulose was due to the hydrophilicity of cellulose. At this cellulose
25 content, no phase separation was observed under SEM and OM. Both hydroxyl and
27 carboxylic groups of the M-SPNR-g-cellulose were responsible for the antibacterial
activity of the composite film. The thermal degradation and biodegradability of M-

32 SPNR-g-cellulose were faster when compared to SPNR.
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M-SPNR-g-cellulose Maleated sulfur prevulcanized natural rubber grafted cellulose
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Figure caption

FIG.1 Possible mechanism of grafting M-SPNR with cellulose initiated by BPO and
KzSzOg

FIG.2 ATR-FTIR spectra of cellulose, SPNR, M-SPNR and M-SPNR-g-cellulose
FIG.3 *C-NMR spectra of cellulose, SPNR, M-SPNR and M-SPNR-g-cellulose

FIG. 4 Tensile strength of SPNR and M-SPNR-g-cellulose having various cellulose
contents

FIG. 5 Tear strength of SPNR and M-SPNR-g-cellulose having various cellulose
contents

FIG. 6 Elongation at break of SPNR and M-SPNR-g-cellulose having various
cellulose contents

FIG.7 Hardness of SPNR and M-SPNR-g-cellulose having various cellulose contents
FIG.8 Modulus of SPNR and M-SPNR-g-cellulose having various cellulose content
FIG.9 SEM image of cellulose fiber from corn leaves

FIG.10 OM images of SPNR and M-SPNR-g-cellulose having various cellulose
contents

FIG. 11 SEM images of SPNR and M-SPNR-g-cellulose having various cellulose
contents

John Wiley & Sons
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FIG. 12 Antibacterial of SPNR and M-SPNR-g-cellulose (50%cellulose)

FIG.13 TGA of cellulose, SPNR, M-SPNR and M-SPNR-g-cellulose
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FIG.14 Biodegradation in soil of M-SPNR-g-cellulose having various cellulose
11 contents
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the polymer blend and composite increased as a function of PSF. In addition, their impact

strength increased with increasing NRG and cellulose contents.

Keywords: Natural rubber, Glove, Polystyrene, Waste, Cellulose, Chemical modification
1.Introduction

At present, the demand of natural rubber glove (NRG) exponentially increases due to the
health awareness. After its use, NRG is generally left as garbage which is difficult to
biodegrade since polyisoprene chains of NR are crosslinked either by sulfur (Riyajan et al.,
2003; Hall et al., 2009) or peroxide system. The problem of NRG waste disposal is, therefore,
growing as a direct result of rapid industrialization and population growth. Especially, the
infectious waste from hospital and other toxic hazardous waste might cause serious
environmental problem and great health risk to public. For example, the diseases like
diarrhea, leptospirosis, typhoid and cholera can be transmitted through the mismanagement of
waste. Moreover, the public increasingly concerns over the handling of medical waste
because of the recent acquired immune deficiency syndrome (AIDS) dilemma, severe acute
respiratory syndrome (SARS) epidemic, Avian influenza and those posed by other
communicable diseases such as hepatitis B.

Susceptibility of NR products towards a microbial attack is a well known
phenomenon (Hall et al., 2009). The environment authority agency such as The World Health
Organization (WHO) uses the landfilling or incineration (WHO, 2000) and pyrolysis process
(Deng et al., 2008; Conrardy et al. 2010) to reduce the rubber waste (Hall et al., 2009).
Without catalyst, the pyrolysis oil from the rubber waste consisted mainly of limonene and
oligomers of polyisoprene. The presence of the Y-zeolite catalyst in the pyrolysis of rubber
caused an increase in the yield of hydrocarbon gases similar to the degradation of polystyrene

(PS) (Berekaa et al., 2000). The destruction of NRG waste by molten salt oxidation produced
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COy, N, and water (Hsu et al., 2000). In this case, the chemical composition of the degraded
glove, analyzed by thermogravimetric analysis (TGA) under N, played a fundamental role in
pyrolytic behavior.

In parallel, the NRG waste can be reused in several applications such as mat and
massive tire as well as most of the constituent parts of both passenger and truck tire (Rajan et
al., 2006). In addition, the rubber waste was blended with virgin synthetic rubber and NR to
improve the polymer processing. However, the blend of NRG waste with polystyrene foam
(PSF) waste was not found in literature. The reports concerned only about the use of PSF
waste in polymeric flocculants (Wiestaw et al., 2007), ion adsorption (Long et al., 2010),
polymer mortar panels (Bhutta et al., 2011) and electrolyte (Bajdur et al., 2002). The
polymeric flocculant, i.e., poly(styrene sulphonate) acid, was obtained from PSF waste and
virgin PS during the sulphonation process using H,SO, as sulphonating agent and Ag,SO4 as
catalyst. The effectiveness of the flocculation depended on the number of sulphonic groups
per monomer unit and its molecular weight. In addition, PSF waste blended with poly(methyl
methacrylate) and reinforced with steel fiber was applied in polymer mortar panels (PMPs)
(Bhutta et al., 2011). Due to their high ductile and load-bearing capacity, PMPs could replace
a commercial polymer-impregnated mortar panel in practical applications.

In this present work, the NRG waste was blended with PSF waste by using maleic
anhydride (MA) as a crosslinker. As reported in the previous work concerning NR/ butadiene
(BR)/ Ethylene Propylene Diene Monomer (EPDM) blend, it was expected that the addition
of MA would improve the properties of NRG/PSF blend (Zhang et al., 2010). The NRG
waste was masticated by a two-roll mill and dispersed in toluene. The NRG dispersion was
mixed with PSF and MA dissolved in toluene under continuous stirring. After drying at
ambient temperature, the NRG/PSF blend was laminated with cellulose from sugar cane

leave by using a compression molding. Effects of polymer blend ratio, MA and cellulose
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77  contents on the properties, i.e., tensile strength, hardness and tear strength, of polymer
78  composite were investigated. Theirs chemical structure and morphology were studied by
79  using attenuated total reflection-Fourier Transform Infrared spectrophotometer (ATR-FTIR)
80  and scanning electron microscope (SEM), respectively. Toluene resistance of the polymer
81  composite was also determined.

82

83 2. Experimental

84 2.1 Materials

85  PSF waste was received from a local company in Songkhla province, Thailand. Poly(vinyl
86  alcohol), MA and benzoyl peroxide (BPO) were purchased from Sonal Company (Songkhla,

87  Thailand), Fluka (Schnelldorf, Germany) and Merck Schuchardt OHG (Seelze, Germany),

88  respectively. Hydrogen peroxide and perchloric acid were purchased from Solvay Peroxythai

89  Ltd. (Bangkok, Thailand and Guangdong, China) while sodium hydroxide was supplied from

90  Lab Scan Analytical Science (Bangkok, Thailand)

91 In the preparation of cellulose fiber, sugar cane leaves were immersed in 10% NaOH

92  solution for 24 h and then washed with water until reaching neutral pH. The wet cellulose

93  was cast on a glass plate and dried at ambient temperature for 3 days and, subsequently, at

94  50°C for 24 h. The diameter of dried cellulose fiber was determined under an optical

95  microscopy (OM; Primo Star company, Carl Zeiss).

96

97 2.2 Preparation of polymer composite

98  NRG waste from Sri Trang Company (Songkhla, Thailand) was masticated by using two-roll

99  mill (Charoenchaikarnchange; Bangkok, Thailand) at 30-32°C for 30 min. The masticated
100 NRG was immersed in toluene for 2 days at ambient temperature and then stirred for 5 h.

101  After stirring with a mechanical stirrer for 1 h, the size and size distribution of the NRG
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suspended in toluene was measured by a Laser Particle Size Analyzer (LPSA; Beckman

Coulter LS 230).

The NRG suspension with various contents was blended with 10% w/v of PSF in
toluene at room temperature by using a homogenizer (PL Trading internation Co. Ltd;
Bangkok, Thailand). 0.5% BPO, 5% glycerol and different MA concentrations were added
into the blend under stirring. In order to form a sheet of 0.45 mm in thickness, the mixture
was poured into a glass plate (10x10x0.5 cm’) at ambient temperature. The cellulose sheet
was placed between two NRG/PSF sheets. After heating at 80°C for 6 h, the dried polymer
composite was compressed by compression molding (Charoenchaikarnchange;
Bangkok,Thailand) at 150°C for 10 h and was kept at ambient temperature overnight. Under a
hot-press, the sample was preheated at 150°C for 6 min and then compressed for 4 min before

being cooled under 3 MPa at 30°C for 4 min.

2.3 Characterizations and testing of polymer composite

The chemical structure of polymer composite was investigated by using ATR-FTIR (Equinox
55; Bruker) for 100 times of scan. Its gel content was determined by immersing a known
weight of specimen (2.5 cm x 2.5 cm x 0.5 mm) in toluene at 32°C for 5 days. The sample
was then dried at 50°C for 24 h and weighed until a constant weight was obtained. The degree

of gel content was calculated from equation (1):

Gel content = (W2-W )/ Wi, (1)

where W is the original weight of the sample and W is the weight of dried residual sample.



