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This research project consists of 4 subprojects. Subproject 1 focused on the surface
modification of natural rubber (NR) glove for increasing the surface roughness and, hence,
reduction of the surface friction by depositing poly(methyl methacrylate; PMMA) latex
particles onto the NR or sulphur prevulcanized (SP)NR film. It was found that the
adsorption of both large and small sizes of PMMA patrticles effectively reduced the surface
friction of rubber film. Since the direct contact between skin and the modified SPNR film
was decreased, it was expected that the cytotoxicity caused by the leachable proteins or
other additives in SPNR glove and the allergic problem to certain sensitive individuals
would be lowered. The culture medium of L929 fibroblasts was used for extracting the
modified SPNR film and subjected to the in vitro cytotoxicity evaluation. Results showed
that at the extract concentration of < 13% for 24h at 37°C, no toxicity potential was
detected. 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 ungrafted SPNR film. In parallel, we prepared the medical gloves consisting of three-
layer thin film where the outermost and inner layers were prevulcanized NR and the active
middle layer containing the polymeric capsule of disinfectant agent (chlorhexidine
digluconate; CHD). The effects of types and molecular weight (MW) of the polymeric
shell on the encapsulation efficiency were studied. The deposition of CHD-poly(methyl
acrylate) (PMA) (550K) capsules having > 90% encapsulation efficiency onto the
prevulcanized NR film was achieved by using the coagulant dipping process. The CHD-
PMA capsules in the second layer were then coated with another prevulcanized NR layer
to finally furnish a three-layer film. In order to reduce the preparation step, the composite
particle composing of prevulcanized skim particles surrounding a CHD-PMA capsule was
prepared and then used for coating the prevulcanized NR substrate in one step.

The rest part of subproject 1 emphasized on the employment of NR film or
colloidal particles as a template for the construction of sensing material, i.e., chemical
sensor, by using the synthesized organic molecules. The sensor benefits from high
sensitivity and amplified output signal for the selective detection of nucleotides, metal ions
and amino acids. For the sustainability purpose, the NR glove residue was blended with
polystyrene foam waste to obtain the semi-IPNs structure. The material was reinforced
with cellulose obtained from sugar cane and corn leaves and would be potentially used as
artificial wood.

Subproject 2 aimed to utilize the biodegradable and biocompatible polylactide
(PLA) based polymer for biomedical applications. The PLA and their copolymers could
be fabricated in the form of nanofiber or used for coating magnetic nanoparticle (MNP)
surface or medical devices including NR sheet for the preparation of medical gloves or an
adhesive patch for drug controlled release. The PLA block copolymer was also applied as
a crosslinking agent of epoxidized NR (ENR) which offered good mechanical property
and biodegradability.



Subproject 3 focused on the study and development of transdermal drug delivery
(TDD) which could be used as an alternative option apart from normal intake and
injection. This subproject focused on the development of NR or prevulcanized NR as a
backing material which must have good chemical property (i.e., chemical resistance to the
external environment during the usage), miscibility with the drug (blending) and contact
feeling (comfortable). From the mechanical properties, oxygen and water vapor
transmission rates, it was found that the modified NR, i.e., ENR, attained the requirements
for a backing material in the TDD system. In addition, the NR film surface adsorbed with
the PLA block copolymer could be used as a sensitive adhesive patch containing
controlled release drug and provided less toxicity to cells and good biocompatibility.

Subproject 4 involved the preparation of magnetic polymeric nanoparticle (MPNP)
whose surface was immobilized with proteins and/or biological molecules. These particles
could be employed for the separation of proteins from the biological matrix or for the
detection of microorganisms, e.g., bacteria or parasite. The adsorption of malaria antigen
or antibody onto the functionalized MPNP or the preparation of immunolatex was
attempted for the diagnostic and separation purposes. A novel tool for the detection of
BCR/ABL fusion gene in chronic myelogenous leukemia by the immobilization of MPNP
with oligonucleotides was successfully developed. Our technique, named a “Magneto-PCR
enzyme linked gene”, provided the detection with high specificity and its sensitivity was
commensurate to the current Real-time PCR method. The technique also minimizes the
exposure to the toxic chemicals. Since the MPNP acted as peroxidase mimic, it could be
used in the PCR protocol and further employed for the detection of Vibrio cholerae and
Enterotoxigenic E. coli. This prompts the preparation of efficient method for the detection
of food-borne pathogen with high efficiency and the sensitive compromising to the PCR-
ELISA technique.
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schizont A3873F sonication maﬂmuuﬁwmagmﬂ MPNP  Tagldf 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) A crosslinking agent uanihuuen antibody Gi’é)!."?sflﬂ P. falciparum ‘ﬁ@gjsluwmﬁm
maq@’ﬂaﬂﬁam%@mmﬁa 1INMINATOUAIINATIA Western blot analysis W1 DUYNIAAINAIIAINITD

-4 ] v a i a EL "o
1en antibody 00N 14 Vvazilegluszniaminaaoudemaiin mass spectroscopy LGN 1A 11ITAI

v
=

. a y¥ =~ o & Aol . 3 ¥ooqd
antibody Mueneenun lauulinnuiumzae¥eariseria P. falciparum m@yjﬁﬂllﬂﬂgu1"lﬂﬁijﬂﬂﬂﬂ
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@ &’ a [l [ {Aa
AUFIUTOYA proteomic VBUFOWATOWHA P. fulciparum sio 11 Tudiunsiason MPNP Widasae

Y

H 3 v '
antibody N3 UW1ZABOUIATY (MPNP-anti-P. falciparum 1gG) Wi ¥111ag1i1 antibody NS UNITABITE
A Ay y = Y ~ a . = [
masen ldnnmsanazneuTlsaulunarauvesfihemnariovtia P. falciparum luszozidennau
@28 saturated ammonium sulphate AUAITANTUEN IgG antibody Taeld Protein G column ¥1AAAIVUA?
9 S L. Y o ] A Aa A
v¥03 MPNP lagl% EDC 11U crosslinking agent 4a21 1 naanauen  la@oauasNaa P. falciparum o
Y
1 . o 1 <
lannmsiaoslunasanaass Wy oynIA MPNP-anti-P. falciparum IgG #ana11 @1unsauoniiam@en
1 Y k3 v
UANAARINANIT8¥ A P. fulciparum 1@ Taenuiyenalusees ring, trophoziote 1A schizont NN
< v W ' . . { 1 a <
SEM uaaaldimiunsdunius 21319 MPNP-anti-P. fulciparum 1gG 1ag antigen N0gUUHIVOUTAIADALA
Aa g ] @ J d’l [} 1 A a A A . . zi’ A Y
Namroegdany nuludiuiioglusgniumnaaounuauioiny yield 1az purity vouyohien 14

& 9 v o 9 o X A . . Ao A aa o a a
HDNINU ﬂmgﬁﬂﬂﬂﬂﬂqﬂﬂ1ﬂﬁﬂﬂ@]ﬂﬁiﬂ oligonucleotide NV AN MOATINININGMIANUHAYTNA

~ PRl s & A ~ & o . . 9y a 1
UDNYUW BCR/ABL 11!ﬂﬂ’l&lllzl’iﬂlﬂﬂlﬁ@ﬂﬂﬂ’)%l&ﬂﬁE]‘N (chronic myeloma leukemia; CML) aremadin

=

Y

nldvanvy Fean Magneto-PCR enzyme linked gene assay (gﬂ 4.1) Tagodonannisaa forward

< [ J ] a 14 % a
primer al5unaatlaneaiy 5 Tilinyes Ty wazlimsueu 6 @2 (NH,-Cforward primer) UUAIVDT
commercial carboxylated MPNP (MPNP bound forward primer) Taoi reverse primer aﬂﬁ’aﬂimaqa biotin
{ . . . 4 Y 1 d
M1/a18 5° (biotinylated reverse primer) tazilofoamsnaaounusutvune 3911 DNA vosau liuzi5
<3 o aan
mmﬁaﬂﬂmmmﬂgmm polymerase chain reaction (PCR) #18 MPNP bound forward primer LiQY
biotinylated reverse primer wazld streptavidin-horseradish peroxidase v lrinadileneauniy peroxidase
substrate ttaz H,0, 1d211 lilfannuduves@aienioa spectrophotometer 1 1RHan VD T 5/

@ A Aa a g < A = @ @ 1 Y A <
AsINUMsuaaIanvessuinalnaveslsauzGuliaton1 FaanmsasnanldnamsnsiangaGa
= = = . 2 Q ax Aq Yo v A °
uaziinam 1ufeun1Is Real-time PCR (5 pg/ml) Fuiluitinasgrunlsnuludegiu anusume vaz
v

NANuiu1ga (high sensitivity and specificity) dnNIGIFIBAAMS 1Bz FuRTas BV fiiRIY
Ao (1INEUUL 5.1.10)

Y 19 g A Id [l < A A I 4 .

AeAnen1nves MPNP naluauiamsiumimanuazautfmaiiowiweou el peroxidase 1
m3isalfnsereendadu amuggite99 IanaIAe0ANsTUIUNITVOUNALA Magneto-PCR  enzyme
. ] Y e ) a Ay y aan
linked gene assay 1aom31i1 MPNP inlfunuon lxiluduneunisasivaeunanaain lavinlgnse

4 Iz ¥ - - P}

PCR 1io1lszgnalglunisasrsvusouvuniiseludelsuin Taeldiseo vibrio  cholerae  1ag

. . . & Ha g EER = o aa &
Enterotoxigenic E. coli (ETEC) 1HlunuafiiSoduuny 963 luimeiisrenumsthauiians 2 veseynin

9 Y1 [ a A a = F) as J [ 1 =3
MNP mﬂszqn@%muﬂuiuﬂﬁmnmummimmﬂsmmmwﬁ PCR ¥100U ATEUIUNITAINAIIN

1
=} aA

<3| A X a < a o X a = 9
Humadenlumsasimm@euvaiiidenlianuazain siaEwazansoiniziye ludasuala
atallszansawisyiReanumaiin PCR-ELISA Taefidauana1ai laideeld streptavidin-horseradish

9
peroxidase TurunoumsasIvaoUNaNan PCR
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2. a3U5 UMY (19NENTUUY 5.1-5.4)

2.1 WanUARNIIUITHINIIZAVUIIIA

a ¢l a (Y] aa
2.1.1 ManuAnulunsmsInmsszavinnmanedlugiudoya uazil Impact Factor (IF)

1.

10.

Paiphansiri, U., and Tangboriboonrat, P.*, <“Deposition of Disinfectant Poly(methyl acrylate)
Nanocapsules onto Natural Rubber Film via Layer-by-Layer Technique”, J. Appl. Polym. Sci., 2009,
112: 769-777 [IF 2009 = 1.203]

Sunintaboon, P.* Duangphet, S., and Tangboriboonrat, P., “Polyethyleneimine-functionalized
Poly(methyl methacrylate) Colloidal Nanoparticles for Directly Coating Natural Rubber Sheet”, Colloid.
Surface A., 2009, 350: 114-120 [IF 2009 = 1.988]

Polpanich, D.*, Tangboriboonrat, P., and Elaissari, A.*, “Preparation and Agglutination of Immuno-
nanolatex for Malaria Diagnosis”, J. Biomed. Nanotechnol., 2009, 5: 486-492 [IF 2009 = 1.588]
Anancharungsuk, W., Taweepreda, W., Wirasate, S., Thonggoom, R., and Tangboriboonrat, P.*,
"Reduction of Surface Friction of Natural Rubber Film Coated with PMMA Particle: Effect of Particle
Size", J. Appl. Polym. Sci., 2010, 115: 3680-3686 [IF 2009 = 1.203]

Anancharungsuk, W., Polpanich, D., Jangpatarapongsa, K., and Tangboriboonrat, P.*, “In vitro
Cytotoxicity Evaluation of Natural Rubber Latex Film Surface Coated with PMMA Nanoparticles”,
Colloid. Surface B., 2010, 78: 328-333 [IF 2009 = 2.600]

Tanpantree, S., Opaprakasit, P., Loykulnant, S., Kangwansupamonkon, W., and Tangboriboonrat, P.*,
“Nanocapsules Embedded in Natural Rubber Latex Gloves”, J. Appl. Polym. Sci., 2010, 117: 1798-1803
[IF 2009 = 1.203]

Kaewsaneha, C., Tangboriboonrat, P.* Polpanich, D., and Smanmoo, S., “Preparation of Core-Shell
Particle of Disinfectant Agent Nanocapsules-Skim Rubber Particles by the Heterocoagulation
Technique”, Macromol. Res., 2010, 18: 876-883 [IF 2009 = 2.369]

Kaewsaneha, C., Opaprakasit, P., Polpanich, D., Smanmoo, S., and Tangboriboonrat, P.*, “Composite
Particles of Disinfectant Nanocapsules-Skim Rubber Latex”, Int. J. Polym. Anal. Ch., 2010, 15: 524-535
[IF 2009 = 0.775]

Tanpantree, S., Opaprakasit, P., Polpanich, D., Smanmoo, S., and Tangboriboonrat, P.*, “Polymeric
Disinfectant Nanocapsules: Effect of Molecular Weight of Poly(methyl methacrylate)”, J. Biomed.
Nanotechnol., 2010, 6: 1-6 [IF 2009 = 1.588]

Jangpatarapongsa, K.*, Polpanich, D., Yamkamon, V., Ditaroth, Y., Peng-On, J., Thiramanas, R.,
Hongeng, S., Jootar, S., Charoenmak, L., and Tangboriboonrat, P., “DNA Detection of Chronic

Myelogenous Leukemia by Magnetic Nanoparticles”, Analyst, 2011, 136: 354-358 [IF 2009 = 3.272]



11.

12.

13.

14.

15.

16.
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Nasomphan, W., Tangboriboonrat, P., and Smanmoo, S.*, “Selective Fluorescence Sensing of
Deoxycytidine 5’-Monophosphate (dCMP) Employing a Bis(diphenylphosphate)diimine Ligand”, J.
Fluoresc.,2011, 21: 187-194 [IF 2009 = 2.017]

Smanmoo, S.*, Nasomphan, W., and Tangboriboonrat, P., "Highly Selective Fluorescent Chemosensor
for Fe’ Imaging in Living Cells", Inorg. Chem. Commun., 2011, 14: 351-354 [IF 2009 = 2.029]
Smanmoo, S.*, Nasomphan, W., and Tangboriboonrat, P., “Isothiocyanatoluminol as a
Chemiluminescence Labeling Reagent for Amino Acids and Proteins”, Chem. Lett., 2011, 40: 188-190
[IF 2009 = 1.460]

Nguyen, T. H., Tangboriboonrat, P., Rattanasom, N., Petchsuk, A., Opaprakasit, M., Thammawong, C.
and Opaprakasit, P.*, “Polylactic Acid/Ethylene Glycol Triblock Copolymers as Novel Crosslinker for
Epoxidized Natural Rubber”, J. Appl. Polym. Sci., 2011, (in press) [IF 2009 = 1.203]

Nasomphan, W., Tangboriboonrat, P., and Smanmoo, S.*, “Selective Sensing of L-Arginine Employing
Luminol Dextran Conjugate”, Macromol. Res., 2011, (accepted) [IF 2009 = 2.369]

Kanjanathaworn, N., Kaewsaneha, C., Polpanich, D., Jangpatarapongsa, K., and Tangboriboonrat, P.*,
“Composite Nanoparticles on the Natural Rubber Latex Glove for Reduction of Surface Friction and

Cytotoxicity”, Polym. Polym. Comp., 2011, (accepted) [IF 2009 = 0.470]

2.1.2 Wau submit #a3uNINTINMITZAVINUINATRY U UTeYa tazdl IF

17.

18.

19.

20.

21.

22.

Charoenmak, L., Polpanich, D.*, Thiramanas, R., and Tangboriboonrat, P., “Preparation of Super-
paramagnetic Polystyrene-based Nanoparticles Functionalised by Acrylic Acid”, Macromol. Res., 2011,
(revised) [IF 2009 = 2.369]

Smanmoo, S.*, Nasomphan, W. and Tangboriboonrat, P., “A Highly Selective “Turn-on” Chemosensor
Based on Dansyl-salicylaldehyde Schiff Base for Cu”' Ton Detection”, (submitted)

Smanmoo, S*, Nasomphan, W. and Tangboriboonrat, P., “Pyrazolidine Luminol as a Selective
Colorimetric for Cu’ in An Aqueous Environment”, (submitted)

Riyajan, S.*, Intharit, 1., and Tangboriboonrat, P., “Physical Properties of Maleated Sulfur Prevulcanized
Natural Rubber-g-Cellulose Fiber”, (submitted)

Riyajan, S.*, Intharit, 1., and Tangboriboonrat, P., “Physical Properties of Polymer Composite: Natural
Rubber Glove/Polystyrene Foam Waste/Cellulose”, (submitted)

Wirasate S.*, Chokbunpiam, C., Thonggoom, R., and Tangboriboonrat, P., “Backing-required Properties

of Films based on Natural Rubber for Transdermal Patch Application”, (submitted)
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2.1.3 MAaNUANHWIUNTANSITINIIZAVUNNIADE M scopus e lai3l TF

1.

Nguyen, T.H., Petchsuk, A., Tangboriboonrat, P., Opaprakasit, M., Sharp, A., and Opaprakasit, P.*,
“Synthesis and Characterizations of PLLA/PEG Block Copolymers”, Adv. Mater. Research, 2010, 93-
94: 198-201.

Thammawong, C., Petchsuk, A., Opaprakasit, M., Chanunpanich, N., Tangboriboonrat, P., and
Opaprakasit, P.*, “Preparation and Characterizations of Electrospun Lactide-based Polymeric
Nanofibers”, Adv. Mater. Research, 2010, 93-94: 377-380.

Thiramanas, R., Wanotayan, R., Rahong, S., Jangpatarapongsa, K., Tangboriboonrat, P., and Polpanich,
D.*, “Improving Malaria Diagnosis via Latex Immunoagglutination Assay in Microfluidic Device”, Adv.
Mater. Research, 2010, 93-94: 292-295.

Riyajan, S., Intharit, I., Thaiprasansup, S., and Tangboriboonrat, P., “Preparation of Novel Composite
from Natural Rubber, Bagasse and Plaster”, Journal of Chemistry and Chemical Engineering, 2010, 4:

56-57

. Ao v w G A 1 aa dl a ada
2.1.4 manuscripts °Vlﬂ'la@%ﬂ!ﬂiUN!Wf’JﬁQﬂWNWG!N'ﬂﬁﬁ'li':l‘lf'lﬂ'l‘i‘l—!'l'lﬂ‘lﬂﬂﬂll IF

L.
2.

Improvement of Biocompatibility of Natural Rubber by PLA-PEG-PLA Triblock Copolymer

Synthesis and Characterizations of Poly(L-Lactic Acid-co-Ethylene Glycol) (PLLA/PEG) Block
Copolymers

Enhancement of Mechanical Properties of Poly(L-lactide-co-D,L-lactide) Copolymers by Physical
Crosslinks Derived from Configuration Interlocks

Property Modification of Epoxidized Natural Rubber: Crosslinking by Reactive Blend Technique of
Poly(L-Lactic Acid-co-Ethylene Glycol) Block Copolymers

Preparation and Characterizations of Fe,O, Magnetic Nanoparticles Coated PLA-grafted Chitosan
Copolymer as Potential Drug Delivery Material for Naproxen

Morphology and Interactions of Naproxen-loaded Fe,O, Magnetic Nanoparticles Coated PLA-co-PEG

Block Copolymer
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3. NANTINOUY NNYIVDI

3.1 manuauq wu mslhavenanu mslasudaliilinans msldsusieda

Invited lectures

1.

P. Tangboriboonrat*, C. Amornchaiyapitak and P. Opaprakasit, “Surface Modification of Natural
Rubber and Its Use in Biomedical Applications”, JUPAC 5" International Symposium on Novel
Materials and Synthesis (NMS-V) & 19" International Symposium on Fine Chemistry and
Functional Polymers (FCFP-XIX), Shanghai, P. R. China: October 18-22, 2009.

P. Tangboriboonrat®*, C. Amornchaiyapitak, T. Arpornwichanop and W. Saksopon, “Surface
Modification of Epoxidized Natural Rubber by Polymerization of Methyl Methacrylate in Water-
based System”, Second International Conference on Polymer Processing and Characterization
(ICPPC - 2010), Kottayam, Kerala, India: January 15-17, 2010.

P. Tangboriboonrat*, D. Polpanich, K. Jangpatarapongsa, W. Anancharungsuk and N.
Kanjanathaworn, “Poly(methyl methacrylate) Nanoparticles on the Natural Rubber Latex Glove for
Reduction of Surface Friction and Cytotoxicity”, International Conference & Exhibition on Pure

and Applied Chemistry 2011 (PACCON 2011), Bangkok, Thailand: January 5-7, 2011.

Oral presentations

1.

S. Tanpantree*, P. Tangboriboonrat, W. Kangwansupamonkon, S. Loykulnant, “Disinfectant Loaded
Polymeric Nanocapsule Prepared by Nanoprecipitation Method for Use in Medical Glove”,
International Rubber Conference (IRC 2008), Kuala Lumpur, Malaysia: October 20-23, 2008.

W. Anancharungsuk*, A. Sruanganurak and P. Tangboriboonrat, “Coating of Natural Rubber Latex
Film with Poly(methyl methacrylate) for Reducing Surface Friction of Rubber”, International
Rubber Conference (IRC 2008), Kuala Lumpur, Malaysia: October 20-23, 2008.

P. Sriromreun*, A. Petchsuk, M. Opaprakasit, P. Tangboriboonrat, and P. Opaprakasit, “Properties
and Degradability of Poly(ethylene terephthalate-co-lactic acid) Copolymer and Its Blends”,
International Conference & Exhibition on Pure and Applied Chemistry 2009 (PACCON 2009),
Phitsanulok, Thailand: January 14-16, 2009.

A. Kordach*, A. Petchsuk, M. Opaprakasit and P. Opaprakasit, “Preparation and Properties of
Controlled-Release Materials for Urea Fertilizer from Copolyester and Its Blends”, International
Conference & Exhibition on Pure and Applied Chemistry 2009 (PACCON 2009), Phitsanulok,

Thailand: January 14-16, 2009.



10.

11.
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C. Kaewsaneha* and P. Tangboriboonrat, “Preparation of Composite Disinfectant Nanocapsule for
Use in Medical Glove”, 2 Polymer Graduate Conference of Thailand, Bangkok: May 21-22,
2009.

T. H. Nguyen*, A. Petchsuk, P. Tangboriboonrat, M. Opaprakasit, A. Sharp and P. Opaprakasit,
“Synthesis and Characterizations of PLLA/PEG Block Copolymers”, International Conference on
Functionalized and Sensing Materials 2009 (FuSeM 2009), Bangkok, Thailand: December 7-9,
2009.

C. Thammawong*, A. Petchsuk, M. Opaprakasit, N. Chanunpanich, P. Tangboriboonrat and P.
Opaprakasit, “Preparation and Characterizations of Electrospun Lactide-based Polymeric
Nanofibers”, International Conference on Functionalized and Sensing Materials 2009 (FuSeM
2009), Bangkok, Thailand: December 7-9, 2009.

C. Kaewsaneha* and P. Tangboriboonrat, ‘“Preparation of Composite Disinfectant Nanocapsules for
Use in Medical Glove”, Advanced Polymeric Materials and Technology Symposium (APMT 2010),
Jeju, Korea: January 24-27, 2010.

L. Charoenmark*, D. Polpanich, K. Jangpatarapongsa and P. Tangboriboonrat, “Development of
Magnetic Nanoparticle for Gene Detection in Cancer”, Advanced Polymeric Materials and
Technology Symposium (APMT 2010), Jeju, Korea: January 24-27, 2010.

D. Polpanich*, R. Thiramanas, L. Chareonmak, K. Jangpatarapongsa and P. Tangboriboonrat,
“Magnetic Polymeric Nanoparticles for Food Pathogen Detection”, UK-Thailand Conference on
Nanomedicine, Bangkok, Thailand: March 22-23, 2010.

L. Charoenmark*, K. Jangpatarapongsa, D. Polpanich and P. Tangboriboonrat, “Synthesis of
Magnetic Polymeric Nanoparticle for Leukemia Detection”, 1" Polymer Conference of Thailand

(PCT-1), Bangkok, Thailand: October 7-8, 2010.

. N. Kanjanathaworn®*, W. Anancharungsuk, D. Polpanich K. Jangpatarapongsa and P.

Tangboriboonrat, “Coating Poly(methyl methacrylate) Particles on Sulphur Prevulcanized Natural
Rubber Film for Reduction of Surface Friction and Cytotoxicity”, 1" Polymer Conference of

Thailand (PCT-1), Bangkok, Thailand: October 7-8, 2010.

13. C. Kaewsaneha* and P. Tangboriboonrat, “Heterocoagulation of Disinfectant Nanocapsules by Skim

14.

Rubber Particles for the Preparation of Core-Shell Particles”, I" Polymer Conference of Thailand
(PCT-1), Bangkok, Thailand: October 7-8, 2010.
W. Nasomphan*, S. Smanmoo and P. Tangboriboonrat, “Selective Fluorescence Sensing of

Deoxycytidine 5’-monophosphate (dCMP) Employing Bis(diphenyl-phosphate)diimine Ligand”,
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The 5" International Conference on Cutting-Edge Organic Chemistry in Asia (ICCEOCA-5),
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Deposition of Disinfectant Poly(methyl acrylate)
Nanocapsules onto Natural Rubber Film via the
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ABSTRACT: An aqueous core containing a disinfectant
agent (chlorhexidine digluconate) was encapsulated in a
poly(methyl acrylate) shell with a modified nanoprecipita-
tion technique. After redispersion of the capsules in an aque-
ous medium, the remaining amount of the disinfectant agent
was as high as 90%. The nanocapsules were successfully
adsorbed via the layer-by-layer technique onto a y-radiation-

vulcanized natural rubber latex sheet. Water contact angle
measurements and scanning electron microscopy confirmed
the presence of nanocapsules on the rubber surface. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 112: 769-777, 2009

Key words: core-shell polymers; morphology; rubber; self-
assembly; surfaces

INTRODUCTION

The knowledge of natural rubber (NR) films is well
evolved, especially for glove production, because the
use of medical gloves is highly recommended for
those individuals who are exposed to the blood or
bodily fluids of patients. However, the problem of
needle puncture or other accidents that might take
place during surgery or patient treatment that could
lead to viral infections of medical personnel needs to
be addressed.'™ Busnel and coworkers*® developed
a medical glove that incorporates disinfectant drop-
lets between its rubber sheets. When a needle punc-
tures the glove, the disinfectant agent is released
and neutralizes any infectious agents carried by the
needle.

Among the several types of disinfectant agents,
chlorhexidine digluconate (CHD) salt, a dicationic
surfactant possessing a wide spectrum of activity
against Gram-positive and Gram-negative bacteria,
has been widely exploited.°® To incorporate the
water-soluble guest molecule, a well-defined nano-
capsule with an aqueous core ideally has to be pre-
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pared in a single step, and the shell that is formed
should be stable and have high structural perfection.
However, the available protocols are still limited to
water-in-oil (w/0) or inverse interfacial polymeriza-
tion.” ™! The inverse miniemulsion process, which
generally provides critically stabilized small droplets
dispersed in an organic continuous phase, has been
applied. By the ultrasonication of a two-phase sys-
tem, stable nanodroplets including the disinfectant
agent for further encapsulation have been iprefared
by a modified nanoprecipitation method.”** The
droplet size, ranging from 30 to 500 nm, is principally
governed by the type and amount of the surfactant
used as the compatibilizer. One key characteristic of
a miniemulsion is that no effective material exchange
should occur between the droplets, and this is known
as the Ostwald ripening effect.'” In the case of an
inverse miniemulsion, the salt or CHD (which is an
extremely hydrophilic component) in aqueous minie-
mulsion droplets plays an important role in building
up osmotic pressure inside each droplet.'>'°

To physically adsorb polyelectrolytes, particles, or
capsules onto a solid template, the layer-by-layer
(LbL) technique, concerning mainly the sequential
adsorption of oppositely charged materials via elec-
trostatic attraction, is effectively used. A multilayer
thin film with precise control of the structure and
thickness at the molecular level has been fabricated
via the LbL process.”” Our previous works also
showed that this method could be applied to insert-
ing anionic polystyrene particles into a cationic poly-
electrolyte assembled film coated on a glass
substrate.'"®'” This effectively increased the film’s
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roughness and resulted in a significant increase in
the hydrophobicity of the surface with Nafion at the
outermost layer. Furthermore, the deposition of hard
poly(methyl methacrylate) (PMMA) particles onto
NR latex sheets successfully increased the surface
roughness and hardness and hence diminished the
friction of the rubber surface.”**'

Because the simple and versatile LbL process is inde-
pendent of the substrate size and topology and does
not affect the bulk properties of the substrate, it was
used for the deposition of disinfectant nanocapsules
onto y-radiation-vulcanized natural rubber (RVNR) la-
tex film, a medical glove model used in this study. The
disinfectant nanocapsules were prepared by the modi-
fied nanoprecipitation of poly(methyl acrylate) (PMA)
from an organic continuous phase onto w/o miniemul-
sion droplets containing the CHD solution. The effect
of the concentration of PMA on the encapsulation effi-
ciency of the nanocapsules was determined by proton
nuclear magnetic resonance (*H-NMR) measurements.
After the redispersion of the nanocapsules into an
aqueous medium, stable nanocapsules with high
encapsulation efficiency were then selected to attach
onto an RVNR latex sheet. Before the deposition of the
soft disinfectant PMA nanocapsules onto the RVNR la-
tex sheet, a study employing hard PMMA particles
was performed as a function of the latex concentration
and immersion time. The coated surface was then char-
acterized by contact angle measurements, attenuated
total reflection/Fourier transform infrared (ATR-FTIR)
spectroscopy, and scanning electron microscopy (SEM).

EXPERIMENTAL
Materials

All chemicals, including CHD (20% in water; Sigma,
Steinheim, Germany), potassium persulfate (KPS;
Fluka, Germany), sodium dodecyl sulfate (SDS;
Fluka, GC, Japan), soybean phosphatidylcholine (PC;
Sigma), dichloromethane (Fluka, purum), cyclohex-
ane (Fluka, purum), tetrahydrofuran (THF; Fluka;
purum), ethanol (Fluka; purum), methanol (Fluka;
purum), hexadecane (Fluka; purum), deuterated
water, Nonidet (Biochemika, Fluka), pyrazine
(Merck; GC, Japan), calcium chloride (Fluka, GR,
Switzerland), and RVNR latex (Siam Okamoto Co.,
Ltd., Pathumthani, Thailand), were used without fur-
ther purification. The monomers, methyl methacry-
late (Fluka; purum, Deisenhafen, Germany) and
methyl acrylate (Aldrich; 99%), were purified by pas-
sage through a column packed with neutral and ba-
sic aluminum oxide (Fluka; Purum). The block
copolymer emulsifier poly[(butylene-co-ethylene)-b-
(ethylene oxide)] [P(B/E-EO)], with a molecular mass
of 3700 g/mol for the poly(butylene-co-ethylene)
block and a molecular mass of 3600 g/mol for the
poly(ethylene oxide) (PEO) block, was synthesized

Journal of Applied Polymer Science DOI 10.1002/app
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with Kraton liquid (Shell, TX).*> PMA was prepared
with the miniemulsion polymerization technique.'**?

Nanocapsule preparation

The organic continuous phase, comprising dichloro-
methane (9.5 g), a known amount of P(B/E-EO) or
PC [% w/v: ratio of the surfactant (g) to the drug
volume (mL)], and cyclohexane (12 g), was first pre-
pared. An antiseptic agent, a CHD solution (0.5 mL),
was charged into the solvent mixture. A solution of
PMA (100 or 200 mg) in dichloromethane (0.5 g)
was slowly dropped into the mixture, which was
subsequently ultrasonicated for 2 min at 90% ampli-
tude with a Branson W450 sonifier (Danbury, CT)
with a 1/2" tip. Then, the temperature was raised to
50°C in an open vessel with continuous mechanical
stirring overnight. During the evaporation of
dichloromethane, cyclohexane was added to replace
dichloromethane and also its evaporated volume.

Characterization of the nanocapsules

The size of the nanocapsules was characterized with
dynamic light scattering measurements (NanoZS, Mal-
vern, UK). For the determination of the encapsulation
degree of the antiseptic agent, the nanocapsules were
separated by centrifugation in a microcentrifuge
(Eppendorf) and were carefully dried before dissolu-
tion in a mixture of THF and ethanol. Deuterated water
and a known amount of pyrazine were applied as an
external solvent and as a calibration product for the
quantitative analysis of the encapsulation efficiency by
"TH-NMR (DRX 400 with 400.123 MHz, Bruker).?* The
mass of the drug in the nanocapsule was calculated
from the area ratio of the peaks at 7.66 and 9.07 ppm
corresponding to aromatic protons of the CHD and
pyrazine, respectively. The morphology of the capsu-
les, which were mounted on a copper grid before coat-
ing with carbon, was investigated with transmission
electron microscopy (TEM; EM 400, Phillips, Eind-
hoven, The Netherlands).

The separated nanocapsules were finally redis-
persed in a 2% (w/v) aqueous SDS solution with
stirring overnight for complete deaggregation. The
characterization procedures, mentioned previously,
were also exploited, and the remaining amount of
the drug in the nanocapsules after redispersion in
water was evaluated.

Deposition of PMMA and/or disinfectant PMA
nanocapsules onto an RVNR sheet

The dried rubber sheet (1.5 x 4 x 0.1 cm3), cast
from RVNR latex at room temperature, adhered to a
poly(ethylene terephthalate) film without any adhe-
sive. The rubber surface was cleaned by the immer-
sion of the sample into distilled methanol (100 mL)
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TABLE I
Characteristics of PMA Nanocapsules with 4% (w/v) P(B/E-EO) from Cyclohexane
and a 2% (w/v) SDS Aqueous Solution

Nanocapsules in cyclohexane
[4% w /v P(B/E-EO)]

Redispersion nanocapsules
[2% w/v SDS aqueous solution]

PMA content (mg) Size (nm) Encapsulation efficiency (%) Size (nm) Remaining disinfectant agent (%)
100 150 100 456 87
200 190 100 258 85

and then Milli-Q water (100 mL) for 15 min for each
step during sonication in an ultrasonic cleaning
bath. After drying in air, the obtained rubber sheet
was kept in a desiccator.

PMMA latex was synthesized by miniemulsion
polymerization.”* An aqueous solution of Nonidet
(1-8 wt % dry latex) was then added to PMMA latex
[1% total solid content (TSC)] before shaking (Burell)
for 12 h at room temperature. The amount of Noni-
det adsorbed onto the particles was deduced from
the quantity of an aqueous solution of 0.5M CaCl,
added to provoke visible coagula.

PMMA (Nonidet) was prepared by the addition of
an 8 wt % concentration of the dry latex to PMMA
latex having TSCs of 0.1, 0.5, and 0.85%. The RVNR
strip was then immersed into the PMMA (Nonidet)
latex at pH 2 for various time intervals. The sample
was subsequently washed with water via a series of
three rinsing baths and finally dried at room temper-
ature. The optimum condition of PMMA adsorption
was further applied for the incorporation of a 0.85%
TSC of disinfectant PMA nanocapsules.

Surface analysis of PMMA (Nonidet) and/or
disinfectant PMA nanocapsules (Nonidet)
deposited onto an RVNR sheet

The surface of PMMA deposited onto an RVNR
sheet was characterized with ATR-FTIR spectros-
copy (Equinox 55, Bruker). The spectra (32 scans at a
4-cm™! resolution) were collected with a Ge crystal
in a multireflection mode. The change in the charac-
teristic absorption peaks at 1730 and 1378 cmf], cor-
responding to C=O stretching of the carboxylate
group of PMMA and C—H bending of —CHj; of NR,
respectively, was investigated.

A sessile drop contact angle measurement was
performed on RVNR adsorbed with disinfectant
PMA nanocapsules with a contact angle goniometer
(G-1, Kruss, Hamburg, Germany). The surface mor-
phology of the modified RVNR sheet was deter-
mined by SEM (JSM 5410LV, JEOL, Tokyo, Japan).

RESULTS AND DISCUSSION
PMA nanocapsules

The characterization of PMA nanocapsules with 4%
(w/v) P(B/E-EO) dispersed in cyclohexane and

redispersed in a 2% (w/v) SDS aqueous solution
was carried out, and the data are listed in Table 1.

It was observed that the nanocapsule sizes were
150 and 190 nm with 100 and 200 mg of PMA,
respectively. An encapsulation efficiency of 100%
with both concentrations was detected by 'H-NMR
measurement. After redispersion of the PMA nano-
capsules, the remaining amount of the disinfectant
agent was as high as about 90%. The dissolution of a
large amount of PMA (300-500 mg) in the continu-
ous phase took more time in comparison with other
polymers.®* The high viscosity of the PMA solution
caused the formation of coagulum during the evapo-
ration of dichloromethane; consequently, probably
because of the low mobility of the molecular chains,
the polymer did not deposit onto the aqueous
nanodroplets.”

Besides P(B/E-EO), the other surfactant used for
the preparation of PMA nanocapsules was PC, a
double-tailed zwitterionic surfactant, the chemical
structure of which is shown in Figure 1. With a dis-
infectant agent volume of 0.5 mL and a solvent mix-
ture volume of 22 mL and with a dichloromethane/
cyclohexane ratio of 1 : 1.2, the optimum formulation
of the inverse miniemulsion for the nanocapsule
preparation was limited to 150 mg of PMA and 100
mg of PC (or 20% w/v with respect to the disinfect-
ant volume).

As previously mentioned, the size of the aqueous
miniemulsion droplets dispersed in the cyclohexane
phase can be designed by the type and amount of
the surfactant applied. In comparison with 4% (w/v)
P(B/E-EO), a PC content as high as 20% (w/v) was
required to obtain stable disinfectant nanodroplets,
which were dispersed in a solvent mixture of
dichloromethane and cyclohexane containing PMA.
This might be explained in term of self-assembly
characteristic of PC molecules on the nanodroplet
surface.”® Yamada et al.”’ proposed that a well-
defined trilayer membrane of PC with an 8-nm

o W/W/
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Figure 1 Chemical structure of soybean PC.
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Figure 2 Schematic representation of (a) a PC-stabilized disinfectant nanodroplet in a solvent mixture of dichlorome-
thane and cyclohexane and (b) a PMA nanocapsule dispersed in a cyclohexane phase.

thickness, organized spontaneously on a water nano-
droplet, was responsible for steric stabilization in an
organic continuous phase, as depicted in Figure 2(a).
The internal membrane structure was constructed
from the alternative orientation of each self-
assembled PC layer: the first and third layers turned
their hydrophilic head groups toward the nanodrop-
let and exposed hydrophobic alkyl chains of the
third layer to the organic phase. The second layer
intervened, placing alkyl chains with those of the
first layer, and the head group encountered the head
group of the third layer.”” In the presence of PC’s
trilayer membrane, the precipitated PMA was possi-
bly deposited onto the hydrophobic tails of PC’s out-
ermost layer or inserted within the hydrophobic part
of the assembled membrane, as schematically dis-
played in Figure 2(b). Consequently, PMA nanocap-
sules about 306 nm in diameter, dispersed in the
cyclohexane phase, were obtained.

After the separation of PMA nanocapsules from
the cyclohexane phase by centrifugation, the nano-
capsules could spontaneously redisperse into the
water phase without the addition of any surfactant
under continuous stirring overnight. This might be
due to the reorientation of the top PC layer by the
turning of its hydrophilic head group toward the
aqueous continuous phase and/or migration of
the PC molecules in the second layer to the nanocap-
sule surface so that the PMA nanocapsule would
gain electrostatic stabilization.”*® The stable aque-
ous core nanocapsule dispersed in water, having an
average size of 216 nm, was hence evaluated. The (-
potential of the PMA nanocapsule against the pH
was then monitored, as shown in Figure 3.

The results indicated that the PMA nanocapsule
exhibited positive character when the pH was below
9.4. Above this pH, the (-potential was negative.

Journal of Applied Polymer Science DOI 10.1002/app

This amphoteric character, having a pl of 9.4, con-
firmed the presence of choline [N(CHs);] and phos-
phate moieties of PC, which imparted particle
stability, on the nanocapsule surface. Our results
agreed well with a former work® concerning the uti-
lization of poly[2-(methacryloyloxy)ethyl phosphor-
ylcholine]-block-poly[2-(dimethylamino)ethyl methac-
rylate] for stabilizing gold nanoparticles in an
aqueous phase.

Morphological study of the PMA nanocapsules

TEM micrographs of air-dried nanocapsules using
100 mg of PMA with 4% (w/v) P(B/E-EO) from the
cyclohexane phase were previously displayed.” It
was observed that the size of the nanocapsules was
remarkably smaller than that obtained from the
dynamic light scattering measurements because the
nanocapsules greatly shrank under the high-energy
electron beam in TEM. However, the core—shell mor-
phology of the nanocapsules could be clearly noted.

80

60 1a A

40

20 A

Zeta potential (mv)

pH

0 T T

-20
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Figure 3 (-Potential of PMA nanocapsules prepared with
150 mg of PMA and 20% (w/v) PC versus the pH.
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Figure 4 TEM micrographs of nanocapsules with 150 mg
of PMA and 20% (w/v) PC: (a) dispersed in cyclohexane
and (b) redispersed in an aqueous phase.

The morphologies of PMA nanocapsules (with 150
mg of PMA and 20% w/v PC) dispersed in cyclo-
hexane and redispersed in an aqueous phase were
evaluated, and the TEM micrographs are shown in
Figure 4.

It was observed that the PMA nanocapsules pos-
sessed a spherical shape with a core-shell morphol-
ogy in both cyclohexane and after redispersion into
the aqueous phase. However, the PMA shell was
denser than that prepared with 4% (w/v) P(B/E-
EO).** This might be due to the fact that the PC tri-
layer, organizing on the disinfectant nanodroplet
surface, contributed to hydrophobic vacancy. A large
amount of precipitated PMA was entrapped, and
this gave rise to the formation of the thick shell. The
disinfectant PMA nanocapsule, prepared with 20%
(w/v) PC, was used for incorporation into an RVNR
latex sheet in further steps.

Deposition of PMMA latex particles onto
an RVNR latex sheet

Monodisperse PMMA latex with an average size of
143 £ 0.5 nm and a TSC of 20.3 + 0.03% was
attained. The {-potentials at pH 2-11 were negative,
and this was possibly derived from the strong acidic
groups (SO;) from KPS and SDS, which served as
the initiator and anionic surfactant, respectively.

To determine the change from electrostatic stabili-
zation to steric stabilization of the PMMA latex
adsorbed with a nonionic surfactant, Nonidet, whose
molecule contains PEO moieties, an electrolyte solu-
tion was added to provoke the visible coagula. The
results showed that the volume of 0.5M CaCl,
required for PMMA latex coagulation was increased
with increasing Nonidet concentration. With Iless
than 8% Nonidet, PMMA latex was immediately
coagulated after the addition of a CaCl, aqueous so-

lution. On the contrary, the latex remained stable at
a minimum Nonidet concentration of 8%. The modi-
fication of latex stabilization from electrostatic stabi-
lization to steric stabilization was, therefore,
achieved with 8% Nonidet.

Because an LbL hydrogen-bonded film can be gen-
erated by the self-assembly of a weak polyacid and
a neutral polymer at a low pH, the study of deposi-
tion of PMMA adsorbed by Nonidet [PMMA (Noni-
det)] onto an RVNR latex sheet at pH 2 proceeded.
The presence of PMMA (Nonidet) deposited onto an
RVNR latex sheet with various immersion times at
latex concentrations of 0.1, 0.5, and 0.85% was eluci-
dated with ATR-FTIR. The spectra of RVNR sheets
dipped into 0.1% PMMA (Nonidet) at different times
are illustrated in Figure 5.

In the spectrum of RVNR, the characteristic peaks
at 2961, 2922, and 2856 (C—H stretching), 1450
(C—H bending of —CH,—), 1378 (C—H bending of
—CHj,3), and 837 cm ' (C—H deformation of cis
C=C—H) were detected. After the deposition of
PMMA (Nonidet), an additional peak, a strong
absorption at 1730 cm ™' related to C=O stretching
of the carboxylate group, was observed. In addition,
the intensity of the latter increased with increasing
immersion time; concomitantly, the intensity of the
absorbance at 1378 cm ' of RVNR decreased. This
implied an interpolymer complex formation between
PEO groups on the PMMA surface and carboxylic

1378 cm’!

|

1730 cm™!

PMMA

30 min

10 min

5 min

Absorbance

e Saaaal

3 min

1 min

10 sec ¥y

RVNR

T T — T
3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 5 ATR-FTIR spectra of RVNR latex sheets
immersed in 0.1% PMMA (Nonidet; pH 2) at various dip-
ping times.
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Figure 6 Absorbance ratios of 1730- and 1378-cm ™' peaks
(I730/I1378) for RVNR sheets deposited with PMMA latex
(0.1, 0.5, or 0.85%) as a function of the dipping time.
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groups of the residual protein substance on RVNR,
which played a role in the driving force for PMMA
deposition.**?!

To evaluate the change in the PMMA (Nonidet)
content on the RVNR sheet, the absorbance ratios of
the peak at 1730 cm ' of PMMA to that at 1378
cm ' of RVNR were calculated and plotted versus
the dipping times at latex concentrations of 0.1, 0.5,
and 0.85%, as depicted in Figure 6.

The results indicated that at the low latex concen-
tration of 0.1%, the adsorption was directly propor-
tional to the immersion time of 1-30 min and then
approached a constant value after 30 min. At high la-
tex concentrations of 0.5 and 0.85%, the deposition
contents were almost constant within 1 min. Our
results were in agreement with the former work,
which reported that the repulsion among latex

Figure 7 SEM micrographs of (a) pristine RVNR and (b-d) RVNR adsorbed with 0.1% PMMA (Nonidet) as a function of

the dipping time (10 s, 1 min, and 30 min, respectively).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 SEM micrographs of RVNR adsorbed with 0.85% PMMA (Nonidet) as a function of the dipping time: (a) 10 s,

(b) 30 s, and (c) 30 min.

particles at high latex concentrations provided a high
collision between the particles and substrate sur-
face." ! Because the adsorption rate and surface cov-
erage depended strongly on the size of the colloidal
particle, the small size of PMMA, containing more
active sites to attract the substrate surface, was there-
fore attributed to comparable deposition contents at
all latex concentrations after 30 min of dipping.

The morphologies of RVNR sheets coated with
PMMA (Nonidet) at different dipping times were
investigated with SEM. The micrographs for 0.1 and
0.85% PMMA (Nonidet) are displayed in Figures 7
and 8, respectively.

It was noted that the pristine RVNR surface in
Figure 7(a) exhibited a curvature with several voids,
which might be attributed to the detachment of
additives applied in the commercial latex. With the
increasing immersion time of PMMA (Nonidet), as
shown in Figures 7(b-d) and 8(a—c), dense particles

packed onto the rubber surface were more pro-
nounced. In comparison with the high latex concen-
tration of 0.85% presented in Figure 8, relatively
closed packing of the particles could be obtained
with 30 s of dipping, as shown in Figure 8(b). Fur-
thermore, the multilayer particles deposited onto the
substrate at the immersion time of 30 min are
revealed in Figure 8(c), and they might be due to the
bridging formation of free latex particles that col-
lided with the particles occupied on the rubber
surface.”**

Deposition of disinfectant PMA nanocapsules
(Nonidet) onto an RVNR latex sheet

From the success of PMMA (Nonidet) deposition, a
0.85% TSC of PMA nanocapsules prepared with 20%
(w/v) PC was adsorbed with 8% Nonidet before
deposition onto RVNR at pH 2. Because the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Water contact angle of a PMA nanocapsule
(Nonidet) deposited onto an RVNR sheet as a function of
the dipping time.

existence of polar groups could lower the hydropho-
bicity of the substrate, the water contact angle of the
PMA nanocapsule (Nonidet) deposited onto an
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RVNR sheet as a function of the dipping time was
measured. The data are presented in Figure 9.

The results indicated that the contact angles rap-
idly decreased from 95 + 4 to 46 + 2° with the
immersion time of 3 min and then remained con-
stant. The low contact angle confirmed the presence
of nanocapsules, whose surface bore PC and/or
Nonidet molecules, on the rubber surface. Our
results agreed well with a previous work,® which
reported that the grafting of phosphorylcholine onto
a poly(ether urethane) surface exhibited a water con-
tact angle of 43°. The insignificant change when the
dipping time was greater than 3 min might be due
to the limitation of the technique; that is, the contact
angle measurement is sensitive only for the analysis
of the outermost surface.’® Thus, the increment of
the deposition amount of the nanocapsules with
increasing deposition time would not affect the con-
tact angle.

608186 15KV

900197 15KV

Figure 10 SEM micrographs of a PMA nanocapsule (Nonidet) deposited onto an RVNR sheet as a function of the dip-

ping time: (a) 10, (b) 30, and (c,d) 50 min.
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The surface morphologies of PMA nanocapsules
(Nonidet) deposited onto rubber sheets with various
dipping times were determined, and the SEM micro-
graphs are illustrated in Figure 10. The rubber sur-
face appeared smoother with the dipping time
increasing from 10 to 50 min. The explanation was
that PMA with a low glass-transition temperature
formed a film at room temperature and hence cov-
ered the curvature and large voids on the pristine
RVNR surface. It could therefore be assumed that
the incorporation of disinfectant PMA nanocapsules
into the RVNR latex sheet was achieved through the
formation of an interpolymer complex driven at pH
2 as previously mentioned.

CONCLUSIONS

The formation of aqueous core nanocapsules by con-
trolled polymer nanoprecipitation onto inverse mini-
emulsion droplets containing CHD has been
conclusively established. The deposition of a PMA
shell from an organic continuous phase onto a dis-
persed phase of stable nanodroplets was achieved
by changes in the gradient of the solvent/nonsolvent
mixture of dichloromethane and cyclohexane under
mild evaporation. After the redispersion of the nano-
capsules in an aqueous medium, stable nanocapsules
with an aqueous core redispersed in the aqueous
continuous phase were obtained. The success of the
deposition of PMMA latex particles on an RVNR
sheet via the LbL technique led to the development
of PMA nanocapsules adsorbed onto the rubber
film. The low contact angle confirmed the presence
of nanocapsules, whose surface bore PC and/or
Nonidet molecules, on the RVNR surface. The sur-
face morphologies of PMA nanocapsules (Nonidet)
deposited onto the rubber sheet with various dip-
ping times were observed by SEM.
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1. Introduction

Natural rubber (NR) latex tapped from Hevea brasiliensis tree,
consisting mainly of cis-1,4 polyisoprene, has proven to be use-
ful for fabrication of thin materials, e.g., tubing, balloons, condoms,
and gloves. Although sulphur-prevulcanized natural rubber (SPNR)
latex film possesses excellent inherent elastic property, its tack and
high surface friction are serious drawbacks and hence limit its use
in certain applications, including gloves [1]. Tightly fitting surgical
or examination gloves is difficult to don because of the tendency
of the glove to stick to users’ skin or even to itself. Therefore, sev-
eral surface treatments, without a significant change on the rubber
bulk properties, have attracted much attention. In general, powder
talc or cornstarch is applied for reducing the friction between the
rubber film surface and the human skin [2]. However, these addi-
tives have many disadvantages, e.g., being the cause of granulomas
in surgical wounds [3,4]. The powder-free gloves via a halogena-
tion process are, therefore, of great interest [5,6]. Nevertheless, the
halogenated NR gloves become hard, brittle, and dark in appear-
ance, while their surface was slippery, and could limit their use.
Apart from the approaches already mentioned, modification of NR
or SPNR latex film with hard particles seems to be promising to
reduce the overall surface friction coefficient, which would allow
the glove to be donned more readily. However, the rubber sub-
strate, particle surface, or both of them need some pre-treatments

* Corresponding author. Tel.: +66 2 441 9816 20x1138; fax: +66 2 441 0511.
E-mail address: scpsu@mahidol.ac.th (P. Sunintaboon).

0927-7757($ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2009.09.013

in order to promote the binding ability. Janssen studied the use of
vinyl-functionalized beads to chemically bond to the glove’s sur-
face without the addition of binder [7]. Sruanganurak et al. used
the layer-by-layer (LbL) technique to deposit PMMA particles on
hydrophilic NR or SPNR film that was pre-modified with polyacry-
lamide (PAAm) [8].

In order to skip pre-treatment steps of SPNR sheet prior
to deposition of PMMA particles, the use of PMMA (core) and
polyethyleneimine (PEI) (shell) (PMMA/PEI) core-shell nanopar-
ticles reported by Li et al. [9] was investigated in this present
work. Due to the fact that PEI affixed on the nanoparticles’ surface
can electrostatically interact with negatively charged molecules
such as enzymes or DNA [10,11], they should bind with polar
non-rubber components (proteins and phospholipids) distributed
on the surface of NR latex particles [12] and also on the rubber
sheet. Herein, the PMMA/PEI nanoparticles were first prepared by
a soap-free emulsion polymerization. Then, they were deposited
directly to the rubber sheet via a simple immersion. The presence
of the nanoparticles was confirmed by Fourier transform infrared
(FTIR) spectroscopy, scanning electron microscopy (SEM), atomic
force microscopy (AFM), and contact angle measurement. The sur-
face coverage (Cs) values were determined from SEM images with
the variation of immersion time and nanoparticle concentration.
The change of surface properties, e.g., surface roughness, adhesion
force, and relative surface stiffness of both uncoated and coated
SPNR sheets were also derived from AFM analysis. The deposi-
tion of PMMA/PEI nanoparticles onto SPNR sheets in this work
would be a model for convenient surface modification of several
substrates.
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2. Experimental
2.1. Materials

High ammonia-preserved NR (HA-NR) latex was purchased
from Bangkok Rubber Co. Ltd., Rayong, Thailand. Sulphur, zinc
oxide (ZnO0), zinc diethyldithiocarbamate (ZDEC), and Lovenox used
were commercially available at Lucky Four Co. Ltd., Nonthaburi,
Thailand. Methyl methacrylate (MMA) monomer (Fluka, Purum)
was purified by passing through a column packed with neutral
and basic aluminum oxide adsorbents (Fluka, Purum). PEI, MW of
750,000 (Aldrich, 50 wt% aqueous solution) was diluted by distilled
water to 10 wt% before subjected to polymerization. Other reagents,
e.g., t-butyl hydroperoxide (TBHP) (Fluka, 70%), Potassium hydrox-
ide (KOH) (AnalaR, pellets), Potassium laurate (Fluka, Purum), or
methanol (Fisher, AR) were used as received.

2.2. Preparation of SPNR sheets

The rubber sheets used in this entire work were cast at room
temperature from SPNR latex compounded from HA-NR latex with
sulphur, Zn0O, ZDEC, and Lovenox. Then, the compounded latex was
ground by ball-milling to obtain a 50% aqueous dispersion [13].
Total solid content (% TSC) and dry rubber content (% DRC) of the
latex were determined using the method described in ASTM D1076-
97, Section 9. The amount of ingredients used for compounding
SPNR latex is shown in Table 1.

The surface of SPNR sheet was sequentially cleaned with
methanol and then water for 15 min in an ultrasonic bath (Sonorex
RK 100 H, Bandelin). The rubber sheet was cut into square pieces
with an approximate weight of 0.2 g each.

2.3. Synthesis and characterization of PMMA/PEI nanoparticles

PMMA/PEI nanoparticles were synthesized through a batch-
wise soap-free emulsion polymerization. Distilled water (26 g) and
a 10 wt% PEI aqueous solution (15 g), adjusted with concentrated
hydrochloric acid (Merck) to pH 7, were charged into a 100-mL
three-neck round-bottomed water-jacketed reactor. After purging
nitrogen for 30 min, the MMA monomer (6 g) was added into the
reactor under continuous stirring. The polymerization was then
started after adding an aqueous solution of 5 x 10~ M TBHP (3 mL)
and the polymerization temperature was controlled at 80+ 1°C
for 2h. The resulted latex was cleaned to remove the free PEI
by repeated centrifugation-redispersion, at centrifugation speed of
15,000 rpm and time of 30 min for each cycle. The conversion per-
centage was determined by a gravimetric method, based on the
amount of MMA used and that of polymerized MMA [9]. Parti-
cle size was determined by the SEM image analysis (SEM 2300 s,
Hitachi). {-potential values were obtained by using microelec-
trophoresis (Zetasizer 3000, Malvern Instrument, UK) in 1 mM NaCl
solution at room temperature. All measurements were done at the

Table 1
Formulations used for preparation of SPNR latex.

Ingredients Part by weight (g)
Concentrated NR latex (60% DRC) 167
Stabilizers

- Potassium hydroxide (KOH) solution (10% w/v)

- Potassium laurate solution (20% w/v) 1

- Lovenox 1

Vulcanizing ingredients (50% dispersion)

- Sulphur 1
- Zinc diethyldithiocarbamate (ZDEC) 2
- Zinc oxide (ZnO) 0.5

wavelength of 633 nm at 25°C with a scattering angle of 90°. All
results reported were the average of three determinations.

2.4. Preparation and characterization of SPNR sheet deposited by
PMMA/PEI nanoparticles

The SPNR sheet adhered on a poly(ethylene terephthalate) (PET)
film was immersed in a glass tube, containing a PMMA/PEI nanopar-
ticle dispersion (1-15% TSC) for 10-60 min. The immersed sample
was then washed with water three times, and finally allowed to dry
at ambient temperature.

After deposition, the air-dried SPNR sheet was characterized by
FTIR, SEM, AFM, and water contact angle measurement. The FTIR
(EQUINOX 55, Bruker) spectra (32 scans at 4 cm~! resolution) of the
SPNR surface were collected with a single reflection mode on a Ge
crystal. Contact angles of a water droplet (approximately 5 L) on
the rubber surface were also determined (G-1, Kriiss). Each value
reported was the average of ten separated drops of water on a given
SPNR sheet.

The images of coated SPNR sheet were clarified by SEM (SEM
2300s, Hitachi), and AFM (Model Ns3a, Digital Instrument Inc.)
equipped with Nanoscope Illa controller via the tapping mode (scan
size of 10 wm x 10 wm, at six different locations). The surface cover-
age (Cs) values, indicating the amount of PMMA/PEI nanoparticles
adsorbed per unit area of the sheet surface, were determined by the
image analysis of SEM and AFM micrographs. Cs values were then
calculated by the following equation [14]:

x 100 (1)

. N
Gs(%) = N
where N is the number of nanoparticles per unit area; Nnmax is the
maximum number of nanoparticles on the same area assuming a
hexagonal dense packing of particles [15].

Surface mean roughness (R;) was directly calculated from the
Nanoscope software by using Eq. (2):

n
Ry = Tllz;\zj\ )
Jj=

where Z; is the current difference between the height and the mean
plane, and n is the number of points in the image.

Relative surface stiffness and adhesion force of the sample were
derived from the force or force-to-distance curve (FDC) (Scheme 1)
obtained from a contact mode AFM measurement [16]. The silicon
nitride tip with a spring constant of 0.58 N/m was used, and the tip
frequency was set at 0.9965 Hz. In general, extending lines from FDC
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Scheme 1. A typical structure of force-distance curve (FDC).
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Fig. 1. FTIR spectra of (a) uncoated and (b) PMMA/PEI nanoparticles-coated SPNR sheets.
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Fig. 2. Micrographs of PMMA/PEI nanoparticle-coated NR surface: (a) AFM (height), (b) AFM (amplitude), and (c) SEM (10,000X) micrographs.
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Fig. 3. SEM micrographs of PMMA/PEI nanoparticle-coated the SPNR surfaces as a function of PMMA/PEI latex concentration: (a) 1.25, (b) 5.00, (¢) 10.00, and (d) 15.00% TSC

at 40 min of immersion time.

reflect a surface stiffness, while retracting lines represent adhesion
force between a tip and a surface. The relative surface stiffness was
obtained by comparing the surface stiffness of uncoated and coated
SPNR sheets to that of the reference silicon surface as shown in Eq.

(3).

Relative surface stiffness = ﬁ 3)
N
Ss is the slope of extending line of a tip on a sample surface, and
S,i is the slope of extending line of a tip on the reference silicon
surface.
The adhesion force is defined by the Eq. (4):

F = kx (4)

where x is the deflection of the tip before pull-off in nanometers
(retracting direction), and k is the spring constant of cantilever
(0.58 N/m).

The scan size was the same as that determined in the tapping
mode (10 pm x 10 wm). Each value reported was the average of five
different areas of sample surface.

3. Results and discussion
3.1. Surface characterization of PMMA/PEI-coated SPNR sheets

The PMMA/PEI nanoparticle latex, synthesized by the
emulsifier-free emulsion polymerization, was subjected to
size and zeta potential measurements. Data showed that its
average diameter was of 130 -4 nm, with narrow size distribution,
and a positive zeta potential of 56 mV. It was reported by Li et
al. [9,17] that PEI plays a major role for particle formation and
colloidal stabilization in this polymerization system. The particle

formation started when TBHP complexes with amine groups on
PEI resulting in the formation of redox pairs. As a consequence
of electron transfer from the redox pairs, free radicals could be
generated on the PEI itself. These radicals could propagate MMA
monomers leading to the amphiphilic PEI-graft-PMMA oligomers.
Such oligomers aggregate to micelle-like domains, which could be
the sites for further polymerization and growth of the particles.
By considering the particle nucleation and growth processes
as mentioned, the hydrophilic amine groups of PEI are located
on the particles’ surface bringing both electrostatic and steric
stabilization to the particles. The protonation of PEI amine groups
caused positive surface charges, which was in accordance with the
zeta potential result.

After dipping the SPNR sheet in the PMMA/PEI nanoparticle
latex, the alternation of chemical composition on the SPNR sur-
face was traced by FTIR spectroscopy. The spectra of the SPNR
sheets, both uncoated and coated with PMMA/PEI nanoparicles
are shown in Fig. 1. Both spectra showed similar signals belong-
ing to NR: at 2950-2850 cm~! (C—H stretching), 1450 cm~! (C—H
deformation of —CH3), 1375 cm~! (C—H deformation of —CH,—),
and 836 cm~! (C—H deformation of cis C=C—H). However, the spec-
trum of PMMA/PEI-coated SPNR sheet had the additional signal at
1720cm™!, assigned to a C=0 stretching of grafted PMMA in the
nanoparticles, which could not be detected in that of the uncoated
SPNR sheet. This evidence supported the fact that the PMMA/PEI
nanoparticles were deposited on the SPNR sheet.

The SPNR surface was also characterized by SEM and AFM.
The SEM and AFM micrographs in Fig. 2 revealed that PMMA/PEI
nanoparticles were uniformly distributed on the SPNR sheet in
a mono-layered fashion. From these results, it is proved that
PMMA/PEI nanoparticles can be deposited on the SPNR sheets with-
out any pre-treatment of their surface. PEI existing on the particles’
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Fig. 4. Effect of PMMA/PEI nanoparticles latex concentration on Cs values for the
SPNR sheets immersed for 40 min.

surface might interact electrostatically with the long-chain fatty
acid soaps and polypeptides of SPNR, which enhanced a deposition
of the PMMA/PEI particles on the rubber sheet [12]. In addition, it
has been known that PEI itself has an adhesion promoting ability
on several surfaces [18-20], which would assist the deposition.

3.2. Determination of surface coverage

3.2.1. Effect of PMMA/PEI latex concentration

The PMMA/PEI latex concentrations were varied at 1.25, 5.00,
10.00 and 15.00% TSC at dipping time of 40 min. After deposition
process, the coated SPNR sheet was characterized by SEM and the
resulted micrographs are shown in Fig. 3 (a)-(d).

It was found that at low PMMA/PEI latex concentration (1.25%
TSC) the adsorbed nanoparticles were uniformly distributed on
the SPNR surface without aggregation. However, at higher latex
concentration (10% TSC), some aggregation of PMMA/PEI nanopar-
ticles were observed and more pronounced at 15% TSC. This lateral
aggregation of PMMA/PEI core-shell nanoparticles at high % TSC
was probably due to the inter-diffusion of a soft PEI shell [21],
and was facilitated when the number of PMMA/PEI nanoparticles
increased with latex concentration. The relationship between latex
concentration and the Cs of SPNR sheet coated with PMMA/PEI par-
ticles is shown in Fig. 4. It was noticed that the Cs values increased
with increasing latex concentration as previously reported when
depositing PMMA nanoparticles on the SPNR grafted with polyacry-
lamide [22]. From this experiment, the highest Cs value 0of 27.4% was
obtained.

3.2.2. Effect of immersion time

Next, the effect of immersion time on the Cs values was exam-
ined and the results are shown in Fig. 5. As expected, the Cs values
increased with increasing immersion time in the initial period for
all latex concentration levels and became almost constant after
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Fig. 5. Effect of immersion time on Cs values.

100
90
L
-
5 507 E
g &
S
g 70 E
z [ 3
3

60

50 1 T T T T T 1

0 5 10 15 20 25 30
Cs (%)
¢ Left angle ® Right angle

Fig. 6. Water contact angles on PMMA/PEI nanoparticle-coated NR sheets as a func-
tion of C; values.

40 min. The constant Cs at the time longer than 40 min indicated
that the deposition—-detachment process might reach the equilib-
rium state when the rates of deposition and detachment of the
particles are similar. In addition, the results showed that the higher
concentrations provided the higher Cs values for each immer-
sion time. It could be explained that the repulsion among similar
charged particles provided the great collision between particle and
surface of the substrate [22].

3.3. Water contact angles of PMMA/PEI-coated SPNR sheets

The effect of Cs values on the water contact angles (both left
and right) of coated SPNR sheets were then investigated, and the
data are presented in Fig. 6. The results from both left and right
contact angles were similar, and it was found that the water con-
tact angles abruptly decreased from 91° to 74° when increasing
the Cs values from 0 to 10.9% and then slightly decreased when the
Cs values were greater than 10.9%. The decrease of contact angle
was possibly ascribed to the presence of hydrophilic groups on the
rubber surface derived from PEI, which was affixed on the surface
of PMMA/PEI nanoparticles as already described. This informa-
tion indicated that the modification of SPNR sheet with PMMA/PEI
nanoparticles affected hydrophilicity of the SPNR surface.

3.4. AFM analysis: surface roughness, adhesion force, and relative
surface stiffness

The AFM micrographs of the SPNR sheets coated with PMMA/PEI
nanoparticles at Cs values of 2.1, 10.9, 19.7 and 28.1%, compared
with the uncoated sheet, are presented in Fig. 7 (a)-(e). The flat
and rather smooth surface of the uncoated SPNR sheet was noticed,
while the coated rubber surface composed of many modules grow-
ing out of surface after the deposition of PMMA/PEI nanoparticles.
The topographical images clearly showed that the PMMA/PEI par-
ticles were arranged onto the SPNR surfaces as a single layer.
However, the aggregates were increasingly evident at higher C; val-
ues. It was believed that these aggregates stemmed from a bridging
attraction of PEI chain on the PMMA/PEI surface, which was formed
under the action of capillary forces during drying the PMMA/PEI
layer [23]. The mean surface roughness (R;) of SPNR sheet coated
with PMMA/PEI nanoparticles at various Cs values was also ana-
lyzed from the AFM micrographs, and the data are displayed in
Fig. 8. The mean surface roughness increased from 13.9 to 31.2 nm
with increasing Cs values because of the presence of adsorbed latex
particles, which would have potential to reduce a surface friction
of rubber sheets [7,8].

In addition to surface topography, AFM analysis provides other
information such as relative surface stiffness and adhesion force.
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Fig. 7. AFM micrographs of (a) uncoated NR and PMMA/PEI nanoparticle-coated NR surfaces at Cs values of: (b) 2.1, (c) 10.9, (d) 19.7, and (e) 28.1%.

To obtain such information, FDC derived from a contact mode AFM
was analyzed. The PMMA/PEI-coated NR sheet with the Cs value of
10.9 was selected as a representative of coated SPNR sheet, com-
pared to that of the uncoated sample and a reference silicon wafer
surface. The FDCs of silicon, uncoated, and PMMA/PEI coated SPNR
surfaces are shown in Fig. 9. In general, the extending lines directly
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20 1

Ra (nm)

0 T T T T T 1
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Cs (%)

Fig. 8. Effect of C; values on mean surface roughness (R,) of PMMA/PEI
nanoparticles-coated NR sheets.

relate to the surface stiffness, whereas the retracting lines indicate
the adhesion between a tip and a surface. The adhesion force and
relative surface stiffness of all three samples, deduced from their
respective FDC, are summarized in Table 2.

Uncoated

Coated

Normalized deflection (19.12 nm/div)

Z (500 nm/div)

Fig.9. FDCs of the cantilever on Si, uncoated NR, and PMMA/PEI nanoparticle-coated
NR surfaces.
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Table 2
Comparison of adhesion force and relative surface stiffness for Si, uncoated, and
PMMA/PEI nanoparticle-coated SPNR surfaces.

Sample Adhesion force (nN) Relative stiffness
Silicon 20.84 + 0.10 1.00

Uncoated NR sheet 182.86 + 4.64 0.72+0.06
PMMA/PEI-coated NR sheet 134.09 + 2.17 0.85+0.01

The adhesion force is based on the amount of force felt by the
cantilever as the probe tip is brought close to a sample surface
and then pulled away. It can be seen that the coated NR sur-
face had the adhesion force of 134.1 nN, lower than that of the
uncoated NR sheet (182.9 nN). This indicated that the presence
of hard particles on the SPNR sheet could dramatically alter the
surface properties of the rubber sheet. Moreover, it has proven
that the existence of soft PEI did not affect the property of hard
PMMA particles, instead promoting the particles’ deposition on
SPNR sheets only. The FDCs also showed that the relative surface
stiffness values for the uncoated and coated SPNR sheets were 0.72
and 0.85, respectively. The increased relative surface stiffness of
the coated SPNR would be the result of hard PMMA core of the
particles. Therefore, the increase of relative surface stiffness and
decrease of adhesion force implied that the deposition of PMMA/PEI
particles on the SPNR sheets would reduce the rubber’s tack prop-
erty.

4. Conclusions

The convenient deposition of PMMA/PEI colloidal nanoparticles
to modify the SPNR sheet surface was accomplished in this recent
work. The presence of PEI on the PMMA/PEI nanoparticles’ surface
can enhance their deposition on SPNR sheets without pre-surface
treatments of the rubber sheet. FTIR, SEM, and AFM analyses evi-
dently revealed the deposition of PMMA/PEI nanoparticles onto the
SPNR surface. Cs values were found to depend on the immersion
time and the PMMA/PEI latex concentration. The presence of the
PMMA/PEI nanoparticles on the surface led to the changes in SPNR
surface roughness, relative surface stiffness, and adhesion force, as
analyzed from AFM. Moreover, due to the ability of this synthetic
method to tailor the property of the core component, i.e., being
hard, soft, or brittle, therefore, a wide variety of particles with PEI
shell can be prepared. This would lead to an opportunity for conve-
nient surface modification of various substrates and various surface
properties.
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This is the first systematic study on the adsorption of malaria antigen onto latex particles to elab-
orate immuno-latex for diagnostic purpose:: immuno-latex was.prepared from adsorption of malaria
antigen onto polystyrene (PS)-or.poly(s —c&acryllc acid): (S/AA) latex particles and was used
for detection of antibody to P. Falciparum. based:on agglutination test. Adsorption behavior of the
malaria antigen onto polymer pasticles s‘ ncubation time, antigen concentration, pH
and concentration of the medium Was studied. The prepared immuno-latexes were characterized
in terms of immuno-agglutination and specific bridging using patient's plasma with P. Falciparum
infection. This evaluation was performed using:phaten correlation spectroscopy.

Keywords: Latex, Protein Adsorptio

1. INTRODUCTION

Malaria remains the most important parasitic dise:
ing a major impact on people in tropical countti
Among the four species of malaria, P. Falciparum deserves
particular attention because of the severity of:
syndromes that it causes. The enormous var
P. Falciparum proteins, which express from the
life cycle, is critical to the parasite’s survival
it to evade host immune defense. At the moment, there
is no commercially available vaccine for the parasite.
Additionally, the parasite is increasingly resistant to cur-
rent antimalarial drug, i.e., chloroquine and the antifo-
late sulphadoxine/pyrimethamine, as are the Anopheles
mosquito vector to insecticides.’”

Besides the development of the effective vaccines and
antimalarial drugs, the challenge ahead faced in diagno-
sis and treatment of malaria is a very important aspect
of malaria control.*> Generally, the presence of parasites
within red blood cells (RBCs) is detected by microscopic
examination. However, this technique can be problematic
since it takes up to an hour of preparation time and is
labor-intensive. In addition, interpretation of the result
requires considerable expertise."® Several companies have

*Authors to whom correspondence should be addressed.
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veloped diagnostic kits, based on the enzyme-
muno-sorbent assay (ELISA) principle, for detec-
malaria such as Malaria Ag CELISA and Pan
laria IgG CELISA."® The Malaria Ag CELISA test
is;applied to detect a circulating histidine rich protein II
“antigen which is secreted by blood stages of
rum parasites. Although the high sensitivity can
, the HRP II may persist for up to fortnight
-successful therapy, a positive test result does not
indicate a failed therapeutic response. While the Malaria
IgG CELISA test detected P. Falciparum malaria antibody
in the serum is used for screening of blood domor for
exposure to malaria.® However, a negative result does not
guarantee the non-transmissible malaria donor due to the
fact that early in P. Falciparum infection antibody is not
detectable and more frequently P. Malariae, P. Vivax and
P. Ovale infections may not result in detectable antibody.®

In order to avoid the flat support, colloidal particle
which provides large specific surface area is of great
interest to use as a solid support of biomolecule.” !
Solid-phase immunoassays require latex particle with nar-
row size distribution and functionalized surface bearing
carboxylic, amino or thiol groups for immobilization of
antigen (or antibody) in order to form immuno-latex.!?
Innovations for immuno-latex development are filter sep-
aration agglutination, particles capture enzyme linked
immunosorbent, dyed microsphere sandwich and latex

1550-7033/2009/5/486/007 doi:10.1166/jbn.2009.1037
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agglutination tests.'" !> In the latter test, the immuno-latex,
appeared as smooth polymer particles suspension, is mixed
with the fluid to be analyzed. The presence of specific anti-
body (or antigen) in the analyte creates link between parti-
cles resulted in the in vitro aggregation or clumping of the
microspheres that can be clearly observed with the naked
eyes.* Not only that it is a rapid test but it is also portable
and suitable for use in the field."*!> The key points of
this diagnostic test are based on: (i) the use of appropri-
ate latex particle, (ii) that particle used as solid support of
biomolecule for capturing step (i.e., antigen or antibody)
and (iii) the complex formation with specific antibody (or
antigen or target). The high efficiency and sensitivity are
related to the amount and conformation of the immobilized
biomolecule and the accessibility of the target.'

The main objective of this present work is to
elaborate sensitive latexes by immobilization of malaria
antigen extracted from the malaria parasites onto
negatively charged sulfate polystyrene (PS) or carboxylic
poly(styrene-co-acrylic acid) (SYAA) partigles.
important to note that many works concernmg

adsorption onto latex particles have been done by usmg

bovine serum albumin (BSA) as a protein model.l” To
our knowledge, this is the first systematic study on the
adsorption of malaria antigen extracted from the m
parasites adsorbed onto the latex particles. This stug
investigated as a function of incubation time, an
centration, pH, salinity and specific agglutinati
elaborated latex containing antigen for malar
was evaluated by using P. Falciparum patients’

2. EXPERIMENTAL DETAILS

2.1. Preparation and Characterization of
Latex Particle

PS and St/AA latexes were synthesized v
soap-free emulsion polymerization.® Transmiss
tron microscopy (TEM) (JEOL; TEM 200-cx) was applied
to investigate number average diameter (D, ), weight aver-
age diameter (D,), and polydispersity index (PDI) of the
latex particles. Hydrodynamic diameter (D,) of the latex
particles in aqueous NaCl solution (1 mM) was measured
by Coulter Counter (Coulter electronics; Hialeah) at room
temperature. Conductimetric back titration and zeta poten-
tial measurement (Malvern, 3000 HS) were used to deter-
mine surface charge density (o) and zeta potential value
of the particle, respectively. The data are summarized in
Table I.

2.2. Preparation and Characterization of
Malaria Antigen

P. Falciparum parasites (strain AMB47) were cultured
in human RBC (group O) at 5% hematocrit in RPMI-
1640 medium (pH 7.2), gentamicin (40 wg/mL), HEPES

J. Biomed. Nanotechnol. 5, 486—-492, 2009

Preparation and Agglutination of Immuno-Nanolatex for Malaria Diagnosis

Table I. Hydrodynamic diameter (D)), number average diameter (D,),
weight average diameter (D), polydispersity index (PDI), surface charge
density (o) and zeta potential values ({) of PS and St/AA latexes.

D, D, D, o { (mV)
Latex (nm) (nm)  (nm) PDI (uC/em?)  at pH 7
PS 512+49¢ 514 515 1.0014 —442¢ 7045
St/AA  349%21° 335 336 1.0003  —271+9% —5045

2SD: Standard deviation.

(25 mM) (GIBCOBRL®) and human serum (10%). The
parasites were incubated (Heraeus, Hera cell) at 37 °C
in CO, atmosphere (5%) until reaching mature stages
(>3% parasitemia). The mature parasites were enriched
by gradient centrifugation (800 g, 25 min) using Percoll
(60%) (Sigma). Purity and yield of the enriched pellet was
determined under optical microscope (Carl Zeiss, Axiostar
plus). After sonication for 25 s and then centrifugation
to remove insoluble pigments, the concentration of sol-
ubleemde antlgen was measured by using the Bradford

3. ‘Adsorption of Malaria Antigen onto
Latex Particle

nown amounts of the polymer particle and of malaria
were added to an eppendorf tube and then made
wl with phosphate buffer (10 mM). The mix-
ncubated, while gently stirred for a given time
h), at room temperature before centrifugation
m, 20 min). The supernatant was analyzed and
t of particles was resuspended in phosphate buffer
VI, pH 7.0) containing bovine serum albumin (BSA)
mg/ml) The adsorbed amount of protein onto the
urface (I,4)was calculated from the following

R AC ) )
o m3

where V (ml) is volume of the solution, C; (mg/ml) and
C; (mg/ml) are initial and final concentrations of malaria
antigen in the solution, respectively, determined by using
the Bradford method, m (g) is mass of the latex parti-
cles, and = (m?*/g) is specific surface of the PS or St/AA
particles.

In order to study effect of protein concentration, var-
ious concentrations of malaria antigen (12-50 ug/ml)
and polymer particles were incubated in phosphate buffer
(10 mM, pH 6.8) for 2 h. For investigation of the influ-
ence of electrostatic interaction on the protein adsorption
process, the experiment was carried out at various pHs
(4.8-8.8) and buffer concentrations (1, 10 and 100 mM) at
constant C; and incubation time.

2.4. Characterization of Immuno-Latex

Zeta potential value of the immuno-latex suspended in
phosphate buffer (10 mM) was measured by using Zeta
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Sizer in the presence of NaCl solution (1 mM). In each
measurement, pH of the medium was adjusted by adding
HCI or NaOH (1 M) solution. The average value of each
sample was reported for at less three measurements.

2.5. Investigation of Latex Agglutination

Photon correlation spectroscopy (PCS) was conducted
to monitor the agglutination reaction. The immuno-latex
was diluted with filtered deionized water in order to
have particle number (N,) of about 1.62 x 10"/l before
pouring into a quartz cuvette. The recorded initial D,
was calculated from Stokes-Einstein equation. Then the
immuno-latex was mixed with various concentrations of
P. Falciparum-infected plasma (0.1-0.9 ug/ml) for 10 min
before determining the presence of cluster and measuring
the aggregate’s size twice.

In addition, the appearance of the immuno-agglutinated
particles was investigated under optical microscopy.(OM).
The PS or St/AA immuno-latex (0.2% W/V)

mixed with the P Falciparum-infected or naive, aontrol-

plasma (0.5 ul) onto a glass slide. The slide w.
with rotating action continuously for 30 s and 'thén’ cov-
ered with a cover glass. The morphology of the cluster of
immuno-latex particles was immediately observed ungdeg
OM at magnification of 50. The aggregate’s size was]
determined by using Carnoy V2.0 software.

3. RESULTS AND DISCUSSION

3.1. Adsorption of Malaria Antigen onto
Latex Particle

Since most of antigen occurs predominantly i
blood stage parasite (late trophozoite and schiz
P. Falciparum parasites cultured until more than
sitemia of the mature stage were used to prep
antigen. Due to the different density of the infec
in each blood stage (densities of ring stage or uninfected
RBCs = 1.10 g/ml, of trophozoite = 1.079 g/ml, and of
schizont = 1.070 g/ml),” the mature infected RBCs were
isolated by using gradient centrifugation. High purity of
94.8% (90-100%) of the enriched parasites with yield-
ing of 60.7% (39.1-92.6%) was obtained. The concen-
tration of malaria crude antigen quantified by Bradford
method (in 10 mM phosphate buffer, pH 6.8) was equal
to 5.8 mg/ml.

3.1.1. Effect of Incubation Time

The immobilization of protein onto polymeric surface has
been extensively examined using various approaches. The
result tendency shows that the adsorption phenomena is
related to the nature of particle surface and protein, incu-
bation time, protein concentration, pH and the salinity of
the medium, and incubation temperature.”*>> The amounts

488

Polpanich et al.

of malaria antigen adsorbed onto PS and St/AA particles
(') as a function of incubation time were determined
and the data are presented in Figure 1.

As shown in Figure 1, the I, values rapidly increased
in the initial period before reaching constant value of 3.0
and 2.8 mg/m? for PS and St/AA latexes, respectively,
within 20 min. It was believed that the protein transports
toward the interface and starts the adsorption via one point
attached onto the substrate’s surface. This process is driven
by the partial dehydration of hydrophobic parts of both
protein and surface resulting in an increase in entropy
from the freedom gained by water molecules which low-
ers the Gibbs free energy of the system and, hence,
favors adsorption.?S As the incubation time increases, the
structure rearrangement of the protein takes place which
encourages the increase in the number of contact points.?’
The adsorption kinetic results were in agreement with
the general tendency observed in literature reported that

- almost:-all.immobilized proteins could be adsorbed within

it angk the adsorption was totally complete during
“h=: This rapid adsorption process of malaria antigen
ight:be: related to high interaction between both protein
and particles. This adsorption behavior is useful to point
ut the minimal incubation time for reaching equilibrium

t of Protein Concentration

ion isotherms, i.e., the plot of I, versus the
m protein concentration (C,,) of malaria anti-
both latexes, were investigated at constant pH
+6.8) and salinity (10 mM phosphate buffer). The
results obtained are presented as shown in Figure 2. The
pe at low C,q of the curve indicated the affinity
#fi for the substrate’s surface.!*
igure 2, it was observed that the I

ads

greatly

4
3 M "':""M
e &
&
5,
g
5
frt
i
o8 . : -
0 i 2 3
Incubation time ()
Fig. 1. Adsorption kinetics of malaria antigen onto PS (e) and SUAA

() latexes (pH 6.8, 10 mM of NaCl solution).
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% 2 4 s g w12

ch(ug/ml)

Fig. 2. Adsorption isotherms of malaria antigen onto PS (e) and SUAA
(A) latexes (pH 6.8, 10 mM of NaCl solution, incubation time 2 h).

adsorption of malaria antigen onto the particle of 3.0 and
2.8 mg/m? for PS and St/AA particles, respectwf;ly Th
affinity of the antigen to the PS particle - was shghtly
higher than that of the S/AA surface, which n

due to the hydrophilicity of PAA shell on. pqusty ene,. ;
seed. 2% The observed low affinity between protéin and

PAA shell can be attributed to repulsive hydration forces
which decreased conformational entropy.

3.1.3. Effects of pH and Buffer Concentration

According to the amphoteric nature of antigen p
effects of pH and ionic strength of adsorptio
were considered in order to better understand t
ing force involving in the adsorption process.
of malaria antigen onto PS and St/AA latex particles™as
function of pH (4.8-8.8) at various buffer concentiations
(1, 10 and 100 mM) are given in Figure 3.

It could be presumed that the adsorption of tt
antigen onto PS particle was not drastically sei

93]

T'uts (mg/m’)
2

pH
Fig. 3. T, of malaria antigen adsorbed onto PS (e) and SUAA (A)

latexes as a function of pH at various buffer concentrations; 1 mM (- - -),
10 mM (—) and 100 mM (- --) (C; = 29.3 ug/ml, incubation time 2 h).

J. Biomed. Nanotechnol. 5, 486—-492, 2009

Preparation and Agglutination of Immuno-Nanolatex for Malaria Diagnosis

pH. On contrary, the adsorption of malaria antigen (I',4)
onto St/AA based particle greatly decreased with increas-
ing pH to alkaline region, irrespective of buffer concen-
tration. Since crude antigen is the mixture of proteins
from malaria parasites and RBCs whose physical prop-
erties such as molecular mass and isoelectric point (pI)
are different, it was difficult to identify type of protein
adsorbed onto the particle surface and also to point out the
real effect of ionic strength. Although the maximum I,
of various proteins onto negatively charged particle was
generally found at pH around pl of the protein due to the
minimized of intra- and intermolecular electrostatic repul-
sions of the protein molecules.?’>3° But our results did not
show this trend. The explanation of a large decrease of
I,y with increasing pH in the case of St/AA latex might
be contributed by several reasons. At alkaline pH medium,
the ionisation (protonation or dissociation) of amino acids
along the protein chain caused the increment of net nega-
he{rges { antigen molecule. This led to the increase
electrostatic repulsion among the approaching anti-
lecules and the highly negative charged St/AA latex
h' did not favour the adsorption process. In addition,
the increase of molecular volume of the antigen molecule
ith increasing pH probably attributed to the decrease on
ion capacity.’! While the adsorption of malaria anti-
PS particle took place even when charges of
its sorbent are the same.

ally, Figure 3 shows that the adsorption onto
was increased with increasing buffer concen-
could be due to the fact that charges of antigen
le were screened leading to the depletion of elec-
Ostatic repulsion in the interior of antigen and the lateral
¢pulsicaibetween the adsorbed antigen molecules. These
high amount of antigen molecules possibly
nto a given surface area of PS. In addition, as
ported, the increase of salt concentration could
reinforce the hydrophobic interaction between protein
molecule and solid support leading to the increasing the
amount of adsorbed protein.®! This behavior suggested that
the hydrophobic interaction mainly governed the adsorp-
tion of malaria antigen onto the PS particle.

The opposite trend was noticed when SYAA particle
was exploited as the adsorbent, i.e., the protein adsorbed
amount was inversely proportional to the buffer concen-
tration. Such results could be also explained by consider-
ing the influence of salt concentration on the PAA layer’s
thickness. As previously demonstrated, the hydrodynamic
radius of the fully dissociated PAA chain of a spherical
brush St/AA particle declined when the ionic strength was
increased.’> As shown in Figure 4, with increasing salinity,
the interacting sites or —COO™ groups along the shrink-
age PAA chains reduced the accessible surface for malaria
antigen molecule due to steric hindrance. From the results,
it could be concluded that the driving force for malaria
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(= COOr along PAA chain

© Na* from buffer

Fig. 4. Schematic illustrations of St/AA surface at (a) low and (b) high
buffer concentrations.

antigen adsorbed onto the St/AA particle was electrostatw
interaction.
To examine whether antigen molecule’ riiglit

from the particle surface, after adsorption, the:PS and’

St/AA immuno-latexes were redispersed in thé: phosphate
buffer whose pH and concentration of medium were the
same as those used in the adsorption experiment. After,
centrifugation and determination of the residual
in the supernatant, no any desorption was obsg
both cases. These results suggested that the ads
malaria antigen onto the particle surface was i
process.

3.2. Examination of Latex Agglutination

3.2.1. Zeta Potential of Immuno-Latex

Zeta potential measurement was applied to ch
the latex after being adsorbed with malaria an
data obtained would relate to the colloidal st

50

30 -

10 .\\ A . pH

-10 4

P

_30 L

Zeta potential (mV)

=50 -

=70 -

90 -

Fig. 5. Zeta potential versus pH for: bare PS (x), bare SYAA (O),
PS immuno-latex (I, 3.0 mg/m?) (e) and SUAA immuno-latex
(T,4:2.8 mg/m?) (A).
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the adsorbed particles. Figure 5 shows the zeta potential
values of PS and St/AA immuno-latexes at I,;; 3.0 and
2.8 mg/m?, respectively, compared with the bare PS and
St/AA particles as a function of pH.

As expected, the zeta potential values of the latex parti-
cles before and after antigen adsorption were significantly
different. Bare PS and St/AA particles exhibited the nega-
tive zeta potential values in the investigated pH due to the
presence of —SO, in the case of PS and the presence of
both —SO, and —COO" originated from initiator (ammo-
nium persulfate) and AA monomer, respectively, for SUAA
particle. While the PS and St/AA immuno-latexes showed
the positive zeta potential value at pH 3.0 and then became
more negative with increasing pH. The pI value of the PS
and St/AA immuno-latexes was 3.8 and 3.6, respectively.
The slightly higher pI in the case of PS immuno-latex
might be caused from the larger I',;,. The observed positive

ads*
zeta potential was attributed to the cationic character of

: Ih adsorb d antlgen at acidic pH. It was important to note

mintuno-latex particle gave the lower colloidal
ty"indicated by the less zeta potential (in absolute
dlue): valug® ‘¢ompared to that of the bare one. This might
provoke the nonspecific agglutination of particles which is

.a crucial problem for the development of latex agglutina-

t. Several research groups improved the colloidal
f the immuno-latex particle by the post-treatment
n-occupied surface part of the immuno-latex
> The BSA molecule not only acted as a sta-
also suppressed the nonspecific agglutination.
, in this study, we managed BSA post-treatment
to reduce the nonspecific agglutination.

nvestigation of Latex Agglutination by Using
oton Correlation Spectroscopy

‘Photon“Correlation spectroscopy (PCS) was applied to

measure the hydrodynamic diameter (D) and aver-
age diffusion coefficient (D) of the St/AA immuno-
latex particle after mixing with various concentrations of
P. Falciparum-infected plasma. The plot of D, values of
St/AA immuno-latex versus plasma concentration demon-
strated the bell-shape curve, whereas the relationship
between D and plasma concentration exhibited the oppo-
site trend.* It was explained that, at maximum D,
value which corresponded to plasma concentration of
0.46 pg/ml, the number of antibody in the infected plasma
was equivalent to the amount of antigen adsorbed onto
the particle surface. This caused the effective binding
between antibody and antigen and then the largest size
of immune complex.>® The system seemed to lose the
immuno-reactivity when increasing plasma concentration
over 0.46 ug/ml possibly due to the saturation of the
adsorbed antibody and, consequently, the bridging process
was not favorable.

J. Biomed. Nanotechnol. 5, 486—492, 2009
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PS immuno-latex

Fig. 6. Optical micrographs of PS and St/AA immuno
plasma [(b, d)].

3.2.3. Morphology of Latex Agglutination Under
Optical Microscope

The morphology of clusters of immune comij
PS and St/AA immuno-latexes were investig:
optical microscope. The micrographs of PS a
immuno-latexes after mixing with malaria naive control
or with P Falciparum-infected plasma are displayed in
Figures 6(a, ¢) and (b, d), respectively.

It was observed in Figures 6(b) and (d) that the immune
complex’s size after mixing PS or SYAA immuno-latexes
with P. Falciparum-infected plasma was 53 and 150 um,
respectively. The size of the immune complex belonging to
St/AA immuno-latex when mixed with the infected plasma
(Fig. 6(d)) was significantly larger than that mixed with
the control sample (Fig. 6(c)). Whereas the slight differ-
ence in the immune complex’s size of PS immuno-latex
mixed with those plasma was noticed in Figures 6(a) and
(b). The low immuno-reactivity of PS immuno-nanolatex
might be caused from the loss of antigen’s nature confor-
mation while deformation or spreading onto hydrophobic
PS surface during adsorption process?® or the adsorp-
tion was performed via the active part of the antigen.
On contrary, the hydrophilic St/AA surface improved the
antigen-antibody interaction by extending the PAA-antigen

J. Biomed. Nanotechnol. 5, 486—-492, 2009

faria naive control [(a, ¢)] or with P. Falciparum-infected

lex into the aqueous phase allowing the accessibility
free-targeted antibody.

‘CONCLUSIONS

acterized PS and St/AA particles provided a
great potential to be used as a solid support for malaria
P. Falciparum antigen extracted from parasites by using
gradient centrifugation. The fast adsorption kinetics was
achieved irrespective of types of latex. The I values
of the kinetic curves reached a constant value of 3.0 and
2.8 mg/m? for PS and St/AA, respectively, within only
20 min. The affinity of malaria antigen toward the St/AA
particle was lower than that of the PS particle. By varying
pH and concentration of adsorption medium, the adsorp-
tion of malaria antigen onto PS particle was mainly gov-
erned by hydrophobic interaction, whereas the electrostatic
interaction dictated the St/AA particle adsorption with the
antigen. By using photon correlation spectroscopy (PCS)
and optical microscopy (OM) techniques, the occurrence
of immune complexes after mixing the St/AA immuno-
latex with the P. Falciparum-infected plasma was con-
firmed. This indicated that the St/AA immuno-latex might
be introduced as an alternative tool for malaria diagnosis.
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ABSTRACT: The friction coefficient of the sulphur-
prevulcanized natural rubber (SPNR) film could be effec-
tively reduced by deposition of poly(methyl methacrylate)
(PMMA) particles. The nanoscale surface roughness of rub-
ber, determined by atomic force microscope, was directly
proportional to the particle size of PMMA particle at 12%
surface coverage (Cs). The %Cs and surface roughness of
the modified SPNR increased, while the friction coefficient
decreased, with increasing PMMA latex concentration and

immersion time. By using a mixture of latexes having both
large and small sizes, the increase in the amount of small
particles resulted in the better distribution of large particles
deposited on the rubber surface. © 2009 Wiley Periodicals, Inc. ]
Appl Polym Sci 115: 3680-3686, 2010

Key words: emulsion polymerization; films; rubber; self-
assembly; surfaces

INTRODUCTION

Friction between skin and rubber is a crucial draw-
back in the application of gloves made of sulfur-pre-
vulcanized natural rubber (SPNR) latex. In general,
the friction coefficient of SPNR can be decreased
with powder, grease or liquid. However, the use of
lubricating powder such as talc or corn starch to
dust the surgical gloves can cause contamination to
the patient. Moreover, it is known that talc does not
help the wound healing process and corn starch
causes allergic reactions." Recently, the mimetic
behavior has been obtained by deposition of poly
(methyl methacrylate) (PMMA) nanoparticles onto
the SPNR film by using the simgle and versatile
Layer-by-Layer (LbL) technique. The surface
charge on SPNR sheet was derived from grafted
polyacrylamide (PAAm), under UV, onto the rubber
surface pretreated with Ar plasma. By the electro-
static interaction between the negative PMMA latex
particles and the SPNR grafted with PAAm (SPNR-
g-PAAm), the possible loss of coated particles is,
therefore, overcome. This has been proven by the
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insignificant change of the amount of PMMA par-
ticles on the SPNR-g-PAAm film after applying 7
stretched cycles.® These particles caused an increase
in surface roughness and effectively reduced the
friction coefficient of rubber, which resulted from
the decrease of contact area between the bodies.*

It was reported that the convenient and direct
route for reducing real contact area (RCA) and,
hence, friction between silicon surfaces was the dep-
osition, followed by dry etching of microparticles
having different sizes on the surface.” Analysis of
the friction of the elastomer, carried out using a fric-
tion tribometer with different sizes of spherical steel
indenter, confirmed that the friction coefficient
decreases with increasing surface roughness directly
linked to the decrease of RCA. The model, proposed
by Bowden and Tabor, showed that the friction force
due to adhesion force on rough surface was deter-
mined by the distribution of the number of asper-
ities and asperity heights or shapes in contact.”’
Another source of the friction attributed to deforma-
tion depends also on the surface asperities of elastic,
plastic or viscoelastic material.

As variation in the particle size of coated particles
randomly adsorbed on SPNR would affect the hil-
locks and RCA, effect of the size of PMMA particles
on the surface roughness and friction of SPNR-g-
PAAm was investigated in this present work. The
different sizes of PMMA latexes were synthesized
by soap-free emulsion polymerization. As in the pre-
vious case on monodispersed PMMA, the modified
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rubber was characterized by using scanning electron
microscope (SEM), atomic force microscope (AFM),
and friction test machine.

EXPERIMENTAL
Materials

Methyl methacrylate (MMA) monomer (Fluka,
Purum) was purified by passing through a column
packed with neutral and basic aluminum oxide
(Fluka, Purum). The purified monomer was stored
at 4°C until use. Acrylamide (AAm) monomer
(Fluka, Purum) and methanol (Merck, AR) were
used as received.

Surface modification of SPNR sheet

A dried rubber sheet, casted from SPNR latex (Dr.
Boo, Chonburi, Thailand), was pretreated with Ar
plasma prior to surface grafting, under UV, with
PAAm.? The SPNR-¢-PAAm sheet was then
immersed into PMMA latex synthesized by the
soap-free emulsion polymerization using potassium
persulphate (KPS) as initiator. To obtain anionic
PMMA particles with the size of 162, 364, 480, or
626 nm, MMA concentration of 0.18, 1.46, 2.19, or
3.28M, respectively, was added in the aqueous solu-
tion of KPS (0.18 g) dissolved in deionized water
(137 g) and the polymerization took place at 80°C
for 2 h. The remaining steps and characterizations
were carried out as explained elsewhere.” By vary-
ing immersion time, latex concentration and ionic
strength, the surface coverage (Cs), determined from
the ratio of the area of the deposited PMMA
particles to the selected area under SEM image (15
x 21 pm?), could be adjusted.8

Characterization of SPNR sheet coated with
PMMA particles

Morphology of the modified SPNR sheet surface
was examined by using a Multimode AFM (Digital
Instrument, Nanoscope Illa) equipped with Nano-
scope Illa controller in tapping mode with the scan
size of 20 x 20 pm?. Because of the fact that PMMA
particles were deposited onto a smooth SPNR sur-
face, the surface mean roughness (R,) was calculated
from Nanoscope software by applying the following
equation previously used by Perrin et al.”:

1 n
R, ==>"|7|
nis

where Z; is current difference between the height
and the mean plane and 7 is number of points in
the image.

- Load
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[s== ] |

Force Transducer

Figure 1 Schematic view of plate-on-hemisphere type
friction test machine. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com. ]

In tapping mode the cantilever is driven to oscil-
late at near its resonance frequency by a small piezo-
electric element mounted on the AFM tip holder."
An electronic servo uses the piezoelectric actuator to
control the height of the cantilever above the sample
to maintain an oscillation amplitude while the canti-
lever is scanned over the sample. A height image is,
therefore, produced by imaging the force of the
oscillating contacts of the tip with the sample sur-
face. The friction coefficient of the SPNR-g-PAAmM
coated with PMMA particles was then measured by
using a friction test machine (TE 75R, Plint) as sche-
matically shown in Figure 1.

The device consists of a wavy glass disc, fixed on
the arm of counterbalance connected to the force
transducer. Load was applied by a dead weight
at 1N on a tip of counterbalance. The specimen (2.5
x 5.0 cm?) was clamped on a rubber hemisphere.
The friction coefficient was measured by moving the
glass surface against the specimen with stroke length
of 5 mm at a speed of 0.25 mm/s in six cycles and
four directions.

RESULTS AND DISCUSSION
Effect of NaCl on %Cs

Because of the fact that the thickness of electrical
double layer or Debye length (k') affects the hydro-
dynamic volume of charge particle, the effect of
ionic strength of PMMA latex, with the smallest par-
ticle size (162 nm), on %Cs was investigated. Both
the zeta potential of PMMA latex and %Cs values as
a function of NaCl concentration are presented in
Figure 2.

As expected, the Cs increased from 7.7 to 12.3%
with increasing [NaCl] from 0 to 0.1M which corre-
lated well with the decrease of the absolute value of
zeta potential from —40 to —30 mV. It could be
explained that the presence of NaCl compressed the
electrical double layer and decreased the repulsion
among the charged particles which, consequently,
allowed the high number of particles to deposit onto

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Effect of NaCl concentration on zeta potential of
PMMA latex particle (162 nm) and on %Cs values
of SPNR-¢g-PAAm sheet coated with the PMMA ([PMMA]
= 3 mg/mL, pH 4, immersion time = 30 min). [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

the SPNR-¢g-PAAmM surface.'' However, with increas-
ing [NaCl] greater than 0.1M, the Cs values sud-
denly decreased and coagulation visually appeared
due to the instability of particles possibly caused by
screening of the surface charge on the particles by
Na™ and Cl™. The results also agreed well with the
zeta potential value which illustrated that the
charged colloidal particles are unstable in the range
of =30 to + 30 mV."?

The higher Cs value when adding 0.1M NaCl
(12.3%) compared to that in the absence of NaCl
(7.7%) was clearly observed under SEM. The micro-
graphs of the SPNR-¢g-PAAm film surfaces coated
with PMMA latex particles without NaCl and
with adding 0.1M NaCl are, respectively, shown in
Figure 3(a,b).

It has been reported that the influence of electrical
double layer of small particles on the surface cover-
age is more significant than that of large particles,®"
the maximum %Cs when depositing PMMA par-

(a) Without NaCl (Cs = 7.7%)

(b) With 0.1 M NaCl (Cs = 12.3%)

Figure 3 SEM micrographs of SPNR-g-PAAm surfaces
adsorbed with PMMA particles; (a) without NaCl and (b)
with adding 0.1M NaCl ([PMMA] = 3 mg/mL, pH 4,

immersion time = 30 min).

Journal of Applied Polymer Science DOI 10.1002/app
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(a) Without PMMA

(e) 626 nm

Figure 4 Surface morphology of (a) SPNR-¢-PAAm and
SPNR-g-PAAm surfaces coated with PMMA particles sizes
of (b) 162, (c) 364, (d) 480, (e) 626 nm (Cs = 12%).

ticles with the smallest size of 162 nm was selected
for further investigation. In the study of the effect of
PMMA particle size on the surface roughness and
friction of the modified rubber, the Cs value of
SPNR-¢g-PAAm sheets adsorbed with PMMA par-
ticles having sizes of 162, 364, 480, or 626 nm was
fixed at 12% by varying the latex concentration and
immersion time.

Effect of PMMA particle size

Figures 4 and 5 show the surface morphology,
obtained from using SEM and AFM, of (a) SPNR-g-
PAAm and SPNR-g-PAAm films after being depos-
ited with PMMA particles having sizes of (b) 162, (c)
364 (d) 480 and (e) 626 nm at 12% Cs.
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Figure 5 AFM images of (a) SPNR-¢-PAAm and SPNR-g-
PAAm surfaces coated with PMMA particles having sizes
of (b) 162, (c) 364, (d) 480, (e) 626 nm (Cs = 12%). [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

The micrographs in Figures 4 and 5 clearly
showed that the PMMA particles adsorbed onto the
rubber sheet in the form of monolayer possibly due
to the strong repulsion between charge particles.'*
However, some aggregates were formed especially
when using the large particles (626 nm). It can be
explained by the effect of capillary force which is
theoretically two order of magnitude higher than the
electrostatic repulsive force of particles.'*'> More-
over, the attractive capillary force between two par-
ticles during drying is proportional to the square of
the diameter.

To obtain the surface mean roughness (R,) value
of the SPNR-¢-PAAm sheets coated with PMMA
particles, the AFM in tapping mode was used and
the R, values, obtained from the topographic images,
plotted versus particle sizes are displayed in
Figure 6.

The results clearly indicated that the R, of SPNR-
g-PAAm sheet coated with PMMA increased with
increasing PMMA particle size at fixed Cs. It is likely
that the decrease of contact area of the top surface of
the sample is responsible for this observation. The
presence of hard PMMA particles on the SPNR-g-

PAAm surface resulted in the change in both surface
chemical compositions and surface roughness. Con-
sequently, the friction coefficient reduced from 2.2
for SPNR-¢-PAAm (R, = 29.7 nm) to 2.0 for SPNR-g-
PAAm sheets coated with PMMA particles having
particle size of 162 nm (R, = 49.9 nm). However, for
the rubber sheets coated with PMMA particles
series, the %Cs was maintained at 12%, thus, friction
force in this case is mainly dependent on the
roughness, which directly linked to the real contact
area. The increase in R, from 499 to 72.6 nm
corresponded to the decrease of the friction coeffi-
cient from 2.0 for SPNR-g-PAAm sheets coated with
PMMA particles having particle size of 162 nm to
1.4 for the rubber sheet coated with PMMA having
large particle size (626 nm) as shown in Figure 6.

Effect of %Cs

Because of the fact that the larger PMMA particle
deposited onto the SPNR-g-PAAm provided the
lower surface friction at fixed Cs, the largest PMMA
particle size was selected for the study of the effect
of %Cs on surface roughness and friction of the rub-
ber. The SEM and AFM micrographs of the SPNR-g-
PAAm surfaces coated with PMMA particles
(626 nm) at various Cs values, obtained by varying
dipping time and latex concentration, are presented
in Figure 7.

As previously observed, the topographic images
showed that these large PMMA particles, especially
at high %Cs in Figure 7(ef), arranged onto the
SPNR-g-PAAm surface in aggregate form. Besides
the capillary force, the bridging effect caused from
the grafted PAAm chain which dangled into the so-
lution and attached several latex particles might be
responsible for the aggregation.'® These aggregates
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Figure 6 Surface mean roughness (R,) and friction coeffi-
cient of SPNR-¢-PAAm and SPNR-¢g-PAAm sheets coated
with PMMA particles having various sizes (Cs = 12%).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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(e) Cs = 36.4% (f) Ra= 146.2 nm

Figure 7 SEM and AFM micrographs of SPNR-g-PAAm
surfaces coated with PMMA particles of 626 nm showing
various %Cs and R,. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com. ]

could alter the surface asperities and, consequently,
the R, value was nonlinearly 7proportional to the
%Cs as displayed in Figure 8." An increase of R,
also led to a marked reduction in friction coefficient
of the modified SPNR as also shown in Figure 8.

To confirm the stability of PMMA particles
deposited onto the SPNR-¢g-PAAm surface, the SEM
micrographs of the modified SPNR surface before
and after rubbing for six cycles in four directions
under the friction test machine are shown in Figure 9.
The slightly change of %Cs from 36.4 to 33.4 might be
due to the grafting PAAm chains which are able to
increase the interfacial adhesion between particle and
matrix.'® It was, therefore, concluded that the SPNR-
g-PAAm coated with PMMA particles was stable
under the rubbing conditions.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Effects of Cs value on R, and friction coefficient
of SPNR-g-PAAm surface coated with PMMA particles
(626 nm). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Effect of polydispersity of PMMA particles

The highest Cs value of 36.4% obtained from using
the largest size PMMA of 626 nm was still lower
than that of the calculated value using the random
sequential adsorption (RSA) model (54.7%) which
indicated the SPNR-¢g-PAAm surface could not be
completely covered. It should be noted that the pres-
ence of various complex particle-particle, particle-
surface or hydrodynamic interactions is not consid-
ered in the RSA model.'®

To increase the amount of PMMA particles on the
surface, the deposition of a mixture of latexes
having both large and small particle sizes of 162
and 626 nm on the rubber substrate was, therefore,
attempted. It was believed that the small particles
might adsorb into the interstices between large
particles.'® The %Cs values as a function of various
number ratios of the large to small particles (N : Ng)
are presented in Figure 10. The SEM micrographs of

(b) After rubbing
(6 cycles)

(a) Before rubbing
(0 cycle)

Figure 9 SEM micrographs of SPNR-¢-PAAm surfaces
coated with PMMA particles of 626 nm (a) before and (b)
after rubbing for six cycles
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the SPNR-g-PAAm surfaces at N, : Ngof 1:4,1:12,
and 1 : 17 are, respectively, displayed in Figure 11(a—)
while Figure 11(d) shows the AFM micrograph when
Np:Nswas1:17.

The results in Figure 10 revealed that the total Cs
value decreased with increasing Ny : Ng from 1 : 1
to 1 : 17. At a ratio greater than 1 : 17, the Cs
approached a constant value of about 16% which
might be explained by the selective deposition of the
smaller particles resulting in smaller surface cover-
age as shown in Figure 11. The increasing number
of Ng resulted in a decrease of %Cs. The reason for
size selection is a combination of three mechanisms,
i.e., (i) smaller particles diffuse faster to the surface
from the bulk solution, (ii) small particles adsorbed
on the surface may block a comparatively large area
for adsorption of larger particles, and (iii) small
particles can adsorb in the spaces between larger
particles, not accessible for the large particles
themselves."

The better distribution of large particles with
increasing the quantity of small particles was
observed in Figure 11(c). This might be due to the
high thickness of electrical double layer of the small
particle which, consequently, increased the space
between large particles and impeded their
approach.'®'” Similar effect of particle polydispersity
on surface coverage was previously reported when a
mixture of two silica particle sizes (100 and 500 nm)
were adsorbed onto Si substrate having polyelectro-
lyte multilayer formation.® It should be noticed that
at the Cs of 15%, the R, obtained when using
bimodal particle size in Figure 11(d) (105 nm) was
greater than that obtained when using monodispersed
PMMA particle (90 nm) as shown in Figure 8. The
increase in R, in the former case would increase RCA
and, hence, potentially reduce the surface friction of
rubber sheet.

A
18 {{{I{{

[} 1:5 1:10 1:158 1:20 1:25 1:30
N[_:Ns

Figure 10 Effect of number ratios of the large (626 nm) to
the small particles (162 nm) of PMMA latexes (N, : Ns) on
%Cs of the coated SPNR-g-PAAm surfaces. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

-~ m

{c) Ni:Ng = 1:17 (Cs=15.0%) (d) N.:Ms = 1:17 (Ra= 105.1 nm)
Figure 11 SEM micrographs of SPNR-¢-PAAm surfaces
deposited with a mixture of two PMMA latexes having
number ratio of large (626 nm) to small (162 nm) particles
(NL:Ng)of (@) 1:4(b)1:12 and (c) 1:17 and (d) AFM
micrograph at Ny : Ng of 1 : 17. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

CONCLUSIONS

At the same %Cs value, the high surface roughness
and, hence, low friction coefficient of the SPNR-g-
PAAm sheet were obtained from coating with
PMMA particle having large size (626 nm). By depo-
sition of the large PMMA particles, both surface
roughness and friction of the substrate could be fur-
ther decreased with increasing %Cs. An attempt to
cover the surface with the mixture of latex having
both small (162 nm) and large particle sizes
(626 nm) resulted in a better distribution of large
particles which caused a slightly increase in R,.
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In order to increase surface roughness of the sulphur-prevulcanized natural rubber (SPNR) film and,
hence, decrease the direct contact between the rubber and skin, the poly(methyl methacrylate) (PMMA)
latex particles were deposited onto the SPNR film grafted with polyacrylamide (SPNR-g-PAAm). The
surface coverage of PMMA particles on the SPNR-g-PAAm increased with increasing latex immersion

time, particle size and concentration. Prior to the in vitro cytotoxicity evaluation on L-929 fibroblasts,
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the SPNR and SPNR-g-PAAm coated with PMMA particles were extracted by using the culture medium.
Results showed that the cytotoxicity effect could be significantly reduced by coating PMMA particles
onto the rubber film. At the extract concentrations of <12.5% for 24 h at 37 °C, no toxicity potential was
detected. The study will be helpful for development of gloves designed for the hypersensitive person.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

With the aim to avoid the direct contact between hand and
object, especially in biomedical and electronic applications, don-
ning gloves is strongly recommended. Due to the good mechanical
properties of the thin film, sulphur-prevulcanized natural rubber
(SPNR) latex is generally used as raw material for glove manufac-
ture. However, it has been reported that NR latex gloves give rise
to certain health disorders in some sensitive individuals [1,2]. Two
types of substances that may cause allergic problems are Type I, the
naturally occurring non-rubbers from Hevea brasiliensis tree and
Type IV, the chemicals added into the latex, e.g., antioxidant [2-4].
The Type I reaction is immediate hypersensitivity, mediated by
immunoglobulin E (IgE) antibodies to specific proteins in the latex.
The symptoms of latex allergy are thought to be due to the mas-
sive localization or systemic release of histamine upon binding of
the protein allergen to the sensitized IgE-bearing mast cell [2,5-7].
The signs and symptoms may manifest from rhinitis to death. How-
ever, the prevalence of latex allergy in population is believed to be
very low. Although the leachable latex proteins might be increased
when sweats, no cytotoxic potentials to L-929 cells were observed
when gloves were extracted with distilled water or saline (9 g/L of
NaCl) at 50°C for 72 h [8].
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Besides the chemicals added into NR latex, lubricant powder
is sprinkled onto the gloves to facilitate donning and to prevent
the inner part of the glove from adhering to itself or to the skin
[9,10]. Unfortunately, the use of talc to dust the glove can be harm-
ful, e.g., to surgical wounds, inducing granuloma sarcoma [10]. The
problems of corn starch involving allergic reactions and serving
as a carrier for bacteria and germs were also reported [7,10]. Cur-
rently, the most effective method for preparing powder-free gloves
is by chlorination which, however, produces the dark colored and
poor ageing gloves. Alternatively, the easy route for reduction of the
glove-skin contact area or the surface friction of rubber is by poly-
mer coating [11]. However, friction, stretching or other activities
may cause the coating to easily peel-off even during storage [9]. In
order to improve the attachment to polymer coating and to mimic
the lubricant powder, deposition of the plastic nanoparticles, i.e.,
poly(methyl methacrylate) (PMMA), onto SPNR film grafted with
polyacrylamide (SPNR-g-PAAm) has been processed by using the
simple and versatile layer-by-layer (LbL) technique [12,13]. Due to
the electrostatic interaction, the monodisperse particles could be
firmly adsorbed onto the rubber surface, i.e., the amount of PMMA
particles on the SPNR-g-PAAm film did not significantly change
after applying with 7 stretched cycles.

Since the PMMA particles’ deposition reduced the direct con-
tact area between SPNR film surface and skin, the allergic potential
caused by the non-rubbers or additives would effectively decrease.
An in vitro test using cell culture, an effective method for rapid
evaluation employing standard protocols and produce quantita-
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tive data, was selected for the investigation of the cytotoxicity of
SPNR latex film coated with PMMA nanoparticles. Previous work
has shown that the latex gloves extracted with the culture medium
provided much stronger cytotoxic activity than those extracted
with distilled water or saline [8]. It was explained that both polar
and non-polar components are extracted by the culture medium
from the sample. Therefore, the RPMI-1640 medium was employed
for the extraction of SPNR-g-PAAm/PMMA and unmodified SPNR
followed by testing, according to ISO 10993-5, with a mouse fibrob-
last L-929 cell line [14]. The proliferation of L-929 fibroblasts was
investigated by counting the number of colonies forming under
optical microscope. Scanning electron microscope (SEM) was used
for the study of the effect of particle size of PMMA, synthesized by
a soap-free emulsion polymerization, on the surface coverage of
SPNR-g-PAAm.

2. Experimental
2.1. Materials

Methyl methacrylate (MMA) monomer (Fluka, Purum)was puri-
fied by passing through a column packed with neutral and basic
aluminium oxide (Fluka, Purum). The purified monomer was stored
at 4°C until use. Acrylamide (AAm) monomer (Fluka, Purum),
riboflavin (Sigma) and methanol (Merck, AR) were used as received.

SPNR latex (Dr. Boo Co. Ltd., Chonburi, Thailand) was filtered
through a 250 mesh aluminium screen before use. The total solid
content (% TSC) was determined by using the method described in
ASTM D 1076-97.

2.2. Deposition of PMMA particles onto SPNR sheet

The PMMA latexes with different sizes were prepared by
the soap-free emulsion polymerization process at various MMA
monomer contents (0.18-3.28 M) using potassium persulfate
(4 x 1074 M) as an initiator. The reaction was carried out at 80°C
for 2 h. The particle size and polydispersity index (PDI) were mea-
sured by using dynamic light scattering while the zeta potential
was measured by using a microelectrophoresis apparatus (Malvern,
Zetasizer nanoZS). Particle number (Np, per liter) was calculated
from the following equation [15]:

6Sc

N, =
P pnD}

(1)

where Sc is the solid content (g/L), o is the polymer density, and Dy,
is the average particle diameter. The remaining steps and charac-
terizations were described elsewhere [12].

Prior to PMMA particles’ deposition, the surface of SPNR latex
sheet (2.5cm x 5.0cm x 0.1 cm) was pretreated with Ar plasma
(Basic plasma kit BP-1, Samco) for 90 s. It was then immersed into
an aqueous solution of 5wt% AAm (40 mL) and 0.05 mM riboflavin
(2 mL) under UV (Mercury HPLN 1000 W, Phillips) for 30 min. After
rinsing with a jet of deionized water, the sample was left in a 60°C
water bath with continuous stirring for 16 h. The SPNR grafted with
PAAmM (SPNR-g-PAAm)was subsequently dipped into a beaker con-
taining PMMA latex (0.1-5 mg/mL) for 2-30 min. The sample was
washed with Milli-Q water via a series of three rinsing baths and
dried at room temperature [12]. SEM (S-2500, Hitachi) was used for
morphological study and for determination of the surface coverage
(Cs) as a ratio of the area of deposited PMMA particles to selected
area under SEM image (15 pm x 21 pm) [16].

2.3. Invitro cytotoxicity test

L-929 mouse fibroblast cells were cultured in RPMI completed
medium as previously described [17]. Cell viability was stained by

Table 1
Effect of MMA concentration on the particle size, PDI and particle number of PMMA
latexes.

MMA concentration (M)  Particle size Polydispersity Particle number/
(nm) index (PDI) mL (x1012)
0.18 162 +5 0.017 4.4
0.36 242 £ 4 0.014 4.7
1.46 364 + 2 0.019 4.6
2.19 480 + 4 0.045 4.0
2.92 558 £ 6 0.033 4.1
3.28 626 £+ 8 0.042 3.9

tryphan blue exclusion technique and the number of living cells was
counted with hemacytometer. The cell morphology and prolifera-
tion were observed under an optical microscope (CKX41, Olympus).

The cytotoxicity test was performed by colony-forming tech-
nique according to ISO 10993 Part 5 [14]. The samples (0.1 g) of the
SPNR-g-PAAm coated with PMMA particles and the unmodified
SPNR (positive control) were separately immersed into the com-
pleted medium (1 mL), i.e., RPMI-1640 supplemented with HEPES
(25mM), p-glucose (1.8 mg/mL), glutamine (2 mM), gentamicin
(40 mg/mL) and 10% heat-inactivated Fetal calf serum (FCS). After
incubation at 37°C under 5% CO, for 24 h, the extracted fraction
was serially diluted with the completed medium to attain 50, 25,
12.5 and 6.25% extracts. L-929 cells were seeded at the density of
100 cells/well in 24-well plates and incubated for 24 h. The cul-
ture medium (negative control) was then replaced by the diluted
extract medium. After 6 days, the number of colonies on each well
was counted under the microscope and %inhibition of cell growth
was evaluated. The P-value (P) was calculated from SAS Analysis
V6.12 software.

3. Results and discussion
3.1. Analysis of PMMA latex

Due to the fact that the soap-free emulsion polymerization
is based on homogeneous nucleation mechanism, PMMA parti-
cles with different sizes (95-100% conversion) were obtained from
varying the MMA contents. In the early stage of polymerization,
the persulfate radicals initiate the MMA monomer dissolved in the
aqueous phase to form oligomeric radicals. When reaching the crit-
ical chain length, which is 60-80 units for the MMA monomer, the
oligomeric radicals precipitate out of the aqueous phase and the
primary particles are formed [18,19]. The particles continuously
grow by using monomer transported from the monomer droplet.
Their stability maintained by adsorbing ionic fragment of the ini-
tiator molecules was confirmed by the negative zeta potential of
—33 mV. When the particle number is kept constant, particle size
of latex depends mainly on the monomer concentration.

Particle size, PDI and particle number of PMMA latex particles as
a function of MMA concentrations were determined and the data
are shown in Table 1.

From Table 1, particle size of PMMA latex increased with
increasing MMA concentration while the particle number was
almost constant. These results could be explained from the solubil-
ity of MMA in water. Since the MMA concentrations used in all cases
were greater than their water solubility (0.16 M), the non-initiated
MMA monomer could diffuse into the primary particles previously
formed in the initial stage of nucleation [20]. Consequently, the
particle diameter increased with increasing MMA concentration
whereas no new particles were generated and the latex particles
were kept stable [21]. The PDI and the particle number in Table 1
correlated well with the explanation within this monomer concen-
tration range [20].



330 W. Anancharungsuk et al. / Colloids and Surfaces B: Biointerfaces 78 (2010) 328-333

25-

20- i i
= 151 { I
s i { i
3 101 - i

s{ ¥ : .

EL g = © i

0 , . . . . .

0 5 10 15 20 25 30

Latex dipping time (min)

Fig. 1. %Cs values versus time used for dipping SPNR-g-PAAm films into PMMA
latexes having various sizes (pH 4, [PMMA] =0.1 mg/mL).

3.2. Effects of PMMA latex concentration and immersion time

The effect of PMMA particle size (162, 364, 480 and 626 nm),
deposited onto the SPNR film, on the percent surface coverage (%Cs)
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Fig. 3. Two-dimensional ordering of particles, having diameter of 2R, suspend in a
liquid layer of thickness, h, on a substrate: (a) the motion of particles in the liquid
layer whose thickness is much larger than the particle size and (b) the capillary
forces appear and give rise to aggregation when its thickness becomes comparable
or slightly smaller than the particle [26].

was investigated. Prior to the particles’ adsorption, the presence of
PAAm onto the SPNR-g-PAAm surface was confirmed by ATR-FTIR
spectra, showing the peaks of N-H stretching at 3357 cm~! and
(=0 stretching of the amide group at 1665 cm~!, and by the low
water contact angle of 29° [12,13]. The modified SPNR film was
subsequently immersed into the PMMA latex (0.1 mg/mL) at pH 4
and the Cs values plotted with dipping times are presented in Fig. 1.

gee113 135KY

026 nm

Fig. 2. SEM micrographs of SPNR-g-PAAm deposited by PMMA particles of (a) 162 nm, (b) 364 nm, (c) 480 nm and (d) 626 nm ([PMMA] =1 mg/mL, immersion time = 10 min).
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Fig. 4. Effect of concentration of PMMA latex having different particle sizes on %Cs
of SPNR-g-PAAm films (pH 4, immersion time = 10 min).

It was observed that the %Cs values linearly increased with
increasing immersion time from 2 to 20 min. The nearly con-
stant %Cs, after dipping for 20 min, might be due to the repulsive
force between particles in the latex and also those previously
adsorbed onto the substrate [22]. Based on the random sequential
adsorption (RSA) model, a geometrical jamming limit of the non-
interacting particles leads to the maximum Cs of 54.7% [23]. When
the particle-particle, particle-surface and hydrodynamic interac-
tions are considered, the %Cs in the experiment is obviously lower
than the RSA jamming limit [24].

Results also showed that the %Cs increased with increasing size
of PMMA particles. SEM micrographs of PMMA particles with dif-
ferent sizes adsorbed onto the SPNR-g-PAAm surface ([PMMA] =
1 mg/mL, immersion time = 10 min) are displayed in Fig. 2.

The more uniform PMMA particle distribution on the SPNR-
g-PAAm surface was observed in Fig. 2(a) when the smaller
particles were used. The aggregation of larger particle might be
due to the effect of capillary force which is the main contribution of
structural rearrangement of particles during the drying step [25].
The rearrangement of particles, having diameter of 2R, on a flat
plate with a liquid layer of thickness, h, caused from capillary force
is schematically presented in Fig. 3.

The particles in the top layer suddenly protrude from the thin-
ning liquid films when change from disordered state, Fig. 3(a), to the
ordered state in Fig. 3(b) [26]. The gravity plays the role of keeping
the film surface planar by the disjoining pressure. When the film is
thin enough, the capillary interactions between colloidal particles
are entirely governed by the surface tension and the effect of grav-
ity is negligible. The theoretical calculations show that the adhesion
force between particle and substrate is proportional to the particle
diameter, while the attractive capillary force between two particles
during drying is proportional to the square of the diameter [27,28].
Therefore, with an increase in diameter, the significant capillary
forces pull the particles together to form islands as observed in
Fig. 2(d). However, a detailed understanding of this effect is still
lacking.

In order to maximize the surface coating, the effect of PMMA
latex concentration on the %Cs of SPNR-g-PAAm film was then
studied (pH 4, immersion time = 10 min) and the data are displayed
in Fig. 4.

Fig. 4 clearly showed that, at fixed latex concentration, the larger
particle size provided the higher Cs value possibly due to the thin-
ner electrical double layer [16,29]. Moreover, for all particle sizes,
the %Cs increased with increasing the latex concentration until
5 mg/mL. It was explained that the high latex concentration favored
the repulsion among similar charged particles providing the great
collision between surface of the particle and that of the substrate
as mentioned earlier. However, for 5 mg/mL of the PMMA latex
with the largest size (626 nm), the slightly decrease of Cs value was
observed. It was believed that the aggregated particles impeded the
deposition of new particles on the surface [23].

Fig.5. SEM micrographs of (a) unmodified SPNR and (b) SPNR-g-PAAm coated with
PMMA particles (size =626 nm, Cs = 35%).

From these results, it was clearly observed that the highest Cs
value of 35% was achieved when the largest PMMA particle size of
626 nm was adsorbed onto the SPNR-g-PAAm. SEM micrographs of
the SPNR-g-PAAmM/PMMA compared with the unmodified SPNR are
shown in Fig. 5. These samples were selected for in vitro cytotoxic
testing in the further step.

3.3. In vitro cytotoxicity test on L-929 fibroblasts
Similar to other materials aimed for use in biomedical applica-

tions, the toxicity of latex gloves made of the SPNR-g-PAAm/PMMA
was evaluated. The recommended in vitro cytotoxicity test to L-



332 W. Anancharungsuk et al. / Colloids and Surfaces B: Biointerfaces 78 (2010) 328-333

100

[ Negative M Positive [0 SPNR-g-PAAM/PMMA

80

% Growth inhibition

Negative 6.25 12.5 25 50 100
Concentration of extract (%)

Fig. 6. Growth inhibitions of L-929 fibroblasts as a function of concentrations of
the extract of SPNR-g-PAAm/PMMA films compared with that of unmodified SPNR
(positive control) (extraction time 24 h, 37 °C) and of the medium without the extract
(negative control).

929 fibroblast cells related to hypersensitive users was performed
[30].

3.3.1. Effects of extract concentrations and time on growth
inhibition

Growth inhibition of L-929 fibroblast cells by the extract was
determined by colony-forming assays (CFA) [12,31]. Cells were
cultured under various concentrations of the test liquid extract
comparing to that of positive (SPNR) and the negative (without the
extract) controls. The number of cell colonies was examined at day
6 when cell proliferate and colonies formed were clearly observed
[31] and the data are shown in Fig. 6.

As compared to the negative control, <12.5% diluted sample
slightly affected the growth inhibition of L-929 cells (P < 0.01). The
higher concentration of the extract of 25, 50 and 100%, resulted in
the higher percentage of growth inhibition of the cells of 21, 66 and
75% inhibition, respectively. When compared with the unmodified
SPNR at the extract concentrations <25%, the significant decrease of

100
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£
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g
£ a0 -
2
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0 lch r . . . L]
Negative 3 6 9 24
Extraction time (h)

Fig. 7. Growth inhibition value of L-929 fibroblasts at various extraction times of
the SPNR-g- PAAm/PMMA films compared with the unmodified SPNR film (37°C,
100% extract concentration).

growth inhibition was clearly observed (P=0.02), i.e., the cytotoxi-
city was effectively reduced by the surface modification of coating
PMMA particles onto the SPNR-g-PAAm.

In order to mimic the physiological conditions, the extrac-
tion time of the SPNR-g-PAAm/PMMA and the unmodified SPNR
was decreased from 24 to 3 h at 37°C. The relationship between
extraction time and % growth inhibition when using 100% extract
concentration at day 6 is shown in Fig. 7.

It was noticed that, at short extraction times (<6 h), the % growth
inhibition of SPNR-g-PAAm/PMMA sample was lower than that of
SPNR (P < 0.02). At longer extraction times (>9 h), the growth inhi-
bition attained the maximum value of 75% in both cases. The data
indicated that the long extraction time resulted in the increase of
substance released from the sample and, hence, more cells growth
inhibition and toxicity [32,33]. From the results, it could be assumed
that the SPNR latex gloves modified by PMMA particles’ adsorption
could be considered to be safe under normal conditions.

Fig. 8. Morphology of L-929 cells incubated with negative control (a) and (b), positive control (c) and SPNR-g-PAAm/PMMA sample (d) (25% extract concentration, day 6

after culturing).
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3.3.2. Morphologies of L-929 fibroblasts exposed to SPNR and
SPNR-g-PAAm/PMMA

The optical micrographs of L-929 cells incubated with medium
extract of SPNR-g-PAAm/PMMA sample compared with the nega-
tive and positive controls are displayed in Fig. 8.

From Fig. 8(a) and (b), spindle-shaped and adherent cells grow-
ing as a confluent monolayer were observed. Similar to the negative
control in Fig. 8(b), the SPNR-g-PAAm/PMMA extract did not affect
morphology and cell proliferation as presented in Fig. 8(d), i.e.,
the cells spread out and exhibited a spindle to elongated shape
which revealed normal morphology and proliferation pattern. On
the contrary, the morphology of cells significantly changed, i.e.,
loss of spindle shape and detachment from the plate, when using
the unmodified SPNR sample as shown in Fig. 8(c). Moreover,
these cells could not continuously grow or proliferate. From these
results, it could be suggested that the SPNR extracted by the culture
medium had inhibitory effect on the growth of normal L-929 cell
lines, while the SPNR-g-PAAm/PMMA sample effectively reduced
the cytotoxicity.

4. Conclusions

When using the extract concentrations <25% for 24 h, the cyto-
toxicity of the SPNR film to L-929 mouse fibroblast cells was
effectively reduced by coating its surface with PMMA latex par-
ticles. At the maximum Cs, monitored by using large particle size,
long immersion time and high latex concentration, the growth inhi-
bition of the cells increased with increasing the concentration and
time of extraction. Although the maximum growth inhibition of
75% was induced by 100% extract concentration for 24 h, at the
extraction time <6 h, the 100% extract of SPNR-g-PAAm/PMMA sig-
nificantly reduced the toxicity to the cells. These findings proved
valuable for further in vivo toxicity and more intensive allergenic
investigations for developing of powder-free gloves.
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ABSTRACT: To prepare medical gloves containing dis-
infectant agent, poly(methyl acrylate) (PMA) with M,, of
550 K was synthesized via the iniferter technique and
then used for encapsulating disinfectant agent, i.e., chlo-
rhexidine digluconate (CHD), droplets. The CHD-PMA
nanocapsules suspended in a sodium dodecyl sulfate
aqueous solution having 93% encapsulation efficiency
were successfully embedded between the outermost and
inner layers of y-radiation vulcanized natural rubber

(RVNR) latex films by the coagulant dipping process. A
RVNR/CHD-PMA nanocapsules/RVNR three-layer struc-
ture was revealed by the contact angle measurement,
ATR-FTIR and SEM. Both the tensile strength and elonga-
tion at break of the three-layer film were also measured.
© 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 117: 1798-1803,
2010

Key words: elastomers; films; morphology; rubber; surfaces

INTRODUCTION

Natural rubber (NR) latex has been widely used for
the production of gloves for medical personnel.
Although NR has good mechanical properties which
are unmatched by most synthetic rubbers, the
gloves, especially those used by surgeons and den-
tists, are frequently perforated or torn during
employment due to needles or sharp objects.* Med-
ical gloves containing disinfectant droplets were,
therefore, developed.”* When the glove is punc-
tured, the antiseptic agent would neutralize infec-
tious agents carried by the needle and a significant
reduction of infection rate is obtained.’

It is worth mentioning that gloves made of syn-
thetic rubber are rather thick when compared with
gloves made of NR latex, hence, tactile sensation
and manual dexterity are decreased. The preparation
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of NR gloves containing chlorhexidine digluconate
(CHD), possessing activity against Gram-positive
and Gram-negative bacteria, in the form of nanocap-
sules has been studied.”® Recently, precipitation of
poly(methyl acrylate) (PMA) with weight average
molecular weight (M,,) of 470 K onto nanodroplets
of a CHD aqueous solution has been applied to pre-
pare nanocapsules by changing the gradient of
dichloromethane/cyclohexane.” The CHD-PMA cap-
sules were then redispersed in 2% w/v sodium
dodecyl sulfate (SDS) aqueous solution before
depositing onto the surface of y-radiation vulcanized
natural rubber (RVNR) latex sheet.

In this work, we report the preparation of a three-
layer thin film where the outermost and inner layers
were RVNR and the active middle layer containing
CHD-PMA nanocapsules (RVNR/CHD-PMA nano-
capsules/RVNR) by using the coagulant dipping
process. To obtain the capsule’s wall which is strong
enough to prevent any premature release, yet deli-
cate enough to break up under the required circum-
stances, the synthesis of PMA with M,, of 550 K was
attempted. The thermal iniferter technique based on
controlled radical polymerization under mild condi-
tions was selected for the PMA synthesis.” Increases
in encapsulation efficiency and capsule’s size which
would allow the effective release of the disinfectant
agent for neutralization of infectious agents were
aimed for. The water contact angle measurement,



NANOCAPSULES EMBEDDED IN NR LATEX GLOVES

attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR), and scanning electron
microscopy (SEM) were used for characterization of
the coated surfaces. The effects of coagulant
(Ca(NOz3),) concentration on the thickness, tensile
strength, and elongation at break of the RVNR/
CHD-PMA nanocapsules/RVNR  three-layer film
were also investigated.

EXPERIMENTAL
Materials

Methyl acrylate (MA) monomer (Fluka, Purum) was
purified by passing through a column packed with
neutral and basic aluminum oxide (Fluka, Purum)
and the iniferter, i.e., N-bromosuccinimide (Aldrich,
>98%) was recrystallized and dried under vacuum
before use. Other reagents, i.e., dichloromethane
(Lab-scan, AR), cyclohexane (Lab-scan, AR), metha-
nol (Lab-scan, AR), deuterated chloroform (Wimad),
tetrahydrofuran (THF) (Lab-scan, AR), soybean
phosphatidylcholine or lecithin (MP Biochemicals),
sodium dodecyl sulfate (Fluka, GC), 20% w/v CHD
(Sigma), calcium nitrate (Ca(NOj;),) (TSL chemicals,
AR), and Teric 16A16 (East Asiatic, AR) were used
as received. The commercial RVNR latex was kindly
supplied by the Siam Okamoto Co. (Pathumthani,
Thailand).

Synthesis of PMA

Polymerization of PMA using the thermal iniferter
was carried out according to the method previously
reported.'’ The PMA were synthesized by mixing N-
bromosuccinimide (0.68 x 10 >M) with MA mono-
mer (11.11M) for 300 min. The M,, of the PMA was
determined by gel permeation chromatography
(Waters, 150-CV) at 30°C using THF as eluent. For
the chemical structure and end group analysis, PMA
(10 mg) dissolved in CDCl; (2 mL) was analyzed by
proton-nuclear magnetic resonance spectroscopy
(*H-NMR) (Bruker, DPx400).

Preparation of CHD-PMA nanocapsules

The CHD-PMA nanocapsules, stabilized by lecithin
(100 mg), in cyclohexane were prepared by using
the controlled nanoprecipitation technique described
elsewhere.®® 0.5% w/v SDS aqueous solution (10
mL) was then added into cyclohexane (10 mL) con-
taining the nanocapsules. After evaporation of the
cyclohexane by using a rotary evaporator (Buchi,
Rotavapor R200) at 40°C for 15 min, the capsules
suspended in SDS aqueous solution were obtained.
The sizes of the CHD nanodroplets and CHD-
PMA nanocapsules were measured with a dynamic
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light scattering apparatus (Malvern, Zetasizer
NanoZS). The charge density of the nanocapsules
redispersed in SDS aqueous solution was deter-
mined by a microelectrophoresis apparatus (Mal-
vern, Zetasizer nanoZS). The morphology of the
CHD-PMA nanocapsules was examined by Trans-
mission Electron Microscopy (TEM) (JEOL, JEM-
2010). The encapsulation efficiency was determined
by using "H-NMR, where deuterated water and a
known amount of pyrazine were applied as an
external solvent and a calibration product, respec-
tively.® The mass of CHD in a nanocapsule was cal-
culated from the area ratio of peaks at 7.66 to 9.07
ppm corresponding to aromatic-protons of CHD and
pyrazine, respectively.

Preparation of RVNR/CHD-PMA
nanocapsules/RVNR three-layer films

The three-layer film of RVNR/CHD-PMA nanocap-
sules/RVNR was prepared by the coagulant dipping
process. A glass mold was first immersed for 5 s in
various concentrations of Ca(NO;), coagulant solu-
tion (5, 10, and 15% w/v) mixed with nonionic wet-
ting agent (0.1% w/v Teric 16A16). Thereafter, the
mold was dipped in 45% total solid content of
RVNR latex. The middle layer containing disinfect-
ant agent was produced by dipping the partially dry
first layer in 5% w/v Ca(NO;), for 5 s and, subse-
quently, in 1% CHD-PMA nanocapsules redispersed
in SDS aqueous solution for various dipping times.
The sample was washed with Milli-Q water via a se-
ries of three rinsing baths and dried at room temper-
ature before being analyzed by water contact angle
measurement (G-1, Kruss). Each value of the contact
angle reported is the average of at least 10 separate
drops of water on a given surface. ATR-FTIR spectra
of the samples were recorded on a Bruker EQUI-
NOX 55 spectrometer (32 scans at 4 cm ' resolution)
by employing a Ge ATR crystal with face angle of
45° in a single-reflection mode.

The outermost layer was subsequently prepared
by following the same procedure as that used in the
first step. Finally, the three-layer thin film was dried
in an oven at 65°C for 15 min. The surface morphol-
ogy of RVNR inner and outer layers and that of
CHD-PMA nanocapsules deposited onto the rubber
film was examined by SEM (Hitachi, S-2500).

The thickness of the three-layer film was meas-
ured with a digital caliper (KEIBA) at 10 different
areas of each sample. The dumbbell specimens were
used for tensile testing (Instron, model 5566),
stamped out of the three-layer film by using a sharp
die according to DIN 53504. For each sample, at least
five specimens were tested with a crosshead speed
of 100 mm/min using a load cell of 1000N.

Journal of Applied Polymer Science DOI 10.1002/app
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RESULTS AND DISCUSSION
Characterization of CHD-PMA nanocapsules

The synthesized PMA having M,, of 550 K and mo-
lecular weight distribution (M,,/M,,) of 1.6 was used
for the preparation of capsule’s shell. The size of
monodisperse CHD droplet was 251 = 7 nm, whereas
that of the nanocapsules suspended in cyclohexane
and in SDS aqueous solution were 385 * 7 and
386 = 18 nm, respectively. The zeta potential value
of the CHD-PMA nanocapsules in SDS aqueous so-
lution which was constant at about —95 mV, con-
firmed the electrostatic stabilization of the capsules
in the medium. From the similar size of CHD-PMA
nanocapsules in both media, it can be deduced that
a tight molecular interlocking of the long PMA
chains effectively entrapped the CHD. The result
was confirmed by the high-encapsulation efficiency
of CHD-PMA nanocapsules dispersed in cyclohex-
ane (100%) and those redispersed in SDS aqueous
solution (93%), as determined by '"H-NMR. A well-
defined structure of nanocapsules redispersed in
0.5% SDS aqueous solution, observed under TEM, is
shown in Figure 1.

Characterization of CHD-PMA nanocapsules
deposited onto RVNR latex film

Water contact angles of the CHD-PMA nanocapsules
deposited onto the RVNR latex film are plotted in
Figure 2 versus dipping times.

The results show that the water contact angle of the
RVNR surface covered with CHD-PMA nanocapsules
abruptly decreased from 95° to 46° within the first

Figure 1 TEM micrograph of CHD-PMA nanocapsules
redispersed in 0.5% of SDS aqueous solution.
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Figure 2 Water contact angles of RVNR film coated with
CHD-PMA nanocapsules as a function of dipping time.

3 min of dipping time. After immersing for 3 min, the
contact angle approached a constant value, which
implies complete coverage of the CHD-PMA nano-
capsules on the rubber surface. The low water contact
angle confirms the presence of CHD-PMA nanocap-
sules, whose surface beared lecithin and/or SDS mol-
ecules. The present results agree with the values of
water contact angle of poly(ether urethane) grafted
with lecithin and the gelatin particles stabilized by
SDS which were 43° and 50°, respectively.'''?

The ATR-FTIR spectra of RVNR and CHD-PMA
coated-RVNR films are shown in Figure 3 as a func-
tion of dipping time.

In the spectrum of RVNR, characteristic peaks at
2961, 2922, 2856 (C—H stretchin§), 1450, 1378 (C—H
bending of —CHj) and 837 cm™ (C—H deformation
of cis C=C—H) are seen. In addition, a weak C=0
stretching band is observed at 1725 cm ™' due to a
trace amount of carbonyl groups generated during
vulcanization.'® After deposition of PMA nanocap-
sules, the spectra show an intense C=O stretching
mode associated with carbonyl of PMA at 1730
cm "' The two observable peaks related to CHD

1000

3500 3000 2500 2000 1500

Wavenumber (cm™)

Figure 3 ATR-FTIR spectra of RVNR and CHD-PMA
nanocapsules deposited onto the RVNR surface for various
dipping times.
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Figure 4 ATR-FTIR SPectra of CHD, PMA, SDS on
RVNR, SDS treated Ca?" on RVNR, and CHD-PMA nano-
capsules deposited on RVNR with different dipping times
(10, 30, and 60 s) after subtraction of the RVNR spectrum.

appear in the spectrum of nanocapsules deposited
onto RVNR sheet, i.e., (1) the broad band at 3450
cm™!, possibly attributable to N—H stretching; and
(2) an absorption peak at 1500-1650 cm ™' from C=C
stretching of the aromatic moiety in the CHD mole-
cule.”!® The result strongly supports that CHD-
PMA nanocapsules are deposited onto the RVNR
surface. However, the band characteristics of RVNR
is still clearly observed in all samples with dipping
times of 10, 30, and 60 s, indicating penetration of
the infrared beam through the capsules layer to the
RVNR base layer.

Complex vibrational modes in the region of 1600
1000 cm ™" are also observed in the spectra. To inves-
tigate the origin of these bands, the RVNR spectrum
was subtracted from those of the capsule-coated
samples to eliminate the rubber characteristics.
These spectra are compared with those of PMA,
CHD, SDS, and Ca’*-treated SDS in Figure 4. All
difference spectra show combinations of band char-
acteristics of PMA at 1730 cm™ !, CHD at 1641 and
1530 cm !, and SDS at 1245 and 1214 cm ™' (asym-
metric SO, stretching), respectively.'” An increase in
intensities of these vibrational modes as a function
of dipping time indicates an increase in the degree
of nanocapsules deposition.
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Intriguingly, the spectra show changes in the
vibrational modes of sulfate groups of SDS, i.e., two
bands are observed at 1245 and 1214 cm ' in the
spectrum of the sample prepared using a dipping
time of 60 s. This is similar to those found in the
spectrum of the original SDS (neutralized by Ca®*-
cations). However, a new band is found at 1278
cm ! in the spectra of the samples prepared using
dipping times of 10 and 30 s. This band is probably
due to sulfate groups bound with Ca*", as also
observed in the spectrum of Ca”'-treated SDS. The
existence of this mode in the samples with dipping
times of 10 and 30 s indicates the formation of elec-
trostatic interaction between Ca®" located at the
RVNR surface and SDS molecules on the nanocap-
sules, which plays a key role in the initial stage of
deposition. When the submersion time reaches 60 s,
the band disappears, i.e., the interaction has dimin-
ished. This is because the nanocapsules are probably
fused together and fully cover the RVNR surface,
which prevents the formation of such interaction in
the later stage of deposition. Nonetheless, the exis-
tence of the two lower frequency bands indicates the
presence of SDS molecules in the nanocapsules
layer.

The SEM micrographs of RVNR sheet and RVNR
sheets covered with CHD-PMA nanocapsules as a
function of dipping time are displayed in Figure 5.

2800816 1SKY X1.e@eK 30un 800816 15KY X1.@8K 38un

200827 15Kv Xi

008811 15KY X1.08K 3Bum

Figure 5 SEM micrographs of (a) RVNR sheet and RVNR
sheets covered with CHD-PMA nanocapsules as a function
of dipping time; (b) 30 s, (c) 5 min, and (d) 10 min.
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Figure 6 Effect of Ca(NO;), concentration on the thick-
ness of RVNR/CHD-PMA nanocapsules (dipping time for
30 s)/RVNR three-layer film.

A flat and smooth surface of the former is observed
in Figure 5(a) when compared with the rough sur-
face caused by the deposited CHD-PMA nanocap-
sules in the latter [Fig. 5(b—d)]. Because of the low
glass transition temperature (T,) of the PMA shell
(15°C), the nanocapsules could fuse and form a film
at room temperature.’® From the micrographs, it can
be deduced that the multilayer deposition took place
by bridge formation of the nanocapsules to the rub-
ber surface.'’

Tensile properties and morphology
of the three-layer film

Effect of coagulant concentration

The thickness of the RVNR/CHD-PMA nanocap-
sules/RVNR three-layer film obtained by using vari-
ous concentrations of Ca(NOj3), coagulant was meas-
ured and the data are presented in Figure 6.

The results show that the thickness of the RVNR/
CHD-PMA capsules/RVNR three-layer film increased
proportional to the Ca(NOj;), concentration. This is
because the higher amount of coagulant on the mold
caused a higher rate of diffusion of the coagulant
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TANPANTREE ET AL.

25 950
- % F 900 ~
£ s
g 20 | - 850 <
= g
k) F 800 =
; E
= # - 750 §
% 15 4 < Tensile strength L 700 §‘
S ® Elongation at break 2
- 650 =

10 T T T T T T T 600

0 2 4 6 8 10 12 14 16
Ca(NO,), concentration (%w/v)

Figure 7 Effect of Ca(NOj), concentration on tensile
strength and elongation at break of the RVNR/CHD-PMA
nanocapsules/RVNR three-layer films.

into the latex.”**' Without using coagulant, the three-
layer film obtained was not uniform.

Because of the fact that some defects of the multi-
layer thin film might occur during the dipping pro-
cess, the mechanical properties of the samples as a
function of coagulant concentration were measured.
The tensile strength and elongation at break of the
three-layer films plotted versus Ca(NOj), concentra-
tions are presented in Figure 7.

As observed in Figure 7 both tensile strength and
elongation at break of the three-layer thin film line-
arly increase with increasing Ca(NOj), concentra-
tion. The high mechanical properties can be inter-
preted as the result of interparticle crosslinking
through the Ca*" and also of the high film thickness
as presented in Figure 6. On the other hand, the
thin film obtained without using Ca(NOs), pos-
sessed low tensile strength and elongation at break,
possibly due to defects, e.g., pinholes, generated
during processing.*!

Surface morphology

The SEM micrographs in Figure 8 show the surface
morphologies of (a) the inner RVNR layer; (b) the

006085 1SKY

X2.88K 15.0um

Figure 8 SEM micrographs of the surfaces of (a) inner RVNR layer; (b) RVNR film coat with CHD-PMA nanocapsules

(dipping time = 30 s); and (c) the outermost RVNR layer.
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RVNR film with CHD-PMA nanocapsules (dipping
time = 30 s, using 5% Ca(NOj3), as coagulant), and
(c) the outermost RVNR layer.

It is observed in Figure 8(a) that the RVNR inner
layer exhibits a rather smooth surface which might
be attributed to slippage of the wet deposit formed
on the mold. Figure 8(b) shows CHD-PMA nanocap-
sules deposited onto the inner RVNR layer. The
multilayer of CHD-PMA nanocapsules covers the
RVNR surface and the capsules are fused together
due to the low T, of the PMA shell. Finally, the out-
ermost layer of RVNR was coated onto the nanocap-
sules middle layer, producing the three-layer thin
film. The homogeneous and smooth surface mor-
phology of the outer RVNR layer in Figure 8(c) con-
firms the advantage of multidipping where the pin-
holes running through the whole film, if at all
existent, are absent. From the micrographs, it can be
deduced that the RVNR/CHD-PMA nanocapsules/
RVNR three-layer thin film has a suitable structure
for further development of disinfectant medical
glove’s production due to the potential release of
CHD for neutralization of infectious agents.

CONCLUSIONS

The size, shell thickness, and encapsulation effi-
ciency of CHD-PMA nanocapsules were significantly
improved when using a PMA shell with M,, of 550
K. The presence of nanocapsules on the RVNR latex
sheet was deduced from the low contact angle value
and ATR-FTIR spectra. Under SEM, multilayers of
nanocapsules deposited onto the rubber with vari-
ous dipping times were clearly observed. The coagu-
lant dipping method was successfully used for prep-
aration of the RVNR/CHD-PMA nanocapsules/
RVNR three-layer thin film whose thickness and ten-
sile properties increased with increasing concentra-
tion of coagulant. From SEM micrographs, it could
be deduced that a three-layer structure was
obtained, where the outermost and inner layers
were RVNR and the active middle layer contained
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CHD-PMA nanocapsules. This structure was suitable
for further development of disinfectant medical
glove’s preparation for the potential release of CHD
for neutralization of the infectious agents carried by
needles commonly used in medical practice.
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Abstract: Sulphur-prevulcanised skim (SPVS) rubber particles were heterocoagulated on an aggregate of a disin-
fectant agent (chlorhexidine digluconate; CHD)-poly(methyl acrylate) (PMA) nanocapsules. The CHD-PMA nano-
capsule stabilized by lecithin was prepared using the modified nanoprecipitation of PMA from an organic
continuous phase onto nanodroplet containing the CHD aqueous solution. Cationic and anionic nanocapsules were
produced by separately redispersing the nanocapsules into a water and 0.5% sodium dodecy! sulphate (SDS) aque-
ous solution, respectively. The largest aggregate, which was obtained from homocoagulation of the CHD-PMA
nanocapsules with opposite charges, was selected as a core surrounded with SPVS shell particles. An interpolymer
complex between poly(ethylene oxide) (PEO) moieties adsorbed on the aggregate and indigenous surfactant (pro-
tein-lipid) and/or SDS on the SPVS particle surface was the driving force for heterocoagulation. Data from the size,
zeta potential measurements and TEM images of the heterocoagulated CHD-PMA/SPVS indicated the composite

particle containing the CHD-PMA core.

Keywords: heterocoagulation, capsule, composite, skim, nanoparticle.

Introduction

The tri-layer glove consisting of disinfectant agent between
two elastomeric layers is desired for minimising the risk of
infection that might result from the glove’s puncture.** For
loading a disinfectant liquid in between two thin rubber lay-
ers, microcapsules comprising an inner core of active agent
enveloped by polymer shell are of great interest especially
in processing. The liquid-filled capsules dispersed in an
aqueous medium can be easily prepared and simply incor-
porated into rubber films via a sequential dipping process.>*
Recently, the well-defined nanocapsules containing disin-
fectant agent possessing wide spectrum of activity against
Gram-positive and Gram-negative bacteria, i.e., chlorhexi-
dine digluconate (CHD) salt, have been prepared employing
the controlled nanoprecipitation of poly(methyl acrylate)

*Corresponding Author. E-mail: scptb@mahidol.ac.th

S(_D) The Polymer Society of Korea

(PMA) onto the inverse miniemulsion droplets of CHD
aqueous solution.*® The deposition of PMA from the
organic phase onto the CHD nanodroplets was achieved by
evaporating off the solvent (dichloromethane) from the
mixture of solvent/non-solvent (dichloromethane/cyclo-
hexane). Increasing the amount and weight average molecu-
lar weight (My) of PMA, the encapsulation efficiency of
the disinfectant agent was significantly increased.” After
the redispersion of nanocapsules (M, of PMA = 550 K)
into 0.5% wi/v sodium dodecyl sulphate (SDS) aqueous
solution, the maximum remaining amount of CHD in the
capsules with an average size of 386 + 18 nm was found to
be as high as 93%. The incorporation of CHD-PMA nano-
capsules into the jradiation vulcanised natural rubber
(RVNR) films was achieved by using the coagulant dip-
ping process. The nanocapsules in the middle layer were
then coated with another RVNR layer to finally furnish a
tri-layer film.
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With the aim to increase the compatibility between disin-
fectant nanocapsules and sulphur-prevulcanised natural rub-
ber (SPNR) latex film generally used for preparing the
gloves, the sulphur-prevulcanised skim (SPVS) particles
were applied as the CHD-PMA nanocapsule’s shell in the
present study. It was reported that after prevulcanisation by
sulphur, the skim latex, a by-product obtained from the con-
centrating process of natural rubber (NR) latex, shows a
uniform crosslink in each particle.” This would result in the
formation of a coherent film with good mechanical proper-
ties. The SPVS (average diameter 134 nm) was, therefore,
used as agglomerating latex in the heterocoagulation proc-
ess for the preparation of composite particle containing NR
core (average diameter 750 nm). This process involves
agglomeration, mainly based on neutralisation, of smaller
particles onto a larger particle of another polymer. Core-
shell particles are obtained by heating the system at temper-

Catiomic CHD-PMA Anionic CHD-PMA
nanocapsule nanocapsule
~PMA

Aupascnit Phirg SDS pquacas SoHIDON

Homocoagulated
CHD-PMA

ature above the glass transition temperature (T,) of smaller
particles. Different types of monomer pairs, even in the case
of hydrophilic core and hydrophobic shell, and polymer-
inorganic colloids having electronic, optics and electrochro-
mic properties can be prepared by using this process.®*? The
main factors controlling the core-shell particle are: i) the
optimum number of smaller particles covering a larger core
particle for shell formation, ii) a large contrast between the
charges of larger and smaller particles provides a strong
driving force to counter balance the repulsion between the
similarly charged particles and, iii) the relationship of poly-
mer surface energies of core and shell polymer particles
expressed by Young’s equation.’? However, an interpolymer
complex principle based on the interaction between
poly(ethylene oxide) (PEO) of a nonionic surfactant (Noni-
det) adsorbed on the SPVS particles and indigenous sur-
factant (protein-lipid) on the NR particle was also successfully
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Figure 1. Schematic of the preparation of heterocoagulated CHD-PMA/SPVS.
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applied to prepare the heterocoagulated NR/SPVS.” Results
from the zeta potential measurement and toluene-resistance
of the film casted from the composite latex compared with
the NR film indicated the existence of SPVS at the outer
layer. The heterocoagulation technique was applied for the
preparation of core-shell of CHD-PMA/SPVS particle in
this work. Since the size of CHD-PMA nanocapsule was
similar to that of SPVS particle, the aggregate CHD-PMA
nanocapsules were first prepared for further used as a core
in the heterocoagulation process. Besides providing the
large core size, the volume fraction of CHD in the compos-
ite CHD-PMA/SPVS particle would be increased without
CHD droplet coalescence. In the process, the CHD-PMA
nanocapsules, stabilised by lecithin, in cyclohexane were
separately redispersed into an aqueous phase and 0.5% SDS
aqueous solution to obtain the cationic and anionic nano-
capsules, respectively. These two types of nanocapsules
were then homocoagulated to form a large aggregate which
was used as a core particle in the subsequent step. Since
both the aggregate core and SPVS shell particles possessed
negative charges, a nonionic surfactant (Nonidet) bearing
PEO moieties was adsorbed onto the anionic aggregate and
formed the complex with protein-lipid and/or SDS on the
SPVS particle surface. The overall procedure is schemati-
cally presented in Figure 1. The zeta potential, size and
morphology of composite particles were investigated.

Experimental

Materials. Skim latex (Pan Asia Bio Tech Co., Thailand)
was prevulcanised by using sulphur (S; EMCO Intertrad
Co.), zinc diethyldithiocarbamate (ZDEC; EMCO Intertrad
Co.) and zinc oxide (ZnO; Global Chemical Co.) as described
elsewhere.” Particle size and zeta potential of skim and
SPVS latices were measured by using a dynamic light scat-
tering (DLS) apparatus and a microelectrophoresis (Malv-
ern, Zetasizer Nano ZS). The morphology of the particles
mounted on a carbon-coated copper grid was studied by
TEM (JEOL, JEM-2010).

Methyl acrylate (Fluka, Purum) monomer was purified by
passing through a column packed with neutral and basic
aluminium oxide (Fluka, Purum). Potassium hydroxide
(Merck), sodium dodecyl sulphate (SDS; Fluka), acetone
(Lab-scan), hydrochloric acid (Merck), sodium hydroxide
(Lab-scan), chlorhexidine digluconate (20% in water, Sigma),
potassium persulfate (KPS; Fluka), soybean phosphatidyl-
choline or lecithin (MP Biochemical), dichloromethane
(Lab-scan), cyclohexane (Lab-scan), ethanol (Fluka), meth-
anol (Lab-scan), hexadecane (Fluka), tetrahydrofuran (Lab-
scan) and pyrazine (Merck) were used as received.

Preparation of CHD-PMA Nanocapsules. PMA was
synthesised via the miniemulsion polymerisation process as
previously described.” The weight average molecular weight
(My) of PMA was determined by a gel permeation chro-
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Table 1. The Formulation Used for Preparation of CHD-PMA
Nanocapsules

Ingredients Amount
PMA 0.15¢g
Lecithin 0.10g
Dichloromethane 12.0mL
Cyclohexane 12.0 mL
CHD solution 0.5mL

matography (Waters/600/2414/600 equipped with refractive
index detector). .

CHD-PMA nanocapsules (M,, of PMA =250 K) were
prepared by using the modified nanoprecipitation technique
as described elsewhere.*® The formulation used for prepara-
tion of CHD-PMA nanocapsules is shown in Table I.

For determination of the encapsulation efficiency, the
nanocapsules were separated by centrifugation at 1,4000
rpm for 40 min and were carefully dried at room tempera-
ture before dissolving in a mixture of THF and ethanol.
Deuterated water and a known amount of pyrazine were
applied as an external solvent and a calibration product for
the quantitative analysis of the encapsulation efficiency by
'H NMR (Bruker, DRX 400).

Encapsulation efficiency (%) =

Mass of CHD in nanocapsules

Mass of CHD in formulation x100

Mass of CHD in nanocapsules was calculated from the
area ratio of peaks at 7.66 to 9.07 ppm corresponding to aro-
matic-protons of the CHD and pyrazine respectively.®

Preparation of CHD-PMAJ/SPVS Core-Shell Particle.
To obtain cationic and anionic nanocapsules, the CHD-
PMA nanocapsules in cyclohexane were, separately, redis-
persed in deionised water and 0.5% w/v SDS aqueous solu-
tion (1:1), respectively. After evaporation of the cyclohexane by
using a rotary evaporator (Buchi, Rotavapor R200) at 40 °C
for 15 min, the nanocapsules suspended in deionised water
and in SDS aqueous solution were obtained. The nanocap-
sules with opposite charges were then mixed in an Erlenm-
eyer flask under stirring for 10 min at room temperature.
The weight ratios of cationic to anionic nanocapsules were
varied from 90:10 to 10:90. The size and zeta potential of
aggregate were examined and the morphology was investi-
gated under TEM.

The homocoagulated CHD-PMA at the weight ratio of
cationic to anionic nanocapsules of 40:60 was selected for
use as the core of CHD-PMA/SPVS composite particle.
Nonidet (10% by weight of dried nanocapsules) was first
added into the aggregate before shaking (IKA, VIBRAX
VXR basic) for 24 h. The amount of adsorbed Nonidet was
deduced from the quantity of an aqueous solution of 0.5 M
CaCl, added to provoke the visible coagula.” A known
amount of 1% homocoagulated CHD-PMA (Nonidet) was
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mixed with 1% SPVS latex at pH 2 in an Erlenmeyer flask
at room temperature. The blending ratio was calculated from
the theoretical number (N5 Of the shell particles required
to form a closely packed particulate monolayer on a core
particle from the following equation.”9*2

Ny, = 2_7’[_R°+ RST
max A/é RS
where R, and Ry are the radii of core and shell particles,
respectively. The ratios of the homocoagulated CHD-PMA
(Nonidet) core to SPVS shell particles in the blends were
varied from Npa, Nmaxd2, Nmad4 10 Nppaxd8.

The size, zeta potential and morphology of the CHD-
PMAJ/SPVS composite latex particle were examined.

Results and Discussion

General Characteristics of the Latex. Prior to using SPVS
as agglomerating particles for the preparation of CHD-
PMAJ/SPVS composite particle, the size, zeta potential,
degree of crosslink and morphology of SPVS particles were
investigated. The size distribution curves of skim and SPVS
latices, measured by using the DLS technique, are shown in
Figure 2(a).

Results showed that both skim and SPVS latices exhibited
a unimodal size distribution. The average particle size of
skim was 148 + 2 nm which was in good agreement with
the previous data obtained from the photon correlation spec-
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Figure 2. Characteristics of skim and SPVS latex particles (a)
size distributions and (b) zeta potentials versus pH.
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troscopy (124 nm) and AFM images (200 nm).**** For SPVS,
its average particle size was found to be 164 £ 2 nm. The
shift in the size distribution curve of SPVS from the skim
latex was only marginal which possibly resulted from the
SDS added during the prevulcanisation. It was reported that
the addition of SDS in NR latex enhanced the mechanical
and chemical stabilities of the latex by rearranging the
indigenous soaps and making them more effective as stabi-
lisers.®*® By considering the particle charge as a factor
affecting the movement of the particle through a fluid, the
more highly charged particles would move slower than
those of the lower charge.” Based on the DLS technique,
when a light photon hits a moving particle, the frequency of
the scattered light will be different from the incident fre-
quency, depending on whether the particle is moving
towards or away from the observer. From the extent of this
Doppler broadening, the diffusion coefficient (D) and the
mean radius of particle (r) can be determined from D = kT/
67zn7r where k is Boltzmann constant, T is temperature and 7
is viscosity of fluid medium.*® This principle supported the
fact that the size of higher charged SPVS particles was
slightly larger than that of lower charge skim particles. The
explanation was confirmed by the zeta potentials deter-
mined at various pHs as shown in Figure 2(b). The results
indicated the amphoteric characteristic of skim and SPVS
particles with an isoelectric point (pl) at about pH 2.8. The
particles possessed positive charge when the pH was below
2.8 and rapidly changed to negative above this pH. This
amphotericity confirmed the presence of amino acids on the
rubber particle surface. However, the pl value was lower
than that of normal proteins (4.0-6.0) which can be explained
that, in addition to proteins, fatty acids are also present on
the particle surface as generally observed in NR latex.”*
Results showed that the absolute value of zeta potential of
SPVS was insignificantly higher than that of the skim latex.
The similar effective charge on both types of particles might
be responsible for the equal velocity of these colloidal parti-
cles in an electric field.

TEM micrographs of an air-dried skim and SPVS latex
particles prevulcanised for 5h are shown in Figures 3(a)
and (b), respectively.

A clear-cut boundary or the contour of the SPVS particle
in Figure 3(b) as compared to that of the skim particle in
Figure 3(a) was clearly observed. Due to the fact that the
diluted latices were dropped and then dried on a copper grid
in the sample preparation step, the harder SPVS particle, in
which chemical crosslinking of rubber chains takes place
internally, would restrict the chain mobility and retain its
shape. In contrast, the particle contours of non-crosslinked
skim particles disappeared, resulting in blurred spots.”® The
result also agreed with the internal morphology of prevulca-
nised latex particles examined by the phase transfer/bulk
polymerisation/TEM technique which revealed the uniform
crosslink structure of SPVS particles.”
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Figure 3. TEM micrographs of (a) skim and (b) SPVS latex par-
ticles prevulcanised for 5 h (%swelling ratio = 220).
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Figure 4. Size distributions of CHD-PMA nanocapsules in (a)
cyclohexane phase, (b) aqueous phase (cationic nanocapsule), and
(c) 0.5% w/v SDS solution (anionic nanocapsule).

Analysis of CHD-PMA Nanocapsules. The CHD-PMA
nanocapsules dispersed in cyclohexane were prepared by
the modified nanoprecipitation of PMA (M,, = 250 K) onto
nanodroplets consisting of CHD aqueous solution. The nano-
capsules suspended in cyclohexane were then redispersed in
an aqueous phase and in 0.5% w/v SDS aqueous solution to
produce cationic and anionic nanocapsules, respectively.
The size distribution curves are presented in Figure 4.
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Figure 5. '"H NMR spectra used for determination of the encap-
sulation efficiency of nanocapsules suspended in (a) cyclohex-
ane and (b) aqueous phase.

Results showed that the average size of CHD-PMA nano-
capsules in cyclohexane was 390 + 1 nm. After the redisper-
sion into an aqueous phase, their average size decreased to
190 = 2 nm. The remaining amount of the CHD in nanocap-
sules suspended in cyclohexane and those in redispersed
nanocapsules were 100 and 86% respectively. This was due
to the diffusion of CHD caused by an osmotic pressure dif-
ference between the internal nanocapsule and the continuous
phase.* The *H NMR spectra used for determination of the
encapsulation efficiency in both cases are shown in Figure 5.

In addition, the average size of the nanocapsules in SDS
aqueous solution (anionic nanocapules) was slightly larger
(220 = 2 nm) than those redispersed in the aqueous phase
(cationic nanocapsules). This might be due to the rearrange-
ment of lecithin on the nanocapsule’s surface as previously
proposed.® In an aqueous medium, lecithin rearranged by
turning its hydrophilic positive head groups towards the
continuous phase.?? The zeta potential of +82 mV mea-
sured directly as prepared (pH 5.1) confirmed the role of
choline [N*(CHj3);] moieties of lecithin on the nanocapsules.
On the contrary, the nanocapsules suspended in the SDS
aqueous solution exhibited the negative charge with the zeta
potential of -92 mV at the prepared pH (pH 4.7). This was
caused by the adsorption of an alkyl chain of SDS onto the
hydrophobic part of lecithin without turning the positively
charged choline moieties to the top layer.”** The repulsion
of anionic nanocapsules resulted in the expansion of their size.

Homocoagulation of CHD-PMA Nanocapsules. Before
preparing CHD-PMA/SPVS core-shell particle, the size of
core was increased by homocoagulation of CHD-PMA
nanocapsules. At pH of about 4-5, the difference of zeta
potential values between the cationic and anionic nanocap-
sules was at maximum, the nanocapsules having oppositely
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Figure 6. Sizes of homocoagulated CHD-PMA nanocapsules at

weight ratios of cationic:anionic varying from 90:10 to 10:90.

charges would effectively form an aggregate at this pH. The
sizes of homocoagulated CHD-PMA or aggregates at vari-
ous blending ratios are presented in Figure 6.

Results showed that the size of homocoagulated CHD-
PMA increased with the increasing amount of anionic nano-
capsules from 10 to 60%. The largest aggregate with the
average size of 415 + 44 nm was obtained when the weight
ratio of cationic:anionic nanocapsules was 40:60. It was
noticed that the aggregate was not stable at the weight ratio
of 50:50 which correlated well with its zeta potential value
of less than +30 mV as shown in Figure 7.

Data in Figure 7 also indicated that the stable homocoagu-
lated CHD-PMA from the weight ratio of 100:0 to 60:40
exhibited the positive character caused by lecithin. The absolute
value of zeta potential decreased with the increasing amount
of anionic nanocapsules due to partial neutralisation. Obvi-
ously, the zeta potentials of aggregates having a high ratio
of anionic nanocapsules turned to be negative. The zeta
potential of the largest aggregate prepared at the weight ratio
of cationic to anionic nanocapsules of 40:60 was -54 mV.
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Figure 7. Zeta potentials of homocoagulated CHD-PMA nano-
capsules at various weight ratios of cationic:anionic varying from
90:10 to 10:90.
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Heterocoagulation of CHD-PMAJ/SPVS Particles. For
preparation of CHD-PMA/SPVS core-shell particle using
the heterocoagulation technique, the largest size of homoco-
agulated CHD-PMA prepared at the weight ratio of 40:60
was selected as a core. Since both the aggregate core and
SPVS shell particles possessed negative charges, the driving
force for the interaction between core and shell particles
could not be electrostatically controlled. An interpolymer
complex principle previously applied to prepare the hetero-
coagulated NR/polychloroprene (CR) and NR/SPVS parti-
cles with core-shell structure was, therefore, applied.”® The
anionic homocoagulated CHD-PMA was covered with the
Nonidet having PEO moieties which then formed a com-
plex with protein-lipid and/or SDS on the SPVS particle
surface. The adsorption of Nonidet onto the homocoagu-
lated nanocapsules was examined by the addition of an
aqueous solution of 0.5 M CaCl,. It was found that the
volume of 0.5 M CaCl, required for coagulating the homo-
coagulated nanocapsules was increased with increasing
Nonidet concentration. By using Nonidet less than 10% by
weight of dry nanocapsules, the homocoagulated nanocap-
sules were immediately coagulated. After adding CaCl,
aqueous solution, they remained stable at minimum Nonidet
concentration of 10%. The change of stabilisation from
electrostatic to steric effect was, therefore, achieved at 10 %
of Nonidet. Since the zeta potential directly determines the
effective charge of particles or the electrostatic potential at
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Figure 8. Homocoagulated CHD-PMA nanocapsules and those
adsorbed with Nonidet (a) zeta potentials and (b) size distributions.
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Figure 9. TEM micrographs of (a) homocoagulated CHD-PMA
and (b) homocoagulated CHD-PMA (Nonidet) nanocapsules.

shear plane of electrical double layer, the zeta potential of
the homocoagulated CHD-PMA (Nonidet) was not signifi-
cantly different from that of the original anionic nanocap-
sules (Figure 8(a)). However, the hydrophilic PEO moieties
of Nonidet on the aggregate oriented towards the dispersion
medium. Hence, the amount of absorbed water or the
hydrated layer around the aggregate increased. The bound-
ary between the homocoagulated nanocapsules surface and
the surrounding fluid was, therefore, shifted.”® Because the
hydrated PEO moved with the aggregate, the extent of the
Doppler broadening and the diffusion coefficient, therefore,
decreased. This resulted in an increase in their hydrody-
namic volume as observed in Figure 8(b). The TEM micro-
graphs in Figure 9 supported this explanation.

Figure 9 showed that the homocoagulated CHD-PMA,
before and after adsorption with Nonidet, possessed the
spherical shape. The low T, of PMA shell (10 °C) facilitated
the nanocapsules fusion or the formation of aggregate. The
homocoagulated nanocapsules coated with Nonidet in Fig-
ure 9(b) confirmed the increase of aggregate’s size possibly
from the existence of PEO. The PEO chains on the homoco-
agulated CHD-PMA (Nonidet) core were allowed to form
the complex via hydrogen bonding, at pH 2, with carboxylic
groups of the protein-lipid molecules residing on the SPVS
shell particles. The zeta potentials of the heterocoagulated
particles at various blending ratios (Nmax» Nimax/2, Nimax/4, and
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Figure 10. Zeta potentials of heterocoagulated CHD-PMA
(Nonidet)/SPVS particles at various blending ratios.

Nmax/8) Were measured and the data are shown in Figure 10.

It was observed that the zeta potentials of all blends were
positive and reached the maximum value at +25.7 mV at
Nmax This value was vastly different from that of the core
CHD-PMA (Nonidet) (-19.6 mV) but approached the zeta
potential of the shell SPVS particles (+40.8 mV). The data
confirmed the presence of SPVS as the outer layer of the
composite particles as observed in the heterocoagulation of
NR/SPVS.” Besides the interpolymer complex between
Nonidet and the protein-lipid, the heterocoagulation between
homocoagulated CHD-PMA (Nonidet) and SPVS could be
driven by the complex formation of PEO and SDS on SPVS
particle surface.”®*” It was reported that the micelle of SDS
molecules with a smaller aggregation number than normal
was bound to the PEO coil.” This leads to the PEO-SDS
complex that behaves like a polyelectrolyte as supported by
evidences from an increase in viscosity, a decrease in the
surface tension and partial special volume.

The morphology of homocoagulated CHD-PMA (Noni-
det)/SPVS particles was then investigated by TEM. The micro-
graphs of heterocoagulated CHD-PMA/SPVS particles
prepared at N,.., before and after heating for 3 h at 40 °C are
shown in Figure 11.

The image in Figure 11(a) revealed that the composite
particles having a raspberry-like morphology consisted of
SPVS particles (light) surrounding the homocoagulated CHD-
PMA (Nonidet) core (dark). The size of composite particles
determined by TEM was similar to that determined by light
scattering (712 + 7 nm) although some SPVS particles
could not adsorb onto the aggregate CHD-PMA. Each indi-
vidual SPVS particle showed a clear-cut edge due to its high
crosslink density which might prevent the interdiffusion of
polyisoprene as already mentioned. Consequently, raising
the temperature to 40 °C for 3 h, the SPVS particles in Fig-
ure 11(b) were partially fused to provide the aggregate
CHD-PMAJ/SPVS core-shell-like particle. Similar to the
heterocoagulation of large polypyrrole particles with small
polyacrylate particles, the long period and the relatively
high temperature of heat processing needed for complete
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Figure 11. TEM micrographs of heterocoagulated CHD-PMA/
SPVS particles prepared at N (a) before and (b) after heating
for 3 hat40°C.

spreading of small particles (low T,) for shell formation
were not anticipated.” It was also believed that the diffi-
culty in spreading of the SPVS particles on the core surface
was due to the high interfacial tension and the presence of
water as mentioned above. The coherent film of the outer
SPVS shell would be miscible with the SPNR film used as
the substrate for further gloves’ preparation.

Conclusions

The small SPVS shell particles were heterocoagulated
onto a large aggregate CHD-PMA core prepared from
homocoagulation of CHD-PMA nanocapsules having oppo-
site charges. The driving force of the CHD-PMA/SPVS
composite particle’s formation was an interpolymer com-
plex between PEO adsorbed on the aggregate and carboxy-
lic groups derived from indigenous surfactant (protein-
lipid) and/or SDS on the SPVS particle surface. Data from
size, zeta potential measurements and TEM of the compos-
ite particles indicated the CHD-PMA core enveloped by
SPVS particles structure. The coherent film of SPVS would
be miscible with the substrate when deposits the CHD-
PMA/SPVS composite particles onto the SVNR film which
would be suitable for further preparation of medical gloves.
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Skim latex, a by-product of natural rubber latex, was prevulcanized by sulfur and then used
in the preparation of composite particles with disinfectant nanocapsules. Each polymeric
nanocapsule contained chlorhexidine digluconate (CHD) as a disinfectant agent encapsu-
lated with poly (methyl acrylate) (PMA) as a shell. The driving force for the heterocoagu-
lation of CHD-PMA nanocapsule and sulfur-prevulcanized skim (SPVS) particle was the
electrostatic interaction between the positive charge of lecithin residing on the surface of the
nanocapsule and the negative charge firom the indigenous surfactant (protein-lipid) and|or
firom sodium dodecyl sulfate on the surface of the SPVS latex particle. The zeta potential
and morphology of heterocoagulated particles indicated the formation of the CHD-PMA|
SPVS composite particles. Structures and formation mechanisms of the composite particles
with different blend ratios were revealed by depth profiling confocal Raman spectra.
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INTRODUCTION

Skim latex, a by-product obtained from the concentrating process of natural
rubber (NR) latex, contains small rubber particles (~5% dry rubber content)
with high molecular weight of 10° g/mol.!""? This latex has been used for encapsulat-
ing urea fertilizer in a controlled-release application due to the large amount of
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nonrubber substances, including proteins.”®! Similar to the case of NR latex, the pre-
vulcanization or initial cross-linking within the rubber particle is the minimum
requirement for skim rubber modification. Drying of the prevulcanized latex pro-
duces a cross-linked film without any need of further vulcanization. The physical
properties of the final product can be controlled by the design of cross-linking in
latex particles.> A coherent film would be achieved when each latex particle is
homogeneously cross-linked. The uniform mesh structure of all sulfur-prevulcanized
skim (SPVS) particles observed under transmission electron microscopy (TEM)
might also be the reason for the preferred sulfur prevulcanization.!”

Because of the small particle size (120-200 nm) and homogeneous cross-linked
structure, SPVS was previously used as an agglomerating latex in the preparation of
composite particles containing NR core (750 nm) by the heterocoagulation process.!”!
This technique offers a good possibility for controlling the morphology of composite
latex particles, particularly the core-shell type, e.g., polypyrrole/polyacrylic and
poly(styrene-co-butadiene)/poly(butyl acrylate).’*”! The interaction between the
core and agglomerating particles is governed by electrostatic, hydrophobic, or
hydrogen interactions.[*®?! However, the interpolymer complex based on the
interaction between poly(ethylene oxide) adsorbed on SPVS particles and indigenous
surfactant (protein-lipid) on the NR particle was employed in the preparation of het-
erocoagulated NR/ SPVS.”! Because of the skim’s low glass transition temperature
(=70°C), the NR/SPVS core-shell particles could be obtained without annealing
the composite particles at high temperature.
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Figure 1. Schematic of the preparation and characterization of composite CHD-PMA/SPVS.
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The aim of the present study was to explore potential use of SPVS in entrap-
ment of chlorhexidine digluconate-poly(methyl acrylate) (CHD-PMA) nanocap-
sules. The SPVS film with good physical properties is expected to be miscible with
the substrate when the composite particles are deposited onto a sulfur-prevulcanized
NR film for further preparation of disinfectant gloves, desired for minimizing the
risk of infection from glove puncture.'®'"! The CHD-PMA /SPVS composite parti-
cles were produced by the heterocoagulation technique based on the electrostatic
interaction between negative charges derived from indigenous surfactant and SDS
on SPVS and cationic charges of lecithin on CHD-PMA nanocapsules. For the first
time, structures and formation mechanisms of the composite particles obtained from
different CHD-PMA /SPVS blend ratios were characterized by depth profile analysis
employing confocal Raman spectroscopy, which is a powerful technique for depth
profiling of materials, especially coatings, membranes, and composite materials.!!>!'?!
The overall procedure is schematically presented in Figure 1.

EXPERIMENTAL SECTION
Materials

Methyl acrylate (Fluka, Purum) monomer was purified by passing through a
column packed with neutral and basic aluminium oxide (Fluka, Purum). Sulfur (S;
Emco Intertrade Co.), zinc diethyldithiocarbamate (ZDEC; Emco Intertrade Co.),
zinc oxide (ZnO; Global Chemical Co.), potassium hydroxide (Merck), sodium
dodecyl sulfate (SDS; Fluka), acetone (Lab-scan), hydrochloric acid (Merck),
sodium hydroxide (Lab-scan), chlorhexidine digluconate (20% in water, Sigma),
potassium persulfate (KPS; Fluka), soybean phosphatidylcholine or lecithin (MP
Biochemical), dichloromethane (Lab-scan), cyclohexane (Lab-scan), ethanol
(Fluka), methanol (Lab-scan), hexadecane (Fluka), tetrahydrofuran (Lab-scan),
and pyrazine (Merck) were used without further purification. Deionized water was
used throughout the experiments.

Latex and Characterizations

Total solid content (%TSC) of skim latex (Pan Asia Bio Tech Co., Thailand)
was determined using the method described in ASTM D1076:1988. Acetone was
used as a rubber coagulant for determination of dry rubber content.!

The preparation of SPVS latex and the determination of swelling ratio of
latex film were carried out as described elsewhere.*'*! Vulcanizing ingredients, i.e.,
S, ZDEC, and ZnO powders, were prepared as 50% aqueous dispersion by ball
milling for at least 72h. The formula used for the preparation of SPVS latex is
shown in Table 1.

The particle sizes of skim and SPVS lattices were measured by a particle size
analyzer (Malvern, Zetasizer Nano ZS). Their zeta potential values were determined
using laser Doppler electrophoresis apparatus (Malvern, Zetasizer Nano ZS) at 25°C
after adjusting pH by the addition of 0.01 M of HCI or NaOH. Polystyrene latex
with known particle size and zeta potential was used as standard for calibration.
For the morphological study of skim and SPVS particles, the diluted latex was dried



