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ABSTRACT

Lab-on-paper or paper-based microfluidic deviceBADs) are an alternative technology for clinicahdgnosis and
point-of-care testing, particular in developing cttries. In this report, a simple and facile wax giipg method for
the fabrication of paper-based microfluidic devicgas described,and its feasibility in terms of desed assay
time and improved thermal stability was demonsttatelultiple wax-based products, including beeswBXVj,
microwax (MW), paraffin (PF) and polyethylene w®E], can be used in the wax dipping method to inmptbe
thermal stability of the devices. Beeswax and PEewgelected as suitable ingredients in terms oif thkility to
improve the thermal stability. The optimal meltiegnperature of beeswax containing PE was in thgeaof 140-
160 °C with an optimal dipping time of 5 secondse Tesults showed that the use of PE as an addituéd help
improve the thermal stability of the uPAD,which Icowithstand temperatures of up to 45 °C for 15utes without
affecting the channel resolution. In addition, wdigping was used to improve the fluid flow of a [DPrhade from
a paper towel and reduced the assay time 5-fold.

Keywords: Lab-on-paper, paper-based microfluidic devices (RB)A wax-based products, wax dipping, thermal
stability, papertowel

INTRODUCTION

The prevention and treatment of diseases is cricibbth developed and developing countries. Thlisgnostic
technologies are important tools for improving tiealth care of people around the world.However,trdzgnostic
devices are expensive, large and require trainesbprel; these features make diagnostic devicasitabte for use
in developing countries [1-3]. Therefore, diagnostevices that are simple, inexpensive and portal#eneeded.
Currently, paper-based microfluidic or lab-on-pagevices, also called microfluidic paper-based wital devices
(LPADSs), are novel tools that are constructed byepsing paper into point-of-care diagnostic desicBue to
several advantages, such as speed, ease of usmdgwemall sample and reagent volumes, portahdisposability
and the possibility of performing multiple analys@s a single device [1-4, 5, 6], uPADs can servaralytical

devices that are an alternative technology for iplel clinical diagnosis and point-of-care testimgpecially for
resource-limited countries. Furthermore,unlike floav systems or FIA systems [7, 8], uPADs can berated

without external equipment or pumping to move flbiecause the fluid flow in pPADs is controlled pilary

forces [1, 3, 6].
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Recently, several methods of uPAD fabrication hagen developed, including photolithography [1, @btting
[10], inkjet etching [5, 11], plasma etching [12}tting [13], wax printing [14, 15] and wax screeiinting [16].
Although these techniques can be used to patteiDgPeach fabrication method has some drawbacks. Fo
example, the hydrophilic channels in uPADs fabddatising photolithography, inkjet etching or plasetehing
methods are exposed to polymers and solvents, whaghinterfere with colorimetric or electrochemickgtection

on WPADs [16]. However, when using plotting, cudtirvax printing and wax screen-printing techniquing
hydrophilic areas are not exposed to chemicaloiwents. The plotting method requires a customigledter [3,
11], and the cutting technique requires tape tallibe layers of the device [3, 14]. Moreover, waxting and wax
screen-printing result in poor resolution of thellgphilic channels [14, 16]. Therefore, a simplerieation method
that does not require chemicals or solvents andigiee good resolution of the hydrophilic channslseiquired.

Wax dipping is a simple method for the fabricatiohpaper-based microfluidic devices because thequhore

requires only a single dipping step to patternghper, as described in a previous report [17]. Wan inexpensive
material that is generally used worldwide. The wligping method requires only a hot plate to contra

temperature of the melted wax. Using the wax digpimethod, devices can be patterned in 1 minute gdthd

resolution of the hydrophilic channels [17]. Moreovthe hydrophilic area is not exposed to chengoahpounds
or solvents.

Because of the nature of the wax dipping procedilre,method allows multiple sheets of paper to t@ched
without the use of other supplemental equipment (eombination with a blood separation membramepfasma
separation) [18]. Additionally, multiple wax prodsccan be mixed together based on the desired piep®r
characteristics of the device.

Rapid analysis is very necessary for some clirtiestls, especially in emergency cases [19]. Althquagtiorming an
analysis on paper is accepted as a rapid testtandesults can be collected within minutes, prokleare still
encountered when using this method to analyze usssamples (e.g., high hematocrit blood samplda. @lood
cannot penetrate through the porous paper, whitisi¢o problems with clotting on the paper. The afsenly a
regular Whatman No.1 filter paper may slow the tieac and worse blood clotting can occur. To spapdhe
assay, a sheet of fast-absorbing material, such Eper towel, may be added to the Whatman No.&rp&tow
control in uPADs can decrease the detection timéhefmultistep analysis on the paper without addimghe
expense of the devices [20]. However, wax-basedcdsvhave a limitation in terms of thermal stabpiliigh
temperatures, common in many developing countges, affect the wax barrier of wax-based pPADs. Thus
methods to improve the thermal stability of low-cp®ADs must be explored. Because the wax dippiethod can
be performed with a mixture of multiple types ofxalaased products, the desired temperature stabflitye uPAD
can be obtained based on the wax composition.ignpdper, we demonstrated the feasibility of wappitig for
increasing the thermal stability of uPADs and stnirtg the assay times.

EXPERIMENTAL SECTION

Materials and Chemicals

Whatman No.1 filter paper was purchased from Whatmgernational Ltd. (Maidstone, England). Iron delwvere
made by a laser cutting shop. White Beeswax (BWgrawax (MW), micro paraffin wax (MP), polyethyleneax
(PE), food coloring, paper towels and magnetic ware purchased from a local shop (Bangkok, ThdjlaGlass
slides were supplied by Sail Brand (Jiangsu, Chine)e hot plate (C-MAG HS 7) was a product of
IKA®(Wilmington, USA). The scanner (HP Deskjet F30@as from HP.

Lab-on-paper devices fabricated by wax dipping

A wax dipping method was utilized to fabricate [afpaper devices in a previous study[17]. The ptaoe for wax
dipping is shown in Fig. 1. Briefly, an iron moldrfwax dipping was created using a laser cutticyrigue. To
fabricate an assembly mold, a piece of Whatman ldagder was placed on a glass slide, and a permaragnet
was placed on the back of the glass slide. Them,irtin mold was overlaid on the paper and was teartjyp
attached due to the magnetic force from the perntamagnet on the opposite side of the glass skite (A). For
the wax dipping procedure, white beeswax pelleteweelted on a hot plate, and the temperature veastained in
the range of 140-160 °C using an electronic corttaetmometer (IKAETS-D5). Then, the assembly was dipped
into a chamber of melted wax for 5 seconds anddififf (Fig. 1B). After the wax cooled to room tezngture, the
paper was removed from the glass slide and thenmold was separated from the paper (Fig. 1C). Kintde lab-
on-paper device was ready for use.

2896



Temsiri Songjaroenet al J. Chem. Pharm. Res., 2014, 6(6):2895-2903

(A) (B)

A uPAD fabricated
by wax dipping

Y

An assembly mold

A hot plate

Fig. 1 TheuPAD fabrication processes using the wax dippinghoet (A) An assembly mold was produced using a reggnglass slide, paper
and an iron mold; (B) the wax dipping setup; (@ tompletediPAD separated from the assembly mold

Optimal temperature of wax-based products in the wa dipping method

Wax-based products have different melting pointd aptimal dipping temperatures. In this study, bees
microparaffin wax and microwax were tested to arqalPADs at different temperatures in the range06f 160 °C.
Then, 10% polyethylene (PE) wax was added to tleswax, microparaffin wax ormicrowax and used foADP
fabrication. The optimal dipping temperatures of tieeswax-PE, microparaffin wax-PE, and microwaxvweie
studied in the range of 100-160 °C. The optimalperature for uPAD fabrication with each type of waas the
range of temperatures that can create high resaolltetween the hydrophobic and hydrophilic areasherpaper.
The optimal temperature for each wax-based prodast used to create a pPAD,and the thermal stabiligach
UPAD was determined.

The effect of the polyethylene wax concentration othe thermal stability of the uPAD

Polyethylene wax was used to increase the meltiigt pf the wax-based products and increase thamtie
stability of the uPAD. Thus, the effect of the centration of PE in the beeswax was evaluated. Hotgne wax

was added to beeswaxat various concentrations ngingin 0-50% to construct the uPAD. The iron moldsw
placed on Whatman No.1 paper and dipped in meltex] twat contained 0, 5, 10, 20, 30, 40 and 50% tPtRea

optimal temperature for 5 seconds. Finally, thertia stability of the pPADswasdetermined.

Thermal stability test

After the fabrication step, the thermal stability eacluPAD was tested. First, thePAD was scanned using a
scanner, and the widths of the hydrophilic chanmaisthe uPAD were measured using the ImageJ program
(National Institutes of Health). Then, the thermstbility of theuyPAD was determined by placing th®AD on a

hot plate or in an oven at different temperaturasde, 30-65 °C)for different times (range, 1-1%wumés). Next,
food coloring was dispensed onto the hydrophileaanf the uPAD. An image of the uPAD was capturgdgua
digital camera after the food coloring dried. Thiglths of the hydrophilic channels on the devicerathe heat
treatment were measured using ImageJ. The widtheohydrophilic channels before and after the tlastability
tests were compared and analyzed using a paireplessirtest.

RESULTS AND DISCUSSION

1. Optimal temperature of the wax-based products fowax dipping

In addition to beeswax, other wax-based produds dhe commonly used in aroma candles, includingraniax,
microparaffin wax and polyethylene wax, were inigated to determine their ability to improve theertnal
stability of uPADs. Due to the properties of waxseéa products, different types of wax have differemting
temperatures. Moreover, the temperature of the affiects the resolution of the hydrophilic channeltbe paper.
Therefore, the optimal melting temperature of tlexswased products for uPAD fabricationwas testedsi#own in
Fig. 2, different waxes and wax combinations, idolg micro paraffin wax, micro paraffin-PE wax, mowax,
microwax-PE, beeswax, and beeswax-PE, were uséabtizate uPADs at different temperatures in thegeaof
100-160 °C.
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The results show that microparaffin wax can be dsedabrication at the lowest temperatures (116-13). For
fabrication using microwax, the optimal temperatiatefabrication covers a wide range (120-160 ¥t beeswax,
the optimal dipping temperature is in the rang&2d-130 °C. When the temperature is below the @dtiange, the
hydrophobic and hydrophilic areas are not compfedeparated. In contrast, using a dipping tempszathbove the
optimal range causes excessive spreading of theintaxhe paper. When PE is used as an additietalting

temperature is higher than that of the wax-basediymts without PE. Based on the results shown @n Ej the
optimal temperatures for micro paraffin-PE, micrawRE and beeswax-PE are in the ranges of 125-18D160

and 140-160 °C, respectively. Based on these sdudteswax-PE was selected for the fabricatiorhefptPAD

because it has the highest dipping temperatures €bndition may affect the thermal stability of th&®AD.

Compared to the wax dipping method described ine&ipus report [17], the optimal dipping temperatof wax

formulationscontaining PE as an additive is highan that of wax formulations that contain only dyje of wax.

Here, the optimal dipping temperature increaseochft@0-130 °Cto 140-160 °Cwhen PE was mixed withvihg. It

can be concluded that PE could help improve thentheresistance of wax-based products. For thisamawe
expect that the uPADs created using wax with Panaadditive will have increased thermal stability.
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Fig. 2 The optimal dipping temperature of the wasdd products
* paraffin:microwax 10:3 and polyethylene wax (10%taf paraffin weight)
**microwax and polyethylene wax (10% of themicrowaigiat)
*** peeswax and polyethylene wax (10% of the beeswightyve

2. Thermal stability of the pPAD

It is generally known that wax is not stable whepased to high temperatures. Therefore, uPADs basedax
ingredients have some limitations when used outidelaboratory, especially during in-field assaysountries
located in tropical regions. To improve the thermstlbility of wax-based pPADs, wax-based produssduto
produce aroma candles were tested. After fabriggtiBADs using different wax-based products, eachu®as
placed on a hot plate at 30, 35, 40 and 45 °Cfo5,110 and 15 minutes and tested in quadruplicateaeh

temperature and time. Then, the average width h#ating on a hot plate was compared to the wititheodevice
before heating.

The results shown in Fig. 3A and 3B indicate th&®ADs fabricated using all types of wax could wigmst
temperatures up to 35 °Cfor 15 minutes. The pPAdbsidated using beeswax and beeswax-PE could asttist
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temperature of 40 °Cfor 15 minutes, while the uPABisricated using micro paraffin and micro paraffig,
microwax, and microwax-PE could withstand the terapge for 1, 5 and 10 minutes, respectively(Fi@). At 45
°C (Fig. 3D), the device fabricated using micro gifin could no longerwithstand the temperature. iBiry,

devices constructed using micro paraffin-PE, mi@ewnicrowax-PE and beeswax could withstandthiptrature
for only 1 minute. In contrast, using PE as an tglto beeswax helped improve the thermal stgbilitthe puPAD
such that it could withstand temperatures of uptfo°Cfor 10 minutes. It can be concluded that P& leelp

improve the thermal stability of the puPAD, and hegePE is suitable for the wax dipping method imte of
thermal stability.
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Fig. 3 The thermal stability of uPADs fabricatedngsvax-based products at 30 °C (A), 35°C (B), @)(C) and 45 °C(D)

3. Comparison of the thermal stabilities of uPADs @nstructed using beeswax and beeswax-PE

Based on the previous experiment, beeswax andva®eBE were found to be suitable for the fabricataf
UPADs because of their high thermal stabilitieserEffiore, to compare the thermal stability of theApE
constructed using beeswax and beeswax-PE, the uRbbsated using both wax-based products werebiatad at
30, 35, 40, 45, 50, 55, 60 and 65 °C in an overLf¥ominutes. The widths of the hydrophilic chanrmd$ore and
after the heat treatment were measured and compaied the paired-test. The results indicate that the width of
hydrophilic channel on the pPAD constructed usiegdwax after heating was significantly differenmpared
withits width before heating at 35-65 °C (p < 0.0Bhe width of the hydrophilic channel of the pPAdbricated
using beeswax-PE was significantly different até8°C (p < 0.05) (Fig. 4). It can be concluded ttet pPAD
fabricated using beeswax-PE can withstand high ¢eatpres better than the uPAD fabricated usingviees
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Fig.4 Width of hydrophilic channel on the uPAD ctiosted by beeswax and beeswaxPE before and h&snal
stability test at 30-65 °C for 15 min. Paired tttgs < 0.05).beeswapy before he{] beesaftx heat;
B beeswaxPE before hel] beeswaxPE after heat

4. Effect of the PE concentration on the thermal sibility of the uPAD

PE in the range of 0-50% was added to beeswaxnstreat the uPAD. The iron mold was placed on Wiaatm
No.1 paper and dipped in melted wax that contafhes] 10, 20, 30, 40 and 50% PE at the optimal &xatpre for 5
seconds. The pPADs were scanned before being placed oven at temperatures of 50, 55, 60 and 6®fQ5
minutes. Then, food coloring was dispensed ontdgfizophilic channels before scanning (Table 1)} Widths of
the hydrophilic channels were measured using Indage

The results in Fig. 5 show that high temperatuges melt the wax on the uPAD, resulting in narrowdriophilic
channels. Therefore, the widths of the hydropldhannels decrease as the temperature increasés. ‘&, it was
clear that using a high PE concentration to faleithe uPAD can increase the thermal stabilitthef i PAD. The
MPAD fabricated using only beeswax with no addedcB&d not withstand the high temperatures. In estt
increasing the PE concentration could increasdhtbienal stability of the uPAD. However, generatbmundaries
on the paper using a high PE concentration wascdiffbecause it required high dipping temperatu@%PE
required 120-130 °C, 5-10% PE required 140-1602@30%PE required 150-160 °C and 40-50% PE required
160-170 °C) and long dipping times (0% PE requitestconds and 5-50% PE required 5 seconds). Thelhouof
a UPAD fabricated using a high PE concentration less sharp compared with that of a pPAD fabricatsdg a
low PE concentration, even under optimal conditidesed on these results, the hydrophilic chanhtieopuPAD
created using 30-50% PE was not completely disfioch the hydrophobic area. Moreover, beeswax coimig 5-
20% PE could be used to create pPADs with highlugea. However, uPADs fabricated using 5% PE waoe
durable at high temperatures (i.e., 65 °C) becthisé®E concentration was too low to maintaina \kex-character
at high temperatures. Therefore, 10-20% PE wasnaptand suitable for increasing the thermal stabdf uPADs
while maintaining high resolution between the hyaitic and hydrophobic areas.
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Table 1 Thethermal stability of uPADs fabricated ugng different PE concentrations (0, 5, 10, 20, 3@0 and 50%)
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Fig.5 Correlation of the width of hydrophilic channeldaRE concentration after heat at (A) 50 °C (B) 65C) 60
°C and (D) 65 °C for 15 ming Widthbefore hegi; Width after heat

5. Improvement in flow via the use of a paper towel otthe pPAD

It is well known that paper towels adsorbwater wElierefore, fluids flow very rapidly on a papewts, which can
help to improve the fluid flow in a uPAD. To invigte the optimal dipping temperature for paperetswthe
paper was cut into 2.50 x 2.50 cm squares andfesqoPAD fabrication in a dipping temperature raon§d00-160
°C. The results indicated that patterns can beedean a paper towel in the range of 110-160 °Ga(dat shown).
Wax can be used to pattern two types of paper fRARs. To improve the fluid flow on paper, two piscef
Whatman No.1 paper and paper towel were mergedettec a uPAD (Fig. 6A) via wax dipping using beeswa
containing 10% PE, and the fluid flow through treide was investigated. Food coloring was dispemsgd the
first section of the device (Whatman No.1 papenyd &e time until the fluid fully filled the thirdection of the
device was recorded. To compare the fluid flow tigto the device, a pPAD was created that containbdtihan
No.1 paper in the second sectionof the device dasté paper towel. The results showed that thel fl@mpletely
filled the third section of the pPAD fabricated ngipaper towel in approximately 30 seconds, wHike giPAD
created using Whatman No.1 paper required more i@nseconds to completelyfill (Fig. 6B). Basedthase
results, paper towel could improve the fluid flomva pPAD by 5 times when compared to Whatman Nagep
This setup will be useful for chemical reactionsttmequire rapid reactions between reagents antitasa
Moreover, such rapid reactions could help imprdwettrnaround time of assays used for clinical oliegs.

(A) (B)
180
Whatman No.1 160 -
3 part 140 - /+
!' - 120
Whatman No.1 or & 100 g
towel paper E 80 1
4 cm F 60 : /
50 2 z
Whatman No.1 0 1 2 3 4 5
1#part Distance (cm)

Fig. 6 (A) A pPAD fabricated using three sections of pagermprove the fluid flow through the device. (B)
graph illustrating fluid flow through the pPA®FIuid flow usingWhatman No.1 paped fluid flow using paper
towel (n = 6).
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CONCLUSION

A simple and inexpensive procedure for creating PRPA&ia wax dipping has been successfully develoBedause

of the nature of the wax dipping process, sevee-based products, including beeswax, microwaxropiaraffin
wax and polyethylene wax, were mixed and meltedréate distinctive textures for the hydrophobicaaren the
MPADs and to improve the thermal stability of thedevices, which is necessary in the high tempesatur
environments found in many developing countriegrapical regions. The lab-on-paper device fabridatsing
beeswax containing PE was found to resist tempersitwf up to 45 °C for 15 minutes. Lab-on-paper
devicesfabricated using wax dipping are simplejdsapasy-to-use, inexpensive, and disposable, lagg ¢an be
used to simultaneously detect biomarkers in hurpacimens on one device using only one drop of whiied or
plasma. The device has the potential for rapidadindiagnostics in the case of emergencies ohénetvent that no
laboratory equipment is available, particularlyumal areas and developing countries.
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