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ABSTRACT: The current study describes the development
disposable paper-based migdic system, which unlike i
predecessors that are only capable of processing a small
of uid, can continuously process thié at a high ow rate of up
to 1.5 mL/min. The fabrication procedure was clean-room-fr
robust, involving the use of a L@ser to engrave th
microchannels on a paper substrate, followed by alkenyl
dimer treatment to hydrophobize the paper and lamination
microchannel down to a minimum depth 80 m with an
average roughness & m was engraved on the substrate.
proof of concept, the applicability of this system to enric
microparticles based on the inertial focusing mechanism wa:
This new generation of paper-based niiclic system can be
potentially used for the diagnostic applications where the analyte is low in quantity and processing a largiel walonpke df
required.

icro uidic systems are mostly prepared from polyfew exceptions, is usually generated through the wicking
dimethylsiloxane (PDMS) via soft lithography techni-behavior of cellulosbers, meaning they can only manipulate
ques. Despite the robustness of these techniques, the need #small amount of sampieThis disadvantage has hindered
a clean-room and specialized skills has slowed down the ratéhef use of these systems for applications where the analyte is
innovations in thiseld of researcfi’ The PDMS-based low in quantity and a large volume @il sample must be
micro uidic systems have proven their suitability in researghrocessetf
settings. However, due to the higher cost of PDMS comparedHerein, a clean-room-free fabrication procedure is proposed
with many other thermoplastic polymers and the fact that thr the preparation of a low-cost disposable paper-based
soft lithography techniques are not scalable, their commergiicro uidic system, capable of directly connecting to a syringe
alization has faced somediilties’ For example, none of the pump and processing thed into its microchannels at a high
major active producers in the micidic diagnostic marketis  ow rate (up to 1.5 mL/min). This system opens a new
using PDMS in their products, and other alternatives such ggdow into developing completely biodegradable micro-
paper, glass, and plastic are prefesemther important yjgics capable ofiid manipulation comparable to the ones
factor that can potentially make it hard for the PDM8do  rgquced from thermoplastic polymers.
its way into the market is the increased interest in developingag 4 proof of concept, microparticle enrichment via inertial

environmentally frie_ndly products_ in recent years. This tre%cusing was chosen as a potential application requiring the
can also be seen in theld of microuidics, and systems rocessing of a large volume @il sample. The inertial

produced from renewable and biodegradable materials S“d?cﬁ:'ﬁsing is a popular mechanism for label-free microparticle
pape? and wood have been recently proposed.

Paper-based micmdic svstern is considered to be a enrichment? This process is based on the passive focusing of
promri)sing platform foruid ¥nanipu|ati0n and analysis for particles by hydrodynamic forces being exerted to the particles

various applications such as medical diagnostics and envircri=—

mental and food quality testfrihey have several advantagesReceived: March 5, 2020
over the polymeric/glass-based counterparts because of fH&epted: April 15, 2020
cheap, ubiquitous, and degradable nature of paper, which”&lished: April 15, 2020
eld-deployable and can be safely disposed of through

incineration in the case of any biohazard contaniinants.

The uid ow in the current paper-based migidics, with
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as a result of passing through specially designed micdesktop computer with an Intel Core i7-6700 (3.4 GHz)
channel$> Amon%the various microchannel designs studiegrocessor and 16 GB of RAM tash the simulations.

including straight>*® arcuaté;**° and sinusoidat?>* spiral- Device Fabrication. The device in this study was
like microchannels showed the most potential and hawmprised of two paper layers<(6.4 cm) placed andked
dominated inertial microidic studie$> on the top of each other using bulldog clips. The top layer had

The spiral-like design was modeled in computatisidal ~ a spiral-like design engraved on its surface, while the bottom
dynamic (CFD) software before the fabrication procedure tone held two 1.5 mL tubes to collect the processed media. The
evaluate its focusing ability. The design then was engraved &Daspiral-like desigirigure A) was drawn in CorelDraw X5
paper substrate using a, G&er engraving/cutting machine.
The use of a CQOaser has been previously reported for the
fabrication of micraidic systems made of poly(methyl
methacrylate) (PMMA)>*' PDMS? glass? and double-
sided tapé’! The studies which used the g&ser to fabricate b spiral et
paper-based micradics were limited to cutting out borders 1
around the testing zofesr engraving the testing zones on K
hydrophobic papet$The developed paper-based systems in
these studies also used the wickingcte for uid
manipulation. To our knowledge, no study has reported a 0.5mm
paper-based micradic system capable of directly connecting ;
to a syringe pump and manipulating a large volumel it AR Injection Point
high ow rates. The system created here is not only capable of ok
such functionality but also had a very lwaV cost and robust
fabrication procedure, which may provide a path toward
developing a new generation of paper-based point-of-care
testing.

2% Injection Point

D Spiral Channel depth ~192 pm  Spiral Channel depth ~ 80 pm
MATERIALS AND METHODS Color | Speed (%) | Power (%) | Speed (%) | Power (%)
Materials. Paperboard (1 mm thick, 1000 gsm) with the - 50 14 40 10
average surface roughness3b m was purchased from
Quill Paper (Australia). Alkenyl ketene dimer (AKD) from 80 22 80 17

Solenis Pty. Ltd. (Australia) was used as the hydrophobization

agent. Polystyrene microparticles with two diameters of 20 and

10 m were purchased from Spherotech Inc. (USA). - 80 2 80 19
COMSOL Simulation. COMSOL Multiphysics 5.3

(COMSOL Inc., USA) software was used to trace the 80 27 80 21

simulated particles in the proposed spiral-like design. The

laminar ow module was used to numerically simulat®ihe - 80 29 80 22

of an incompressibleid using Navi&Stokes equations with

a nonslip channel wall boundary condition. The reference 80 31 80 23

pressure level and temperature were set to 1 atm and 293.150
K, respectively. The velocity of thed at the inlet and t.he Figure 1.(A) The spiral-like design used for particle enrichment in
pressure at the outlets were set to 0.25 m/s (1.5 mL/min) anghis study. (B) Fluid overload and device damage occurred when the
0, respectively. Theiid was considered to have a density ofgepth at the inlet was kept the same as the spiral microchannel depth.
1000 kg/m with an initial viscosity of 0.001 Pa.s. The particlgC) The optical prolometry image of the region between the
tracing for the uid ow module was used to randomly injection point and the spiral inlet showed a gradual decrease of the
introduce 1000 spherical solid particles per second at the inleticrochannel depth as evident from changing the color mapping from
The particle density was set to be 1050 ¥g#ith a zero blue to green. (D) The speed and power at each color in the table are
charge. The parti@particle interaction is assumed to be those used for engraving the same color at each region of the spiral in
negligible. The coarse physics-controlled generated meshes

(70000 elements, 10000 degrees of freedom, mesh size 0.3

mm) with bidirectional coupled particle tracing were used tgoftware (Corel Corporation, Canada) and engraved at 1200
simulate the uidSparticle interactions using a generalizedDPI and 500 Hz frequency on the top paper layer using the
minimal residual (GMRES) iterative solver. The GMRES wasaster/color mapping function of a L£@ser engraving/
chosen as the memory requirements, and computatarhal e cutting machine (Legend Helix60W, Class 4, max power 60 W,
can be reduced using this soll@ihe particle behavior was max speed 70 mm/sec, 2.0 lens module, Epilog, USA). The
de ned to be Newtonian, and the particles were considered tpiral microchannels with two dimensions o&x5092 and
bounce o the walls in the case of Balhrticle collisions. The 500x 80 m were engraved for the enrichment of 20 and 10
viscous drag force, shear gradient lift force, wall-induced lifth particles, respectively. It was found that enteringithe
force, and Dean drag force were considered t@edté/e on at a high ow rate into the microchannel could resuluid
particles. The Magnus andi8an forces were considered to overload at the inlet, damaging the deviéguile B).

be negligible. All simulations were carried out at the time stéfowever, when the injection point was engraved wider (2.5
of 1 ms for a period of 700 ms, takigmin for a Windows = mm) and deeper (250m for 192 and 200m for 80 m

7308 https://dx.doi.org/10.1021/acs.analchem.0c01003
Anal. Chem2020, 92, 73087316


https://pubs.acs.org/doi/10.1021/acs.analchem.0c01003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c01003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c01003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c01003?fig=fig1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c01003?ref=pdf

Analytical Chemistry pubs.acs.org/ac

microchannels), it acted as a pressure breaker, and tlf'é?ce(FW)), which pushes it away from the viallsmolo¢®

problem could be avoided. The rapid change in thet duced " hich bi both sh dient
microchannel depth from deeper area to the shallower o roduced an equation which combines both shear gradien
lift and wall-induced lift forces into one net inertial lift force

results in the formation of a greater thanrBQOvall, which
could stop the particles from entering the spiral microchannék) (eq 2

Hence, the microchannel depth gradually decrdagede( s 4
1C) by choosing the dérent engraving parameters mentioned CLi¥'3

in Figure D. The second paper layer had two empty holes on D, 2

, . ) h (2

its surface, to hold the collecting tubes, formed using the vector

function of the laser at both 20% speed and power. The totm this equationC_ is the lift coecient, andD;, is the
engraving/cutting time for each sample was around 5 min. hydraulic diameter, which for a rectangular channel cross
_ The fabrication procedure then continued by hydrophobizsection is daed asD, = -2*: whereW andH are the

ing the engraved paper through immersion in AKD in W+ H

deionized water (66% (v/v), pH = 3.28) for 30 s. The Very\évéii?onar;gsgs;%ctel)?f the corresponding rectangular cross

compact structure of the used paperboard madeitlidior The other two lateral forces are the Magnus amdaga

the viscous AKD media to penetrate into the paper, and %'t : . .
. orces. The Magnus force is exerted on a rotating spherical
mostly formed an attached thin Iayer_(less thar) bver the V\}%%rticle due to tﬁe dirence in the velocity of theid or% itsp
by heat-treating in an oven at 280for 3 min. Finally, the ':op asr']((jjegou'(l)lme’ Z?fahﬁgﬁﬁ}feﬂfﬁgreagr{ili%qegtsbaemien these
Wg Si will ex i p

engraved side of the paper was laminated using sticky tape, A v ;
seal the microchannels, and attached on top of the secoﬁ(gﬁecﬁ ?Ltgﬁcfg;(t::r;[irrllzt %L;ssgzsgr\]e t?]aelae[tgr?ceeltrl])irt\f\?e?r? ;;g:nnel
paper layer using bulldog clips.

Device Characterization. The static contact angles of veloc:';y ?;a%arﬂfle a{;ﬁé'ld' \%Zen ;kr‘t'ie Iljldishasuahhl(?hter th
deionized water on the treated papers were measured usir’_gg)c y ep €, particie pusned fo the

F=

DataPhysics Contact Angle Measurement System (Germa nterline, while conversely, if the particle has a higher velocity
The depth and roughness at several paints3) of each an uid, it is pushed to the wallln a conventional

engraved microchannel were measured and averaged usi clo uidic system with straight microchannel design, only the

laser optical préometer (OLS5000, Olympus, Japan) at 10 shear gradient and wall-induced lift forces are considered to
objectives. The built-in Gaussiat'er in the ’prolometer control the lateral migration. The viscous drag force only

software was used for determining the average surf gc’:lq{ns Iln the d{_rectloTnhof theid 'tO\(ljv andfhtz?]s nl?/l role in q
roughness. The microchannel cross-sectional images ateral migration. Ihe magnitudes ot the viagnus an
taken using an inverted microscope (ECLIPSE Ni-E, Niko oa m§243forces are negligible compared with the other lift
Japan) at a *0 objective. To measure the enrichment rees.” . : .

e ciency of the fabricated device, high concentrations of zoC!J.rV"'”ear channels (as in spiral mlc.rochannels) exert an
and 10 m diameter particles (1><5icf particles/mL, pH = additional Iater_al drag force on the particles called the Dean
6.6) were pumped (syringe pump, Adelab ScieAtistralia) d;]ag f(;;ce,dv_vmchf can bf %ﬁgleﬂqas whereR denotes the

into the device using a 5 mL syringe atdkerate of 1.5 mL/ channés radius ot curvature.

min. The number of particles collected at the outlets was WZapDnZ
counted using a hemocytometer. = fT .
RESULTS AND DISCUSSION When a uid passes through a curved channeluitieowing

CFD Modeling.When a rigid spherical particle is carried byclose to the outer (concave) wall will have a higher velocity
a uid through a straight channel, it experienoesmain than that of the inner (convex) wall. This phenomenon
forces, one in the direction of thed ow and four lateral to  happens as a result of the longer path taken byithelose
its ow directiort’ The rst force, which pushes the particle to the outer wall to maintain the contintiitfhe velocity
di erence on the two lateral sides of the channel makes a
. 38 . . ! pressure gradient, which results in the formation of two
which can _behexpres_sleég;ﬂ, whe_rehls thg d“'d dynamic ., nter-rotating vortices in the upper and lower halves of the
viscosityg, Is the particle diametey)s the uid densityReis channel cross section, which drivesuttefrom the concave

the relative Reynolds number, gnéndv,are the uid and  wall to the convex one and recirculates it back to ensure the

along the mainstream direction, is the viscous drag/prce

particle velocities, respectively. mass conservatiohln a particle-containingiid, this causes
; the particles passing through the microchannel to be pushed
_ 0.687 \( & i S Wlap ross theuid ow and leave the microchannel f d
F=24 a1+ 0IRED)ES ), Re across theuid ow and leave the microchannel as a focuse
’ (1) stream of particles. This phenomenon is céilhedtial

focusing and has gained sigrant attention after itsrst

When a laminar Poiseuillew passes through a straight appearance in theld of microuidics in 2007*

channel, it develops a parabolic velocityepmwith its highest

velocity at the center and falling to zero at the channéPwalls, ' ne curved microchannel design used to manipulate
This parabolic velocity pte exerts the second force on the parhclgs ba_sed on '”ef“a' focusing is often the Archlmgdean-
like spiral with an inlet in the center or the outermost point of

particle, called the shear gradient lift {¢t¥)e which pushes  the spiral Figure 2.** However, none of these two designs
the particle away from the centerline toward the*Wasighe could be used here as the inlet and outlet at the center of the
particle approaches the walls, it experiences the third forsgiral allow a very small available area for a proper connection
opposing the shear gradient lift force called wall-induced lidf a syringe needle or collection of particles into the tubes.
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Outlet Inlet thickness was fairly diult. Second, it was found that for
papers with a thickness of less than 300 cutting the
microchannel and laminating the two sides resulted in the
attachment of the sticky tape on the top and bottom of the
microchannel to each other, blocking tive passage. Third,

the papers thinner than the 1 mm thick paperboard used here
did not have sucient stability to withstand the higiw rate

used in this experiment.

The laser power and speed were the two parameters
controlling the width and depth of the microchannels. For the
Figure 2.Two types of Archimedean spiral microchannel designs wittvidth of 500 m, the maximum depths of microchannels
the inlet at the center or the outermost part of the spiral. satisfying the CR0.07 for the 20 and 1@n particles are 200
and 85 m, respectively. Agyure shows, the channel depths
o ) smaller than these values were achieved at multiple power (10,
Henc_:e, a new spwal-hke design had to_be developealto 15, and 20%) and speed (30, 40, 50, 60, and 70%)
requirements. Since no data was available from the previggnpinations. However, those combinations resulting in the
studies showing the behavior of particles passing through thisspest and smoothest microchannels, thereby allowing for the
microchannel d¢5|gn and to aVO.Id the trial and error approacmghest uid ow, were chosen. To engrave ther8eep
the CFD modeling was used prior to any experiment. microchannel, the power and speed combination of 10 and

Figure 3shows the geometrical parameters and the partic %, respectively, and to engrave the I82deep
trajectory behavior at thew rate of 1.5 mL/min for both 20 jicyochannel, the power and speed combination of 15 and
and 10 m particles as simulated by COMSOL Multiphysics. I5nos, *regpectively, were used. No proper microchannel could

was observed that the proposed design could provide alm@gte g aved at speeds above 50% when the power was set at
the same focusingeet for the ow rates between 0.6 to 1.5 10%. To avoid the potentiak hazard when a Class 4 laser

mL/irE":.thHof;/;/el’\é)?/\l;,r"t] order :10 efxt"’r‘]m'pne iLhr? s%’;bﬂl'tr as used on paper, engraving powers higher than 20%, and
against the hig ates, as one of the main novel features o, peeds below 30% were avoided.

this microuidic system, theow rate was set at its highest Figure B shows the cross-sectional images of the micro-

value (i.e., 1.5 mL/min). The simulation study showed that th
, . ' .~ .¢hannel engraved at 10% power and 40% speed for the
proposed design could potentially provide a strong InertleErichment of 10 m particles. The microchannel had an

focusing eect on both particles, and their collection with 8 cceptable average depthad m. smaller than the required
good enrichment could be expected from the inner outlet. P verag ph h ' he mi h Iqu' h

Laser Engraving. The maximum particle enrichment 85 m. ltwas observ_edt at when the microchanne depth was
expected from inertial focusing is achieved when th%mal.ler than 100m, it could not stop the sticky tape from

, ) a 5410 ) sticking to the channel bed and blocking or disturbingithe

confinement ratio (CR) - 0.07% Hence, the micro- 4y ina majority of fabricated samplésiL(re A\). Figure B
channel width and deptB are critical factors needed to be illustrates the cross section of a microchannel engraved at 15%
considered for a sagient enrichment of speciparticle size  power and 50% speed for the enrichment of them20
(a,). The microchannel engraving was chosen over the cuttipgrticles. The microchannel had an average defitd2fm,
for three technical reasons. First, since the size of microchanablch is below the maximum allowable depth, and prevented
depth is a determining factor, and cutting is limited to thehe contact of sticky tape to the channel bed in all fabricated
thickness of the papernding papers with the desired samples.

Inlet Outlet

A Microchannel Depth ~ 192 ym B Microchannel Depth ~ 80 um
19.50 mm 19.50 mm
©
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Figure 3.Trajectory behavior of (A) 20n diameter particles (green line) and (B) m0diameter particles (red line) atoav rate of 1.5 mL/
min as simulated by COMSOL Multiphysics.
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Figure 4.CO, laser (max power = 60 W, max speed = 70 mm/sec) on paper at various raster function powers and spgeds with di
microchannel depths. The graph is plotted as laser speed (%) vs average chanmg! @aptherage roughness (AR) of the microchannel

surface is also mentioned for each laser power/speed combination. The red and blue lines show the maximum allowed channel depth for 1
enrichment of 20 and 10n particles, respectively.

It is clear that the microchannels had a trapezoidal cro20 and 10 m enriching devices wer® and 8 m,
section rather than the rectangular one used for the CFEespectively.
modeling. However, since the hydraulic diameters were Paper Hydrophobization. Having a continuousiid ow
calculated to be very close for both cross sections in the 20 a paper surface requires a certain level of hydrophobicity to
m (D, 277 m for a rectangular cross sectiob.vs 259 prevent the uid from absorbing into the paper. Paper has a
m for a trapezoidal cross section) andi@D, 138 m porous cellulosml structure, which makes it 0hlghly su;ceptlble
for a rectangular cross sectiob,vs 132 m for a trapezoidal 0 water absorption through the wickingc€” The man
cross section) enriching devices, the simulations wefdemical used in the paper industry for hydrophobization is
considered to be still valid. The channel width was found to<2: Which makes the paper hydr(éipgéoblc by the eatinn
be independent of the ldsgrower and speed, and the width Of the hydroxyl groups in the cellu The contact angle
of 500 m was obtained using all the power and Spee(Sneasurements of the papers treated with three AKD

. . e 0
combinations. There was less than 5% variation in the chanCO centrations in deionized water (33, 50, and 66% (v/v))

widths as a result of changing the laser parameters. Howegg ulted in sigreantly P < 0.005, obtained by Studsitt
a

. . L §t) larger contact angles compared with the untreated and
since the channel depth is the characteristic length x-coated papersiqure §. Wax printing is a common
noncircular channéfsthis variation was considered negli- technique for the preparation of paper-based miiio
gible. o ] devices? However, it was not suitable for our application, as it
Obtaining a glossy michamnel surface on a paper \as necessary to laminate the channel top surface, and the wax
substrate, as can be found in the PDMS-baseduii®  coating results in a nonadherent surface. The AKD does not
was not possible since the d&ser engraves through the su er from such a drawback, even at high concentrations, and
localized heating of the materials, anereit points might  the papes adhering properties remain the same as those that
react dierently when the laser beam is moving on thewere untreated. AKD had another advantage over the wax in
substraté’ The smallest average roughnesses measured for this study, as it only formed a thin layer (smaller tham) 1
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Figure 5.0ptical prolometry and microscopic images of the microchannel cross section engraved at (A) 10% power and 40% speed and (B) 15Y%
power and 50% speed.
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Figure 6.Behavior of the water droplet onedent tested surfaces and the corresponding contact angles (GASBy@an 3). (A) Glass slide
vs untreated paper vs the papers treated with soy wax and AKD in deionized water (33, 50, and 66% (v/v)). (B) The water droplet interaction witl
the untreated papertat 0, 45, and 75 s. (C) The water droplet interaction with the AKD-66%-treated pap&r3a0, and 600 s.

over the paper and did ndtthe engraved microchannels, as porous structure at thew rate of 1.5 mL/min. The water
was observed after the wax treatment. This advantage madediaplet was also stable on its surface for at least 10 min, which
laser parameters as the only determinant of the depth arslimportant when continuous pumping is expeetgaré §.
roughness of the engraved microchannels, which is anThe nal part of the fabrication procedure involved the
important factor in the robustness of the fabrication procedutamination of the AKD-66%-treated engraved paper by a layer
achieved in this study. of clear sticky tape in order to provide an enclosed
In addition to the hydrophobicity, the paper must be amicrochannel for theuid to ow. The lamination can be
barrier against the penetrationwfl into its porous structure, also done by an opaque sticky tape diorescence-based
especially at the higlow rates. Compared with the three analysis, in which theid inside the microchannel must be
concentrations of AKD, only the AKD 66%-treated papeprotected from photobleachinghe inner and outer outlets
could withstand the undesired penetrationu@f into its on the engraved paper were designed to directly stay at the top
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Figure 7.Optical images of the paper-based miidiz device. The two compartments of the device consisting of the engraved spiral
microchannel and the tube holder papers attached together using bulldog clips.

Figure 8.Histograms represent the average channel deptar{d roughness distribution from the optical@metry data of 40 samples. (A)
The microchannel engraved for the enrichment ah2tarticles. (B) The microchannel engraved for the enrichmentrofgidticles.

of the “in” and “out’ holes on the tube holder paper, was easier to remove the tubes from the tube holder layer after
respectively, to collect the particles from each outlet for furtheollecting the processed media to count the particles.
experimentsHigure J. The two papers were held together Robustness of the Fabrication Procedure.Compared

using bulldog clips instead of attaching them permanently, asvith the PDMS-based micuidics, in which the micro-
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Figure 9.(A) Optical image of the device connected ard to a syringe pump. (B) Pumping a food colored water at 1.5 mL/min for 3 min.

Figure 10.0ptical image of the pump-free paper spiral midio device. The bottom image shows the neaharea (8 objective) of the
collecting reservoir and the higher particle count in the inner collector. The black dots are encircled in red in the inner collector and blue in the
outer collector.

channel dimension and roughness are almost identical betw@onsidering the relative unpredictability of the Plaser
the samples produced via the same procedure, achieving ititeraction, the values measured for the depths and rough-
same result via laser engraving on a paper substratelts di nesses of 40 samples showed a relatively small variation, which
The optical prdometry data obtained from testing 40 samplesupports the claim that the proposed fabrication procedure is
of each particle size enriching device is reporkeglire 3 robust.

Measuring the depth of the samples used for the enrichmentParticle Enrichment Study at a High Flow Rate.To
of 20 m particlesKigure &) showed that 75% of them had = examine the devisestability against the higbw rates, a 5
an average depth ranging frabi5to 195 m. The average mL syringe with a 27G needle was connected to the inlet on
roughness had a low variation, a@fi% of samples had an the top paper layer. After the connection wad with a
average roughness of betwegno 10 m. The measure- pressure-sensitive adhedirgeufe @), a green food colored
ments of the samples used for the enrichment ofnl0 deionized water (0.04% (w/v), pH = 4.34) was pumped into
particles Eigure 8) showed that 90% of samples had the the spiral at theow rate of 1.5 mL/mirkigure 8 shows the
average depths fronT5 to 85 m, and 80% of samples device after 3 min of pumping thed into its microchannel.
had an average roughness of betwéerto 8.5 m. It was able to successfully withstand the pressure caused by this
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very high ow rate, allowing a smooth streamuid on its uid is presented. This type of micidic system can be

surface with very negligible penetration into its poroupotentially used where the analyte is low in quantity and

structure. The uid manipulation here was comparable toprocessing a large volume oid sample is required. The

what is observed in the plastic/glass-based uiities, which ~ fabrication procedure involved a clean-room-freelaSey

contradicts the previous opinion that such a performance is rengraving on a paper substrate followed by treatment with

easily achievable in paper-based midio systems. AKD to make the paper hydrophobic (with the contact angle
To evaluate the particle enrichmertiency, 20 and 10n of up to 142) and lamination. As a proof of concept, its

diameter particles in deionized waterX118 particles/mL) applicability to enrich the microparticles based on the inertial

were injected into the device at the rate of 1.5 mL/min for ~ focusing mechanism was tested. An enrichment ratio of up to

3 min. After injection, the entire channel was checked for the3.5 was achieved when the 20 particles were passed

attached or trapped particles, and it was found that thethrough its spiral-like designed microchannels. The enrichment

number was negligible. The enrichment ratio was determinedciency was less than those of the previously reported

as the number of particles collected from the inner outldDMS-based spiral micn@ics mostly due to the nonglossy

divided by the number of particles collected from the outesurface of the laser engraved paper microchannel. Nevertheless,

outlet> The particles from each outlet of at least threethe overall results are a highly promising proof of concept and

samples were counted using a hemocytometer. The avergge encouragement to the possibility to improve this new

enrichment ratio for the 20 and 10 particles were measured generation of paper-based migidic systems to create

to be 3.42 and 1.94, respectively. A very low enrichment raigcurate, low-cost, and environmentally friendly waidico

observed for the 10n enriching device can be attributed to systems.

its 8 m average roughness, which was almost identical to the

particle size and could potentially disturb the particle focusing. AUTHOR INFORMATION
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