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ABSTRACT

In recent years, paper-based point-of-care testing (POCT) has been widely used in medical diag-
nostics, food safety and environmental monitoring. However, a high-cost, time-consuming and
equipment-dependent sample pretreatment technique is generally required for raw sample proc-
essing, which are impractical for low-resource and disease-endemic areas. Therefore, there is an
escalating demand for a cost-effective, simple and portable pretreatment technique, to be
coupled with the commonly used paper-based assay (e.g. lateral flow assay) in POCT. In this
review, we focus on the importance of using paper as a platform for sample pretreatment. We
firstly discuss the beneficial use of paper for sample pretreatment, including sample collection
and storage, separation, extraction, and concentration. We highlight the working principle and
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fabrication of each sample pretreatment device, the existing challenges and the future perspec-
tives for developing paper-based sample pretreatment technique.

Introduction

Point-of-care testing (POCT) has found widespread
applications in detection and monitoring of various dis-
eases,[1-4] food safety [5] and environmental pollu-
tion,[6] in line with the ASSURED criteria laid out by
World Health Organization (WHO), namely affordable,
sensitive, specific, user-friendly, rapid and robust, equip-
ment-free, and deliverable to end users.[7] To date,
microfluidic chip-based devices have been broadly used
in POCT, e.g. a 3D-printed microfluidic device for detec-
tion of pathogenic Escherichia coli in milk [5] and a gluc-
ometer-based sensor for detecting Cu®"in water
samples.[8] However, chip-based devices are associated
with high-cost, equipment-dependent and complicated
fabrication process, which has significantly limited their
applications in low-resource and disease-endemic set-
tings. Recently, paper has attracted increasing attention
as a POC diagnostic tool since it is low-cost, portable
and easy-to-use. The porous structure of paper allows
fluid flow by capillary action and thus enables, biological
sample storage, mixing and flow control, which play a
fundamental role in POCT.[9,10] This readily obtained
and inexpensive material has thus became an important

substrate in various diagnostic assays, such as lateral
flow assay (LFA),[2,11-13] dipstick assay,[14] and
enzyme linked immunosorbent assay (ELISA).[15]

In clinical diagnosis, biological samples (e.g. blood,
urine, saliva) are generally complex, making them dif-
ficult to be analyzed directly. For instance, blood con-
tains the mixture of red blood cells, white blood cells
and plasma, among which only a small part will be
used as targets for diagnosing specific diseases.
Therefore, sample pretreatment is vital to remove the
large matrix and retrieve only the target analyte (e.g.
DNA, RNA or protein) from the sample for down-
stream analysis, which can be divided into sample col-
lection and storage, separation, extraction and
concentration. Traditionally, sample pretreatment is
performed by either using a vacutainer system,[16,17]
a commercial kit [18] or ultra-filtration technique.[19]
These methods are generally expensive, time-consum-
ing and equipment-dependent, which are not suitable
for POCT in disease-endemic settings. Therefore, there
is an urgent need to develop simple, rapid and inex-
pensive paper-based platforms for sample pretreat-
ment, which is compatible with paper-based
diagnostic devices (e.g. LFA).
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Figure 1. Paper-based sample pretreatment methods. Sample pretreatment are divided into collection and storage, separation,
extraction and concentration. Collection and store contain commercialization, the image was reproduced from the manufacturer’s
instructions and the shaped-based devices,[45] different pPADs for sample separation,[47,58] extraction [27,67] and

concentration.[77,80,81]

With recent advances in modification and fabrication
technologies of paper, it is now possible to perform
complex sample pretreatment in paper-based platforms
(Figure 1). For example, the commercial chemically-
modified paper (e.g. Fast Technology Analysis (FTA)
card) can be used for collection and storage of blood
sample,[20] cells,[21] and viruses [22,23] prior to extrac-
tion and analysis. An FTA card is able to extract the tar-
get nucleic acid by lysing the cells, denaturing the
proteins, and protecting nucleic acid from nucleases, oxi-
dative and UV damage.[24,25] In addition, paper can
also be modified by using chemicals (e.g. ovalbumin
(OVA) and ethylenediaminetetraacetic acid (EDTA) to
name just two) to combine with a target for metal ion
separation,[26] and by using paper folding techniques to
develop an origami card for protein separation and DNA
extraction.[27,28] These advanced technologies make
paper a potential platform for sample pretreatment.

Although there exists some good reviews on the
working principles,[29] analytical device,[30] inkjet-
printed fabrication technology,[31] chemical measure-
ments [32] and industrial applications and commercial
opportunities [33] of paper-based POCT, the review of
paper-based sample pretreatment has not yet been
reported. Here, we present the start-of-the-art advances
in the paper-based sample pretreatment for POCT,
including sample collection and storage, separation,
extraction, and concentration. We discuss the

advantages of using paper as a platform for sample pre-
treatment. We highlight the working principles
and fabrication techniques used in paper-based sample
pretreatment. In addition, we discuss the existing
challenges and future perspectives for developing
paper-based sample pretreatment.

Paper-based sample collection and storage

In most cases, clinical sample cannot be processed and
analyzed immediately due to inadequate medical facili-
ties and limited medical staff in disease-endemic set-
tings. Therefore, samples may need to be stored after
collection, before being transported from remote areas
to the laboratories. Conventionally, various methods
(e.g. Streck® Blood Collection Tubes (Streck® BCTs) [34]
and equipment (e.g. refrigerator and liquid nitrogen)
have been used for collection and storage of clinical
samples (e.g. whole blood, mixed body fluid). However,
these conventional techniques are expensive and
require a large container, limiting their accessibility in
resource-limited settings. Paper is composed of cellu-
lose, which has a degree of hydroxyl groups after nitra-
tion in the surface and then the amount of surfactant is
absorbed onto the paper surface by electrostatic and
dispersive interactions. The chemical molecules are con-
nected with hydroxyl groups onto the paper's surface.
Chemical molecules could prevent samples from being
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harmed or damaged.[33,35] Therefore, paper as a good
biocompatible substrate, has been widely used in bio-
logical collection and storage, such as various commer-
cial cards and shaped filter. A number of factors, such as
the sample type, sample volume, storage condition and
preservation time need to be considered in paper-based
sample collection and storage.

Commercial technologies

Nowadays, a wide range of commercial cards has
been used for sample collection and storage (Table 1).
Paper is mainly chemically modified for this purpose.
For example, the commonly used Fast Technology
Analysis (FTA) classic cards contain chemicals that are
used to lyse cell, denature proteins, prevent bacterial
growth, and protect nucleic acids from nucleases, oxi-
dative and UV damage according to the manufac-
turer’s instructions [36] (Figure 2A). On the contrary,
FTA elute card elutes nucleic acid from filter paper,
and retains protein and bacteria in the card.[21] In
addition, the chromatography paper can be pretreated
with butylated hydroxytoluene (BHT) in methanol for
blood collection and storage.[37] Each card has its
own working conditions (e.g. sample volume preserva-
tion duration and temperature). In terms of sample
volume, for example, an FTA card requires a volume
up to 125l according to the manufacturer’s instruc-
tions, 3MM chromatography paper requires up to
50uL,[38,39] whereas Nobuto Filter Paper strips
requires the volume up to 100puL [40-42] based on
the size of sample area. In whole blood sample stor-
age, for example an FTA card, could store whole
blood sample up to 22 years, nucleic acids up to 17.5
years and buccal sample up to 12 years at room tem-
perature (18-25°C). The Whatman 903 protein saver
card and 3MM filter paper could store whole blood
sample under frozen (—80°C and —20°C), cold chain
(4°C) or tropical condition (35°C) for up to
13 weeks.[25] Most samples are prepared by pipetting
or spotting onto the cards,[37,38,43] in dried form at
room temperature before storage, and these cards
need to be cut by scissors or punched with a defined
size to estimate the sample volume for downstream
analysis, but this involves the potential issue of cross
contamination due to the direct contact of scissors/
puncher and samples. Most commercial cards (e.g.
FTA cards) allow collection and storage of various
samples without the need to maintain a cool condi-
tion or safety regulations with respect to the transport
of hazardous reagents. Besides, these cards are com-
patible with many extraction kits, such as the
MagMAX-96 viral RNA isolation kit (Ambion, Inc,
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Austin, Tx, USA),[44] for downstream analysis (e.g. Real
Time-Polymerase Chain Reaction (RT-PCR)[38,44].

Emerging technologies
Technologies to be improved for POC use

To address the limitation of commercial paper (e.g. cross
contamination), a new shaped filter device has been
developed for a quick storage of a defined volume of
dried blood spots (Table 1; Figure 2B).[45] The Whatman
GBO003 paper is cut using a laser to a defined volume
shape to absorb 20 uL of whole blood. Compared to
commercial cards, blood sample with a fixed volume is
dispensed onto the shaped device by touching the
inverted triangle against the blood spot, and then is
dried for 4h at room temperature before being stored.
The device is able to collect and store different volume
of blood sample based on the shape and wicking cap-
acity of paper. Similar to the FTA card, the device is also
compatible with Qiagen DNA blood mini or Chelex
extraction method for real-time PCR analysis and PURE
extraction for target detection. Unlike the FTA card, this
filter device is cut without contacting the sample area
with scissors, reducing the potential issue of cross con-
tamination. The storage stability of the device should be
evaluated over a long period of time (6 months) for
potential future applications.

Paper-based sample separation

In practice, raw samples are often not suitable for direct
analysis at POC, as they contain complex elements
which might interfere with the analyte detection signal
and thus lower the accuracy of clinical diagnosis. For
instance, a raw blood sample contains red blood cells,
plasma and amino acid, which may interfere with the
optical signal of gold nanoparticle in colorimetric LFA in
the absence of proper sample separation.[46-48]
Conventional laboratory separation methods include
discontinuous centrifugation [49,50] and filtration,[51]
which involve complex operations and expensive equip-
ment. Several novel separation techniques, such as
pathogen enrichment device [52] and magnetic beads
separation techniques,[53,54] have also been intro-
duced. With the development of paper-based modifica-
tion and fabrication technologies, several commercial
technologies and emerging technologies have demon-
strated the development of paper-based separation
devices, which offers a great potential for POCT. The
sample separation technique of POCT should meet the
criteria of requiring low sample volume, short separation
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Figure 2. Paper-based sample collection and storage. (A) Commercial FTA card is used sample collection and storage, the image
was reproduced from FTA_CardsDataSheet_FINAL_3.25.10_LR, whereas (B) shaped filter device is used for sample collection, storage

and extraction.[45]

time and being flexible to be integrated into the diag-
nostic devices.

Commercial technologies

Additionally, commercial blood separation membranes,
such as Fusion 5, LF1, MF1, VF2, have been widely used
in a POCT platform (Table 2).[47,55] In a study, a variety
of blood separation membranes (LF1, MF1, VF1 and VF2)
have been used for sample separation combined with a
piece of Whatman No.1 paper for target analyte detec-
tion (e.g. human serum protein). LF1 is most suitable for
fabrication of uPAD for whole blood separation because
it requires less blood sample volume and achieves faster
plasma isolation. This paper-based device is allocated
between the iron mold and a permanent magnet, and
the UPAD was fabricated by the wax dipping method
(Fig. 3A).[47] These membranes use the principle of fil-
tration aided by capillary force to separate plasma from
whole blood. The device can be applied to separate
plasma from a single drop of whole blood within 2 min.
The blood volume to be separated was estimated
according to the equation (y=3.12x+ 13.38, y - size of
separation membrane, x - volume of sample) for a differ-
ent size of separation membrane (e.g. For 28mm?
38mm? and 50 mm? LF1-uPAD, the best range volume
of blood were 8-11pL, 11-17 puL and 15-22 pL). In this
technology, a commercial membrane has been success-
fully integrated into the paper-based biosensor.
However, this device could use other fixation methods
(e.g. chemical cross-linking [56] or physical adhesion
[57]) to replace the iron mold to a permanent magnet
and make it more simple and at low-cost.

Emerging technologies
Technologies suitable for POC use

A microfluidic paper-based analytical device (uWPAD) has
been developed for separating plasma from whole
blood using a red blood cell agglutination technique
(Figure 3B).[48] The pPAD is fabricated by printing the
hydrophobic barrier pattern onto a chromatography
paper with a wax printer and melting the wax to create
the hydrophobic barrier spanning the entire thickness
of the paper substrate. The red blood cell agglutination
technique is integrated into the uPAD, which consists of
the plasma separation zone in the center and the test
area in the periphery. The device is able to separate
plasma from the whole blood based on the principle of
agglutination, where the surface antigen of red blood
cell is specially combined with agglutinating antibodies
(anti-A,B), leading to red blood cells (RBCs) aggregation,
that are too large to pass through the pores within the
chromatography paper. To perform the assay, a small
volume of whole blood (~7pL) is spotted onto the
plasma separation zone, which separates the plasma, to
allow the plasma to diffuse directly to the detection
zone by capillary force for target detection (e.g. glucose)
in 5min. This device has successfully realized the inte-
gration of paper-based sample separation and detection
of POCT platform. However, this device needs agglutin-
ation antibodies for separating red blood cells, which
increases the whole cost of the sample pretreatment
method.

Similar to aforementioned puPAD, a paper-based card
has also been used for plasma separation from whole
blood sample.[58] The card consists of multilayer
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Figure 3. Paper-based sample separation. (A) Blood separation membrane,[47] (B) plasma was separated by pPAD via red blood

cell (RBC) agglutination technique,[48] (C) paper-based

separation cards,[63] (D) paper-based microfluidic device for

Cd* " separation,[26] and (E) an origami paper-based electrophoretic device was used to separate fluorescent molecules and

proteins.[28]

membranes, including overlay, spreading layer, separ-
ation membrane, plasma collection reservoir, isolation
screen and base card (Figure 3C). Following the addition
of whole blood onto the membrane, the plasma is
drawn by capillary action, and is migrated to a collection
disc at the bottom of the membrane. The card is able to
separate 2.5uL of plasma from 25puL of whole blood
within 3 min. Unlike uPAD,[48] this card is able to store
the dried plasma for subsequent analysis (e.g. proteomic
analysis and vitamin D quantification) after sample
separation. The card still needs to be combined with
paper-based biosensor for achieving the integration of
separation and detection of sample, which will expand
its application scope.

On the other hand, a new integrated paper based
immunosensing system has been introduced, which
combines both sample treatment and cadmium (Cd*h
detection (Figure 3D).[26] An extra dual function conju-
gation pad is added between the sample pad and the
conjugation pad of AuNPs in lateral flow format. This
dual function pad was impregnated with 10% ovalbu-
min (OVA) and 0.05 mM ethylenediaminetetraacetic acid
(EDTA) to mask interferences with albumin using OVA
and to detect Cd*"using EDTA. The working principle
is based on the competitive reaction between the

Cd-EDTA complex (formed in the first conjugation pad
in presence of target Cd®*") with the cad-
mium — ethylenediaminetetraacetic acid — bovine serum
albumin — gold nanoparticles
(Cd — EDTA — BSA — AuNP) conjugate (deposited onto
the second conjugation pad), to bind to the binding
sites of the 2A81G5 monoclonal antibody in the test
line. This cost-effective device enables rapid and highly
sensitive detection of Cd?**for application of environ-
mental monitoring at the POC.

Technologies to be improved for POC use

Besides separating the whole blood and metal ions,
an origami paper-based electrophoretic device (oPAD-
Ep) (Figure 3E) has been developed to rapidly separ-
ate fluorescent molecules (e.g. Ru(bpy)sCleg (Ru(bpy)32',
Fluka), 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-
diaza-s-indacene (BODIPY?™, Invitrogen), 8-methoxypyr-
ene-1,3,6-trisulfonic acid trisodium salt (MPTS®™,
Anaspec), 1,3,6,8-pyrenetetrasulfonic acid tetrasodium
salt (PTS*", Fisher Scientific)) and proteins (e.g. bovine
serum albumin (BSA)).[28] The molecules can be made
to move through the substrate (e.g. gel, polyacryl-
amide and paper) by electrophoretic transport in the
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presence of an external electric field (e.g. EP). The
electric field consists of a negative charge at one end
which pushes the molecules through the substrate,
and a positive charge at the other end that pulls the
molecules through the substrate, to achieve the target
separation at the end of the assay.[59] oPAD-Ep con-
tains three steps: the slip layer and origami paper
were patterned by wax printing, the plastic buffer res-
ervoirs are made using a laser cutter and the compo-
nents are assembled as shown in Figure 3E. The
device uses multiple thin folded paper layers to sup-
port the medium for electrophoresis. The substrate is
used to suppress the thermal convection caused by
Joule heating and to sieve target biomolecules (e.g.
nucleic acid and protein) based on their size. The
oPAD-Ep device can be used for separating a single
(BODIPY?") or multiple (MPTS®*”and Ru(bpy)s*) fluor-
escent -tagged samples within 5min to detect one or
more target analytes based on their different electro-
phoretic mobilities. Unlike conventional electrophoresis
system, the oPAD-Ep device can reach high electric
field intensity at low applied voltage (~10 V), making
it suitable for POC application.

Paper-based sample extraction

After collecting the sample, an extraction step is
important in order to isolate the target analyte (DNA
or RNA) from a complicated biological sample for
downstream analysis. Conventional extraction methods
include microwave irradiation,[60] salt-precipitation
and spin-column method,[61] alkaline based lysis
extraction method,[62] guanidinium thiocyanate based
extraction method,[63] magnetic  particle-based
method,[64] commercial kits.[62] However, these proc-
esses always require multistep operations, which are
time-consuming. Therefore, a simple, prompt tech-
nique needs to be developed. In POCT, the sample
extraction technique should meet the requirement of
easy manipulation, a short extraction time and equip-
ment-independent. At present, several commercial
technologies and emerging technologies had been
used for target extraction.

Commercial Technologies

At present, several paper-based commercial cards, such
as FTA card[44,60,65] and FTA elute card,[21,66] not
only store and collect sample, but also extract nucleic
acid from biological samples. These technologies have
to simply the operations of extraction, but there are
some challenges. The detail information can be found in
Table 1.

CRITICAL REVIEWS IN BIOTECHNOLOGY 9

Emerging technologies
Technologies suitable for POC use

Several studies have reported a variety of sample extrac-
tion techniques using paper (Table 3). For instance, a
low-cost paper microfluidic origami device has been
developed for DNA extraction [27] (Figure 4A). This
device is fabricated by stacking flat polymer sheets and
paper. This device uses guanidinium thiocyanate
method to extract DNA, and the complex chemical and
physical operation steps for DNA extraction can be sim-
plified by sequential folding. Then, DNA is absorbed on
Fusion 5 membrane. The origami device could extract
150 uL of bacterial DNA from raw viscous sample (pig
mucin spiked with E. coli) without the use of external
power and high-cost equipment within 1.5 h. Besides,
this device could reduce the biohazard concerns during
transportation due to the use of non-hazardous
reagents, such as water, ethanol and elute buffer. The
operation steps should be reduced to make the assay
faster and simpler.

In addition, based on filtration isolation of nucleic
acids (FINA) technology, a pPAD (known as paper-based
separation device) has been developed to extract DNA
from whole blood. FINA modules are fabricated by sand-
wiching separation membrane disk between blotter pad
and a thin sheet of Parafilm with a hole in the center
(Figure 4B). This technology uses alkaline (e.g. NaOH)
extraction method to extract DNA, where DNA is cap-
tured by Fusion 5 membrane and the lysis debris is
removed into absorption pad through the vertical flow
of chemical buffer. After DNA extraction, the filter paper
is completely soaked in the test tube for further ana-
lysis.[67,68] This method has been proven to success-
fully extract human immunodeficiency virus-1 (HIV-1)
DNA from 100 uL of whole blood in less than 2min
without need for any additional tools, such as laboratory
equipment. The FINA test has been reported to be
highly sensitive and specific, with shorter extraction
time as compared to the conventional extraction meth-
ods (e.g. commercial kits).[69] Additionally, this cost-
effective technique is also compatible with the com-
monly used blood collection tube containing anticoagu-
lants, thus holding a great potential to be used in POC
settings. This technology could rapidly extract DNA from
whole blood. However, the issue of reagent storage
should be achieved for future applications.

Technologies to be improved for POC use

A paper-based microfluidic device consisting of a piece
of Fusion 5 filter paper has been developed for DNA
extraction. The filter paper is attached to a PDMS



10 R. H. TANG ET AL.

(panupuod)

pidijodA|6 Jamod |eou UOI1RIISUOWSP 1SIly uoneiodens aje

[08] J1129ds-SI1S0|N2IagN] -23|9 |euIXd Sainbay ay) suodas Apnis siyl  -J9|9dde 03 Je3Y JO IS
sadAy a1d
-wes Jo abues apim
e 0} A|dde ue)
dueiquidw
pajeiisuowsp snoiod ul YNQ
sa|dwes ud3q jou sey JO UOI}RJIUDUOD

xa|dwo> woly
¥NQ 4O uopenusd
[64] -Uuod pue uopedyIng

((Ha1d)
aseuaboipAyap

91e1oe| WnIpowse|d
“63) Jdew
-01q ele[eW pue Ul

150d 10} 31A3p
ngmcwnou.w_QEmm

Jo uoneibayul 3y

dus 1591 Aesse mojy
|e4a1e] ybnoiyy mojy
9|dwes jo uonen
-UdU0D 10} Jayng

pue uoned>
-jund da3s-suo saz|

-|eas Abojouyday syl

UOI1RJIUSDUOD
PI0J-0L saAsIYdY
Jlsoubelp auo-ul-|je
9|qeuod swioy pue
Kesse Moy} |esale|
ol 541y sajelb

19b64e) UON
-2J]USDU0D 0} UeSO)
-1Yd> yum pareubasdw

Jaded Uo11RJIUIDUOD
duln  ulW oz 009 Kydeibojewoiy) aAlleloden]
ped

BuppIm dsojn|9)
‘13qy sse|b ‘auelq
-WwiawW 3s0|N||904N

VNQ 136.Je3-uou
‘poojg ‘uit01d ybIH U 5z 111 000Z-00L

UOI}_JIUDUOD
paseq uesojy)

uoljejusduod
(Sd1y) waishs

uoljesjuaduod

uo1N|os J3xJewolq 3|dwes

[8/'7/]  -J3jsuei) jo uoidaRg  buuuni enxd spaaN -l ABojouydal siyL 95easIp Jo A1dLeA ¥ UlW 67 ™oy Jaqy ssejn  aseyd-om} snoanby paseq-ladeq
SDINIP
12504 jo uonsa1ep salpinjjoniw
Yyum pajeibazul JoN plepueis 0} pased
S92 1seak 19611 UondLIXD -wod se Jaded sy
pue sajndajow J1oy samod |edusy woJy pinjj e 1desxd poyaw elI9)eq pue (MVS)
L udj04d JO UOIDRIXT -D3[D [RUIAIXD Salnbay pInod 3IA3P SIyL uoneziwole Mys ‘uidoid ‘|33 jo pinbr sgL-01L ™oy 950[N||93-19159A|0d  IABM DIISNOdE 3dRYINS
wuopeyd
120d jo uonds1ep
yum pajesbajul JoN
VNa
UoIDRIIXD pajew sa|dwies snouea jo
-one 1oy Jomod SWIN|OA [[BWS WOy snnq 121ebp
sa|dwes |edu3[R pue VNQ uodesxs ‘eAljeS ‘Sqems [ed
|ed160j01q 3SIAIP anjen ‘dwnd abui pajewoine ay} poyaw -dnq ‘a|dwes poojq dIAIpODIW
[0/] woJj uonedyund YN  -JAs [euialxe salinbay $9Z1|eas AP SIYL uoleNXd HOBN paup ‘poojq SOy  uiw /£ Mi-sz0 G uoisn4 paseq-saded 13y ¥
1D0d jo uondaiep salbojouyday
yum pajelbazul JoN UOIDRIIXS J3Y30 01
days Buiysem paJedwod se awi
poojq pue dajs sisk| bul SS9] Ul poo|q djOym
3]0YyMm woly uon -pnpui ‘suonesado woiy YNQ Peixd
-e1xd YN (L-AIH) x3|dinw saiinbay 0] poyiaw uof} Kbojouyday
L 9dAy snuia Aouap VNG buipenxs Joy -eJ}|l4 [ed21dA e sdo poyaw ped (¥NI4) sp1e 219pnu
[89£9] -jopounwiwl UeWINH  13ynq eJIXd salinbay -jarsp ABojouyday siy| uondeIXd HOBN poojq 3joym  ulw g TiooL  uondiosge ‘s uoisn{  Jo UOIR[OS| UOLRIYI4
1504 j0 uonda1sp
yum pajeibazul JoN
VYNQ bunoenxs d|qesodsiq
pue buiysem o} juswdinba 150>
Jayng aunja pue [ou ybiy pue samod poyaw uoIPeIXD
9jdwes snodsia mel -BY1d 3sn 0} SpaapN [eUIIXd pasu uondeIXd e (upnw big "69) G uoisn{ ‘1aded 1A3p 1webuo 9jdwes
VA4 wouy YNQ |eusreg awr buo T  Jou SI0p !IAIP Syl -uedoly) wnjuipluens  3jdwes SNodSIA MeY Y G| TostL aso[n|d asodyiy  dipingoniw saded vy paseq-ladeq
dURIRYRY uoned|jddy sabejueapesiqg sabejuenpy 9idpuud bupjiopm 9dwes jo sadA| dwi]l  djdwes jo siaded jo sadA) SIDIAIP JO SaweN saibojouyday
awn|op J0 sadA)

"UOI1BJIUIDUOD pue uoidelxa d|dwes paseg-1aded jo saibojouydal buibisw] ¢ a|qel

910z |1MdY 8T ¥E:10 ® [eibi0e9 Jo Aisieaiun] Ag pepeojumog



CRITICAL REVIEWS IN BIOTECHNOLOGY 1"

(12359 |Ap1w
-luPINS (884v)
8817 J0Nn|4 exdly

1o 3jnd3jowW ud
-salonyy “69) sajnd

Jamod [ed1y

9|dwes jo awn
-|OA sS3] saJnbay
‘UOIIRIIUSIUOD
PI104-0001 SaA9IYdY
100d jo Aesse

MOJ} [esa1e| Oul
palesbajul usaq
sey Abojouyday sy
19bie) 3y} 31eNUd
-uod U3y} pue dJ|
Jo uoneiodeas pue
Buneay sjnor swod
-1I9A0 0} S3INPNIIS
21A3p padeys
-SS01> [9AOU pue
poyisw uoneduqe}
bunund xem sdo

suol d|dwes
UOI}RJJUIIUOD 0}
196181 Jo ANjIqow
onIoydoids)p

19159 |Apiw
-lupdNs (884v)
88Y Jon|4 exs|y

uoljejusaduod

[L8'€/] -90W JO UOIIRAUIIUOD -DID [eUIBIXD salinbay -janap ABojouydal siyy 9AI}I9)43 UO paseg  ‘9|NdIJOW JudSAlon|{  ujwg Tog  saded syl asojn|d sisaJoydoydeios|
(ON1144
01 dn) aunyesad uol1eJUDUOD
sisojn21agn} -wa} ybiy spasN PI0J-07 SaAdIYdY
Jo sisou 1ood piny |esibo)
-beip pue uond1ap JO UOIIRIBP Yum -01q woyj 1361e)
3y} Joj JNiew uoneibaul oN 31enuadu0d Ajpides
-o1q Ateunn “(Wy1) 19y ewolq 3|qes 0} 9IA3p Jaded 19bie}
ueuuewouigteod| 1e9Y A|uos spasN e uo jeay buisn jo uo[}eJUDUOD pue
ESIIEIEIEN] uoned|jddy sabejuenpesiqg sabejuenpy d1dpund Buppom 9dwes jo sadA| dwil  3|dwes jo siaded jo sadA) SDIAIP JO SaweN sa1bojouyday
awIn|oA Jo sadA)

910z |1MdY 8T ¥E:10 ® [eibi0e9 Jo Aisieaiun] Ag pepeojumog

panupuod ‘¢ ajqel



Downloaded by [University of Georgia] at 04:34 18 April 2016

12 R. H. TANG ET AL.

(A) (B)
a

Parafilm tape

Pre-punched

Fusion 5 disk
I oa b

|

= Fusion 5 disk

=

Blotter pad

l Add 100uL
blood

>0

L=

2 707 Blotter pad

Add 500-1000uL
10mM NaOH

] C

Membran_f; »
1|ter Paper :

Harvard Syringe Pump

- — -y

‘ Filter!

@ paper
Battum e

Perform real-time PCR Reaction

Halmltan MVP Valvc

Disk with
& | enterapped
J‘; 8 4 (- genomic DNA

(©)
a r

RE:
inpu

1/8 A 38 A 1/8 A
—
=T
/8 M 1/8 A
C Atomization

b
%Wlstrca_m‘i ng

Leaky SAW

2-lane
Microdevice in
a Maniford

Figure 4. Paper-based sample extraction. DNA was extracted by (A) Microfluidic origami device.[27] (B) LPAD via FINA method [67]
and (Q) filter paper-based microdevice.[70] (D) Fluid, protein and yeast cell were extracted by SAW extraction device.[71]

membrane, which is sandwiched by two PMMA layers
(Figure 4Q).[70] Similar to the principle of the study dis-
cussed earlier, this device use alkaline lysis extraction
method to isolate DNA from diverse biological samples
and to capture DNA using Fusion 5 membrane. For
7 min, 0.25-1 uL of blood can be extracted using Fusion
5 filter paper and the DNA yield obtained (5.6-21.8 ng)
are higher than that obtained by conventional tech-
nique of QlAamp DNA Micro kits (3.6-13.0 ng) (QIAGEN,
Germantown. MD, USA). This device achieves an auto-
mated extraction of DNA from a small volume of sam-
ple, which is required to combine external syringe
pump and valve. However, this device is required to be

combined with paper-based pump and valve as devel-
oped in literature [16] to increase its portability for
future POC use.

Surface acoustic wave (SAW) atomization has been
used for extracting the target analytes (e.g. protein
(ovalbumin and BSA) and yeast cells) from the sample
stored in a paper.[71] The atomized target is then col-
lected onto a clean glass slide for the next analysis. The
SAW device is composed of piezoelectric substrate, sin-
gle-crystal lithium niobate, with chromium-aluminum
single-phase unidirectional transducer (SPUDT) electro-
des patterned by UV lithography (Figure 4D). The target
is extracted from the sample stored at the paper strips
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using SAW atomization method. The SAW atomization
extraction is performed through a high-frequency elec-
trical power applied to inter-digital transducer to pro-
duce mechanical vibration, which enables target
atomization. The device is used to rapidly extract the
target from the sample. A portable battery power
should be integrated into this technology to make it
more portable for use in remote settings.

Paper-based sample concentration

In POCT, the ability of a diagnostic device to detect a
low concentration of target analyte remains a challenge.
For instance, the currently available LFA has relatively
poor detection limits (~10~ "' M),[72] which are unable
to detect the clinical detection limit ranging from 10~ '2
to 10 7' M of most diseases (e.g. cancer, neurological
disorders) without a concentration step.[73] Therefore,
concentration step is vital for the sample with extremely
low concentration for the ease of detection to improve
detection limit of target. Various traditional methods
have been applied for concentrating the clinical sam-
ples, such as ultrafiltration,[19] isotachophoresis
(ITP),[74,75] and temperature gradient focusing
(TGF).[59,76] However, these traditional methods are
always complex and expensive. Thus, a simple and easy-
to-use concentration technique should be developed to
substitute these complex, time-consuming and labori-
ous traditional techniques. At present, some emerging
technologies have reported the use of paper-based con-
centration methods to improve the sensitivity of the
assay (Table 3).

Emerging technologies
Technologies suitable for POC use

An aqueous two-phase system (ATPS) has been used for
concentrating the target biomarkers. At present, paper-
based ATPS has been applied to concentrate the sample
for improving the sensitivity of LFA (Figure 5A).[77] The
3D paper architecture is composed of multilayer defined
size (8 x 10 mm) laser-cut strips made of glass fiber. The
mixture of polyethylene glycolpotassium (PEG) and sam-
ple-phosphate in 3D paper at appropriate concentra-
tions (PEG: sample =9:1), produces PEG-rich phase (a
more hydrophobic phase) on top layer of 3D paper and
PEG-poor phase (@ more dense and hydrophilic phase)
at the bottom layer. As a result, this phenomenon ena-
bles sample concentration for sensitivity enhancement
in LFA. This technology could achieve the detection
limit as low as 0.1ng/uL for detecting transferrin
(enhanced up to 10-fold sensitivity) within 25 min.
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Based on the similar principle of a micellar ATPs of the
Triton X-114 system, a 3D paper design is also inte-
grated with LFA to simultaneously concentrate and
detect a malaria biomarker (e.g. Plasmodium lactate
dehydrogenase (pLDH)) within 20 min at room tempera-
ture. This single-step successfully detect target (pLDH)
at 1ng/pL and increase up to 10-fold.[78] Compared to
conventional evaporation and ITP techniques, ATPS
technology is more suitable to be integrated into paper-
based device without need for additional power supply.

Additionally, a novel sample preparation system has
been used for in-membrane sample purification and
concentration on paper (Figure 5B).[79] Chitosan is
immobilized in paper to capture DNA via anion
exchange chromatography. In solution buffered with a
pH below 6.3-6.5, the primary amine is protonated, chi-
tosan binds nucleic acid (DNA and RNA) via electrostatic
interactions. When adding a solution with the pH above
the amine pKa (it means acidity coefficient), the primary
amines are deprotonated which results in the loss of
electrostatic attraction and the release of nucleic acid.
Nitrocellulose membrane has been reported to have
greater efficiency in sample concentration, as shown by
a higher concentration factor (13.3x) as compared to
glass fiber (12.3x). This system has been used to suc-
cessfully purify and concentrate the complex sample
containing high protein content, excess non-target DNA
and blood. However, this device could be further inte-
grated into a sample-to-answer POC platform.

Technologies to be improved for POC use

Evaporation concentration technique based on heating
has been used to concentrate the sample for down-
stream analysis.[59,76] Similarly, a paper-based evapora-
tive concentration device has been developed to
concentrate the biological sample.[80] The device con-
sists of a defined size of chromatography paper sand-
wiched between two custom-made aluminum plates,
which can be heated up to 220°C by a commercial
resistive heater. The concentration is achieved through
heating induced evaporation of the liquid carrier, result-
ing in the enrichment of the target molecule (Figure
5C). With this method, the concentration of tuberculosis
biomarker is increased nearly 20-fold within 20 min.
Compared to other concentration techniques (e.g. elec-
trodynamic and nanofiltration techniques), this technol-
ogy has the potential to be easily integrated into lateral
flow assays, which is able to concentrate hundreds of
micro liters of sample down to tens of micro liters in
order to meet the requirement of a small final sample
volume for downstream analysis (e.g. LFA). However,
this technology can only be used for heating thermally-
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stable biomarkers since the high temperature (220°C)
involves the issue of thermally-induced damage to the
biomarkers. The technology should overcome the high
temperature to expand its wide application.
Additionally, isotachophoretic (ITP), an electrophor-
esis technique, has been applied for paper-based sam-
ple concentration. An ITP technique is applied in the
paper-based device based on different effective electro-
phoretic mobility of target to concentrate sample ions.
Sample ions are focused between high electrophoretic
mobility leading ions (LE) and low electrophoretic mobil-
ity trailing ions (TE). When a constant voltage or current

is applied across the channel, sample ions accumulate
and concentrate by electrophoresis into a number of
contiguous zones between LE and TE zones according
to their mobility. Each zone has concentrated molecules
with similar molecular weight, as governed by electro-
phoresis conversation laws.[81] However, there exist the
challenges of Joule heating and evaporation when using
this technique on paper-based device. To overcome
these challenges, several approaches have been devel-
oped. A study has created shallow channels on pPAD by
wax printing to rapidly dissipate Joule heating. This
device is able to concentrate 30 puL of target analyte
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(fluorescent molecule) and increased 1000-fold concen-
tration in 6 min.[81] With similar principle of ITP, another
study has designed the cross-shaped membrane on ITP
device to decrease the evaporation of sample from the
membrane free surface and Joule heating (Figure 5D).
The concentration of sample, for example, Alexa Fluor
488 (AF488) succinimidyl ester (Molecular Probes,
Eugene, OR) can be increased by nearly 900-fold.[73] In
addition, the cross-shaped device has been integrated
into LFA to improve the sensitivity of the assay. The
detection limit of sample was enhanced 400-fold in 90s
and by 160-fold in 5 min. Successfully, the technology is
integrated into LFA for detection of protein. However, its
efficiency is low (~10%), the improvement of which
needs the optimization of all parameters. Meanwhile,
this device should also be combined with the portable
battery to expand the scope of its application.

Conclusion and future perspectives

In POCT, sample pretreatment, including collection and
storage, separation, extraction and concentration, are
important to obtain the desired analytes from the sam-
ple for downstream analyzes. To replace the compli-
cated conventional techniques, a low-cost, rapid, and
easy-to-use technique should be developed. Paper, with
low-cost, easy-to-use, eco-friendly, and portable fea-
tures, holds great potential for sample pretreatment. At
present, with the development of modification and fab-
rication techniques of paper, paper-based sample pre-
treatment technologies have been developed to reduce
the time and step of operation, offering great potential
for POCT in low resource settings.

However, most existing paper-based sample pretreat-
ment technologies have some limitations and cannot be
used for resource-poor setting. For example, most
paper-based devices are portable without external
power, but these require manual intervention and multi-
step processes (e.g. multiple reagent addition steps and
extra heating step) by manual operation.[44,45,82] To
address this limitation, a flow control technique and
valve (e.g. two-dimensional paper networks,[83] paper-
based non-mechanical valve [84]) could be integrated
into paper-based POCT devices to replace multistep
chemical processing sequences for sample pretreat-
ment. Besides, some paper-based devices (e.g. paper-
based ITP device,[81] paper-based SAW device [71] and
paper-based evaporation concentration device [80]) are
not portable and require external power supply, which
are not suitable for low-resource endemic settings.[81]
To overcome this challenge, a portable paper-based
electronic device (e.g. paper-based flexible piezoelectric
nano-generators [85]) - could be coupled with the

CRITICAL REVIEWS IN BIOTECHNOLOGY 15

paper-based sample pretreatment technique in the
future. Additionally, in sample preparation, nucleic acid
extraction always needs electrical-powered syringe
pump for adding buffer [70] and heating for cell lysis.
Therefore, the paper-based sample pretreatment device
for nucleic acid extraction should be coupled with a
simple paper-based pump,[16] and a portable miniature
heater to be well-suited for POCT in resource-limited
settings.

In the future, these paper-based sample pretreatment
technologies will need to overcome some challenges to
improve the drawback of the technology, such as, exter-
nal equipment, multiplex operations, long time, cross
contamination. In addition, the integration of paper-
based sample pretreatment into a paper-based diagnos-
tic device (e.g. the most commonly used LFA) is highly
demanded to produce an integrated sample-to-answer
diagnostic device for POCT. For example, paper-based
microfluidic valve technology [9,84] can be integrated
into this paper-based platform to direct the buffer or
sample to flow sequentially from the area of sample pre-
treatment to the detection area. In particular, to accur-
ately detect target nucleic acid at low-resource settings,
a fully automated paper-based platform starting from
nucleic acid extraction, amplification and the use of
Smartphone’s sensor [86] for quantitative detection is
essential. Furthermore, these technologies should be
validated by using clinical sample testing and expand its
application. Finally, we envision that paper-based sam-
ple pretreatment can make a great contribution to the
development of cost-effective POCT in the near future.
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