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Abstract—This paper addresses two key challenges toward an
integrated forward error-correcting biosensor based on our previ-
ously reported self-assembled quick-response (QR) code. The first
challenge involves the choice of the paper substrate for printing
and self-assembling the QR code. We have compared four differ-
ent substrates that includes regular printing paper, Whatman filter
paper, nitrocellulose membrane and lab synthesized bacterial cel-
lulose. We report that out of the four substrates bacterial cellulose
outperforms the others in terms of probe (gold nanorods) and ink
retention capability. The second challenge involves remote activa-
tion of the analyte sampling and the QR code self-assembly process.
In this paper, we use light as a trigger signal and a graphite layer
as a light-absorbing material. The resulting change in temperature
due to infrared absorption leads to a temperature gradient that
then exerts a diffusive force driving the analyte toward the regions
of self-assembly. The working principle has been verified in this pa-
per using assembled biosensor prototypes where we demonstrate
higher sample flow rate due to light induced thermal gradients.

Index Terms—Automatic reagent sampling, bacterial cellulose,
flexible electronics, forward error-correcting biosensor, lab-on-
chip, mobile health, QR code, self-assembly, silver enhancement,
self-powered sensing.

1. INTRODUCTION

APER-BASED microfluidics provide an ultra-low cost
Pplatform to implement biosensors for portable point-of-
care (POC) diagnostics and for on-site detection [1], [2], with
applications ranging from immunoassays [3], urinalysis [4], en-
vironmental monitoring [5] to food safety [6]. When integrated
with low-cost tagging technologies like radio-frequency iden-
tification (RFID) [7]-[9] or quick response (QR) codes [10],
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paper-based microfluidics platform could facilitate end-to-end
food supply chain monitoring where food-packages can be en-
dowed with biosensing capabilities. In our previous work we had
demonstrated that both RFID tags [11], [12] and QR codes [10]
can not only be used for encoding the static product informa-
tion, but also can be used for monitoring target analytes. The
decoding of both RFID biosensor and QR code biosensors can
be performed using a smart-phone, either by using an integrated
RFID or QR code scan capability. In this paper we address
two specific challenges in integrating a paper-based QR code
biosensor for food-supply chain monitoring.

The first challenge lies in the choice of the paper substrate on
which the biosensor could be printed and assembled. In litera-
ture, Whitman filter-paper [4], [13] or nitrocellulose [14], [15]
have been extensively used as paper substrates for biosensors. In
this study, we have explored the use of bacterial cellulose as the
substrate to fabricate the QR code biosensor. Bacterial cellulose
is a biocompatible and bioactive material that has been approved
by the US Food and Drug Administration (FDA) for the usage
in clinical indications [16]. As a substrate it is attractive due
to its open nanoporous structure, simple surface chemistry, ex-
cellent mechanical properties, low cost and scalable synthesis
[17], [18]. Even under vigorous mechanical agitation and harsh
chemical conditions, bacterial cellulose still exhibits excellent
stability. These features of bacterial cellulose have been pre-
viously used for designing flexible Surface Enhanced Raman
Scattering (SERS) substrate which shows ideal capabilities for
bacteria collection [19]. In this paper, we show that bacterial cel-
lulose also demonstrate excellent ink retention capability that
ensures the printed QR code is stable when subjected to liquid
analytes.

Another feature of bacterial cellulose substrate is that
when the substrate is combined with an integrated absorbing
graphene-oxide layer, a bacterial cellulose based bio-foam can
also demonstrate excellent heat retention property [20]. We have
used this property to address the second challenge related to the
assembly of the QR code biosensor. Like any other paper-based
biosensor, the QR code biosensor needs to acquire the target
sample and direct the analyte into sensing region where the
reagents are present. In a conventional sampling process, the
reagent is physically applied (using a pipette or a dipstick [21])
to the paper substrate. While this sampling approach is conve-
nient for cases when the analyte can be directly accessed, it is
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Fig. 1. Different components of a QR code biosensor that can be integrated

on a liquid package and the sample acquisition could be triggered using a laser
light source: component A shows a QR code which will be assembled based on
detection; component B highlights the paper-based microfluidics channel part
that could be integrated on A to remotely acquire liquid sample or reagent from
a sample container C with a light source.

impractical for cases where the analyte is packaged or sealed, as
shown in Fig. 1. In this paper we use a graphite-layer integrated
with the Whatman filter paper substrate as a light-absorbing
material for generating thermal gradients across a microfluidic
channel, as shown in Fig. 1 and reported in [22]. The thermal
gradient results in an increase in the diffusion rate that pushes
the analyte into the region of interest.

The paper is organized as follows: Section II introduces QR
code biosensor operating principle which is followed with ma-
terials and methods used to prepare the biosensor and the ex-
perimental setup. Four different substrates, including regular
printing paper, Whatman filter paper, nitrocellulose membrane
and lab synthesized bacterial cellulose, are used for the QR code
biosensor prototype fabrication. This section also presents mea-
surements obtained using the fabricated biosensor prototypes. In
Section III a light absorption based analyte sampling approach
has been proposed and verified on the Whatman filter paper
substrate, and Section IV concludes the paper with discussions
of future work.

II. QR CODE BIOSENSOR SUBSTRATES
A. Operating Principle of QR Code Biosensor

The principle of QR-code biosensor based on silver-
enhancement self-assembly has been described in [10] and is
summarized here and in Fig. 2 for the sake of completeness. A
QR code is a two dimensional bar-code that encodes the product
information along with an in-built error-correcting and align-
ment capability. When some of the QR code components (high-
lighted by black modules in Fig. 2(a)) are missing, the product
information cannot be successfully retrieved. In [10] we self-
assemble the modules using a process of silver-enhancement
in the sensing regions as shown in Fig. 2. Silver enhancement
based analyte detection relies on the formation of a sandwich
structure comprising of primary probe (e.g., antibodies), tar-
get analyte and gold nanorod (AuNR) conjugated secondary
probe. The AuNR conjugated secondary probes first hybridize
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with their target analytes which then bind with the primary
probes that are immobilized in the sensing regions, as shown in
Fig. 2(c). Any unbounded secondary probes are washed away
leaving the sandwich structure (with AuNR label) intact. Be-
cause the dimensions of AuNRs are in a scale of nanometers,
they are not large enough to be optically visible. When the silver
enhancement solution is applied, silver ions start reducing into
metallic silver on the surface of AuNRs, as shown in Fig. 2(d).
As time progresses, more silver ions are reduced and deposited,
and a chain of AuNRs cored silver micro-structures assemble.
Thus, the regions where the silver-enhancement occurs become
darker, illustrated in Fig. 2(e). In this way, an invalid QR code-
word (Fig. 2(a)) transits into a valid codeword (Fig. 2(e)) which
can be successfully decoded using a standard smartphone. We
have previously verified that longer time is needed to assemble
a valid QR code to detect target analyte with low concentration
levels (shown in Fig. 2(f)). In the next section we investigate the
use of bacterial cellulose susbtrate for integrating the QR code
biosensor. Note that in [12], we have already described different
techniques to construct and optimize the microfluidic channels
using nitrocellulose membrane, and is omitted in this paper.

B. Materials and Methods

1) Materials and Apparatus: Gold chloride (HAuCly), Hex-
adecyltrimethylammonium bromide (CTAB), sodium borohy-
dride (NaBHy), silver nitrate (AgNO3), ascorbic acid and
silver enhancement kit were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Gluconacetobacter hansenii (ATCC
53582) and Acetobacter xylinum medium (ATCC 1765) were
obtained from American Type Culture Collection (Manassas,
Virginia, USA). Deionized water used in the experiment was ob-
tained through Millipore water purification systems (Billerica,
MA, USA). An EPSON stylus C88+ ink-jet printer was used
to print the QR code. The printing substrates include multi-
use printing paper from Boise Paper, grade 40 ashless What-
man filter paper from GE Healthcare (Little Chalfont, Bucking-
hamshire, UK), HF13504XSS nitrocellulose membrane from
Millipore (Billerica, MA, USA) and lab synthesized bacterial
cellulose. Truecolor 009 Gel pen were bought from eBay Inc
to dispense the AuNR ink. 808 nm Laser Diode Control Units
(LDCU 12) from Power Technology was used as light source to
trigger the reagent flow. All the chemicals were used as received
without further purification. The experiments were carried out
in a certified Biological Safety Level II laboratory.

2) Synthesis of Bacterial Cellulose: Fig. 3 shows the sche
matic illustration of bacterial cellulose fabrication process. Glu-
conacetobacter hansenii (ATCC 53582) was cultured in test
tubes containing 16 ml of #1765 medium at 30 °C under
shaking at 250 rpm. The #1765 medium is composed of 2
% (w/v) glucose, 0.5 % (w/v) yeast extract, 0.5 % (w/v) pep-
tone, 0.27% (w/v) disodium phosphate, and 0.5 % (w/v) citric
acid. Bacterial culture solution (incubated 3 days) was added
to the medium to make a total 7 ml solution. The solution was
subsequently transferred to petri dish and incubated at room tem-
perature without disturbance as shown in Fig. 3(a). After 5 days,
a thin film of bacterial cellulose was formed. For purification,
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Principle of QR code self-assembly and biosensing using silver enhancement. (a) QR code sensor before target detection; (b) primary probes specific to

the target analytes immobilized in the sensing regions; (c) target analytes captured on primary probes; (d) silver enhancement technique used to assemble the parts
of the QR code as shown in (e); (f) summarize previous experimental results showing that longer time is needed to assemble the QR code for the target with low

concentration levels [10].

growth
cleaning

(b)

@

Fig. 3.

© (@

Schematic illustration bacterial cellulose growth process: (a)—(c) schematic illustration showing bacterial paper synthesis process; (d) photo of synthesized

bacterial cellulose (inset: SEM image showing surface morphology of bacterial cellulose).

the film was harvested from the petri dish and washed in a 500
ml of 0.1 M NaOH aqueous solution under boiling condition for
2 h. The obtained bacterial cellulose hydrogel (schematic illus-
trated in Fig. 3(b)) was then dialyzed in DI water for 2 days. The
purified bacterial cellulose hydrogel was then air dried. Photo
of the as synthesized bacterial cellulose is shown in Fig. 3(d).
3) Synthesis of AuNRs: AuNRs were synthesized by using
seed-mediated method [23], [24]. Seed solution was synthesized
by adding 0.6 ml of an ice-cold NaBH, (10 mM) solution into
10 ml of HAuCly (0.25 mM) and CTAB (0.1 M) solution under
vigorous stirring at room temperature. The color of the seed so-
lution changed from yellow to brown. Growth solution was pre-
pared by mixing 5 ml HAuCly (10 mM), 95 ml CTAB (0.1 M),
1 ml AgNO3 (10 mM) and 0.55 ml ascorbic acid (0.1 M), con-
secutively. The solution was homogenized by gentle shaking.
To the resulting colorless solution, 0.12 ml of freshly prepared
seed solution was added and kept undisturbed in the dark for
14h. Prior to use, the AuNR solution was centrifuged twice at
8000 rpm for 10 min to remove excess CTAB and re-dispersed in
DI water. UV-Vis extinction spectrum was measured using Shi-
madzu UV-1800 UV-Vis spectrophotometer and shown in Fig. 4.
The extinction spectrum of AuNR exhibits two characteristic
bands at 510 nm and 794 nm, which corresponding to the trans-
verse and longitudinal plasmon resonances, respectively. The
length and diameter of AuNR were respectively measured to be
58.7 4.5 nm and 14.5 £ 1.0 nm using Transmission electron
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Fig. 4. Vis-NIR extinction spectrum of AuNR (inset: TEM image of AuNR).

microscopy (TEM) (inset in Fig. 4). TEM image was collected
using a JEOL JEM-2100F field emission microscopy.

C. OR Biosensor Prototype Fabrication

The invalid or unassembled QR code is firstly printed on the
substrate using EPSON C88+ printer with normal black ink,
as shown in Fig. 5(a). We have used four different substrates
in this paper, including regular printing paper, Whatman filter
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Schematic illustration showing QR code biosensor fabrication procedure: (a) print the predefined QR code (invalid) on the substrate with normal black

ink; (b) AuNR ink filled in the gel pen and dispensed on the self-assembling region; (c¢) schematic diagram showing AuNR ink drops on the pen tip surface;

(d) SEM images of top view and side view of the pen tip.

paper, nitrocellulose membrane and lab synthesized bacterial
cellulose. Once the printed QR code patterns are dried, AuNR
ink is dispensed in the self-assembling regions where the five
black modules have been intentionally removed (Figs. 2(a) and
5(b)). Although AuNRs have advantages over gold nanospheres
(AuNPs) in some specific applications [25], [26], in this specific
application it serves as a catalyst and facilitates the silver ion re-
duction process in silver enhancement to assemble the corrupted
code-words. AuNPs can work in a similar manner to facilitate
this process, which has been used to assemble RF antennas as
reported in our previous work [7], [11], [12]. To dispense the
AuNR ink in the self-assembling region more efficiently, ink-jet
printing technique has been tried and reported in our previous
work [10]. Unfortunately, it’s found that direct dispensing of
AuNR ink in the enhancement regions is not consistent for dif-
ferent concentration levels due to the physical properties of the
AuNR ink (e.g. viscosity, surface tension) is not optimized for
EPSON C88+ printer.

In this paper, we resorted to a low cost calligraphy method
using a regular gel pen to dispense the AuNR ink on the QR
assembly regions directly, as shown in Fig. 5(b). Similar proce-
dure using a regular ballpoint pen to dispense AuNR solution
was reported in our previous work [27], [28]. The original ink
in the pen’s refill container is pushed out using nitrogen gun
after the tip and refill are separated. The gel pen refill and the
tip are cleaned with ethanol by sonication for 2 days in a cen-
trifuge tube. The ethanol is replaced every 3 hours until the
color of ethanol doesn’t change (no more ink gets dissolved in
ethanol). Both the pen’s refill container and the pen tip are dried
with nitrogen gun. The AuNR solution is then injected into the
cleaned gel pen refill and the pen is ready to dispense the AuNR
ink solution in the QR assembling regions (Fig. 5(b) and (c)).
Fig. 5(d) shows the side view and top view of the pen tip.

D. Measurement Results

1) Silver Enhancement on Different Paper Substrates: We
have compared the process of self-assembly by calligraphing
text (in this case “AIM LAB”) with AuNR ink and developing
it using silver enhancement technique on different substrates in
the following experiment. Four different substrate materials —
printing paper, Whatman filter paper, nitrocellulose membrane
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Fig. 6.  Text calligraphed on four different substrates using AuNRs ink and
developed with silver enhancement: (al)—(a3) regular printing paper, before SE,
2 min and 4 min after SE, separately; (b1)-(b3) Whatman filter paper, before
SE, 2 min and 7 min after SE; (c1)—(c3) nitrocellulose membrane, before SE,
2 min and 7 min after SE; (d1)—(d3) bacterial cellulose, before SE, 2 min and
7 min after SE.
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and bacterial cellulose — have been used and compared in this
experiment. Same text has been patterned on these four sub-
strates with AuNR at same concentration level and developed
with silver enhancement solution as time progresses, as shown
in Fig. 6. Before silver enhancement, text on four different sam-
ples are nearly invisible (Fig. 6 (al), (b1), (c1), and (d1)) because
AuNRs are in a dimension scale of nanometers and are too small
to be visibly observed. After silver enhancement the printing pa-
per substrate turns into dark quickly in 4 minutes, which makes
the text unrecognizable, as shown in Fig. 6(a3). It is mainly
because the chemical reagents contained in printer paper binder
also facilitate silver reduction.

Better results have been obtained on the other three sub-
strates due to much less self-contained impurities. For instance,
Whatman filter paper is only comprised of super-refined cellu-
lose fibers. Calligraphed text on this substrate is legible after
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7 minutes’ silver enhancement (Fig. 6(b3)). However, during
this process the applied silver enhancement solution spreads out
and evaporates very quickly due to porous surface feature of fil-
ter paper. As a result, continuously adding silver enhancement
solution on the filter paper is necessary to provide sufficient
reagent to facilitate further silver deposition.

Similarly, nitrocellulose membrane is also highly porous
(pore size in micrometers). As a result, continuously applying
silver enhancement solution on the calligraphed text is neces-
sary to promote further silver reduction. Although the text is
legible after 7 minutes’ silver enhancement on nitrocellulose
membrane, part of the AuNRs are dispersed away from their
original spots by the applied silver enhancement solution and
they have also undergone silver enhancement process. As a re-
sult, the color of the adjacent area of the text becomes blotted
and reduces the legibility of the text.

AuNR text on bacterial cellulose substrate is developed and
remain clear and legible after 7 minutes’ silver enhancement.
Different from above mentioned substrates, bacterial cellulose
could retain silver enhancement solution in the spot where it
is originally applied since it is has a much smaller pore size
(in nanometer scale). One time silver enhancement application
is sufficient to develop the calligraphed text on the substrate.
Note that there is a noticeable black line surrounding the sil-
ver enhancement solution drop after 7 minutes’ development
as shown in Fig. 6(d3) which is known as “coffee ring effect”
[29]-[31]. Because of different evaporation rates across the sil-
ver enhancement solution drop, solution evaporated on the edge
is replenished by the liquid from the interior. In this way, some
AuNRs dispensed on the surface of the bacterial cellulose that
are not firmly captured by the substrate surface are dispersed
to the edge. In the meantime, these AuNRs are also exposed
to the silver enhancement solution, and have undergone silver
enhancement process.

The AuNRs retention capabilities of four different substrates
have also been examined. The substrates are firstimmersed in the
AuNRs solution with same concentration over night. Then they
are gently rinsed with DI water and air dried. Surface morpholo-
gies before and after silver enhancement have been compared
with SEM examination for different substrates, as shown in
Fig. 7. AuNRs can be uniformly captured on the surface of What-
man filter paper, nitrocellulose and bacterial cellulose. With sil-
ver enhancement, metallic silver clusters have been formed on
both printing paper and nitrocellulose substrates. Compared to
other three cellulose substrates, the ultrafine nanoscale network
feature of bacterial cellulose (shown in Fig. 7(d1) and (d2)) an-
chors the AuNR cored silver shelled particles in its 3D network,
and hence provides higher retention capability.

2) QR Code Self-Assembly on Different Substrates: Self-
assembling process of the proposed FEC biosensor prototype
have also been validated on these four substrates as shown in
Fig. 8. AuNRs solution with concentration of 4.13 x 10~ M has
been dispensed onto prototypes’ self-assembling regions using
alow cost calligraphy method as described in Section II-C. Self-
assembling process occurs once the silver enhancement solution
is applied to the regions where AuNRs have been patterned.
However, in the case of printing paper not only AuNRs but also

Fig. 7. SEM images showing AuNRs before and after 15 minutes’ silver
enhancement on different substrates (al—a2: printing paper; bl1-b2: Whatman
filter paper; c1—c2: nitrocellulose; d1-d2: bacterial cellulose).

other chemical binders facilitate the silver ion reduction. As a
result, silver deposition occurs in the region of substrate wher-
ever exposed to the silver enhancement reagent, which makes
the QR code undecodable in less than 4 minutes as shown in
Fig. 8(a3).

Although good text development result has been achieved on
filter paper as shown in Fig. 6(b), filter substrate of the prototype
gets yellow in the self-assembling process (Fig. 8(b2) and (b3)).
The QR code deviates from a valid QR code, lies outside of the
decoding radius and becomes a invalid code-word ultimately.
This is because impurities contained in ink (used to print QR
code) get dissolved in silver enhancement solution and have
been dispersed off their original spots as silver enhancement so-
lution spread out on the porous filter paper. As time progresses,
more ink impurities get accumulated in the regions where black
QR code modules are not printed. Silver ions get reduced and ac-
cumulates in those regions, which acts as the noise and corrupts
the QR code ultimately. Same thing occurs on the nitrocellulose
membrane based QR code biosensor prototype also because of
its porous feature, as shown in Fig. 8(c1)—(c3).

Besides bacterial cellulose’s high particle retention capa-
bility due to its ultrafine nanoscale network mentioned in
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Fig. 8. QR code biosensor prototype using: (al)—(a3) printing paper, before

SE, 2 min and 4 min after SE, separately; (bl)—(b3) filter paper, before SE,
5 min and 15 min after SE; (c1)—(c3)nitrocellulose membrane, before SE, 5 min
and 15 min after SE; (d1)—(d3) bacterial cellulose, before SE, 5 min and 15 min
after SE.

Section II-D1, it also has advantages over previous substrates:
1) there’s no impurities contained in the substrate can facilitate
the silver enhancement; 2) it is not as porous as filter paper and
nitrocellulose paper so that the applied silver enhancement so-
lution can be retained in the spot where it is originally applied.
Fig. 8(d3) shows the self-assembled FEC sensor using bacte-
rial cellulose substrate after 15 minutes’ self-assembling. The
modules where AuNRs were dispensed have been successfully
developed and in the meantime keep their neighborhood area
intact. “Coftfee ring effect” observed in Fig. 6(d3) persists in
this case, as shown in Fig. 8(d3). Fortunately, due to the error
correction capabilities embedded in the QR codes encoding pro-
cess, it has little effect on the decoding process. QR code can be
successfully decoded with a standard smart-phone and readers
can verify this using their own smart-phones.

3) Quantitative Measurement Using QR Codes: We also
verified whether the proposed sensing approach could be used
to infer the concentration levels of target analytes. Three di-
lution levels (1:1, 1:3 and 1:9) of AuNR solution at the
concentration of 4.13 x 10~ M were prepared and dispensed in
the self-assembling regions of QR code on bacterial cellulose.
The time used to successfully decode the QR code after the
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Fig. 9. Time measured to assemble the valid QR code using silver enhance-
ment for different concentration levels of AuNR solution on the bacterial cellu-
lose substrate.

silver-enhancement solution applied was measured for different
dilution levels. Each measurement was repeated three times and
the relative error-bars were also shown in Fig. 9. As it can be
seen from Fig. 9, the QR code detection time, or assembly time
increases monotonically with respect to the AuNR dilution lev-
els, thus demonstrating the use of QR decoding for measuring
concentration levels of target analytes.

III. LIGHT TRIGGERED REAGENT SAMPLING
A. Operating Principle

In this section we describe an analyte sampling approach that
is remotely triggered by light. Fig. 10(a) shows the operating
principle using a prototype composed of a paper-based microflu-
idic network. A hydrophobic layer ensures that analyte flows in
the predefined microfluidics channel region and prevents ana-
lyte leakage. A layer of graphite material is patterned at one end
of the channel and the analyte is applied to the other end of the
channel, as shown in Fig. 10(a). The graphite heating layer con-
verts the incident light into heat and creates a thermal gradient
across the channel. An increase in evaporation rate close to the
graphite layer, as shown in Fig. 10(a), imposes a diffusive force
on the analyte directed towards the sensing regions (e.g., labeled
in Fig. 1) which can then be designed to be located along the
microfluidic channel.

B. Prototype Fabrication

The proof-of-concept prototype fabrication process is de-
picted in Fig. 10(b)—(g). A lab Whatman filter paper with desired
shape (2 cm x 3.5 cm rectangle shape in this case) is used as the
prototype substrate, shown in Fig. 10(b). A layer of hydropho-
bic material (wax in this case) is patterned on the filter paper
substrate to form the microfluidic channel region as shown in
Fig. 10(c). The substrate is then heated at 125 °C for 1 minute to
form a hydrophobic barrier inside its 3D-network of the cellu-
lose, shown in Fig. 10(d). Channel region on the backside is then
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Fig. 10. (a) Principle of the proposed light triggered analyte sampling ap-
proach; (b)—(g) illustrate light triggered reagent sampling prototype fabrication
process: (b) filter paper with desired shape and size; (c) patterned with hy-
drophobic layer on the surface; (d) channel formed by heating at 125 °C for
1 min; (e) patterned with hydrophobic layer on back side of channel area to
prevent reagent from leaking; (f) heated at 80 °C for 5 sec; (g) graphite layer
patterned.
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Fig. 11.

also patterned with a layer of hydrophobic material (Fig. 10(e))
and heated at 80 °C for 5 seconds (Fig. 10(f)). In this manner,
the liquid sample analyte can then freely flow in the microfluidic
channel region on the front side without leaking from backside.
Note that the time and temperature of this heating process at this
step need to be carefully tuned such that front side will not be
blocked by the wax. Lastly, a graphite layer is patterned on one
end of the channel region by rubbing a standard pencil, shown
in Fig. 10(g). When a light beam is focused on this graphite
heating layer, the light can be efficiently converted into heat

evaporation
. boundary

'

Fig. 12.  Comparison of penetration lengths achieved by the dye solution in
prototypes (a) without and (b) with graphite heating layer, 5 min after the
solution was applied.

°C °C

Fig. 13.  Thermal images of the devices (a) without and (b) with graphite
heating layer, when exposed to 300 mW 808 nm laser.

which can then create a thermal gradient to drive the flow of
sample analyte.

C. Measurement Results

Two microfluidic channels were fabricated using the fabrica-
tion process shown in Fig. 12. One of the channels was chosen
as a control and was not patterned with the graphite layer, as
shown in Fig. 12(a). A red dye solution was chosen as a model
analyte to visualize the flow through the microfluidic channel.
The channel regions were initially filled with DI water. Thermal
gradient was created by focusing a beam of 808 nm laser source
in the region, labeled in Fig. 12(a) and (b). The experiment setup
is shown in Fig. 11 where the distance between the laser head
and graphite layer is carefully tuned such that 300 mW infrared
is received at the laser spot. 50 pL red dye solution was then
applied at the end of the microfluidics channel. Fig. 12 shows a
comparison of dye solution propagation distances on two cases
(with and without graphite layer) after 5 minutes of applying
the dye solution. It can be clearly seen that the red dye solution
propagates further on the channel with the graphite layer, thus
verifying the light-based triggering hypothesis.

Fig. 13(a) and (b) show the thermal images of the laser spots
labeled in Fig. 12 when exposed to a 300 mW 808 nm infrared
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Fig. 14. Comparison of dye solution flow-rates without and with graphite

heating layer.

laser. A 120 °C temperature is measured on the graphite coated
substrate while only 50 °C is monitored for the case without
graphite coating layer. This shows that light is more efficiently
converted into heat with graphite heating layer and which then
drives the flow of reagent. Fig. 14 compares the flow rate of
dye solution on the microfluidics channels with and without
graphite heating layer. A higher reagent flow rate is observed
on the channel region patterned with graphite layer, which also
verifies the proposed hypothesis.

IV. CONCLUSION

In this paper we addressed two challenges related to the inte-
gration of paper-based QR-code biosensors on liquid packages.
We have compared four paper-based substrates for printing and
assembling QR codes which includes regular printing paper,
Whatman filter paper, nitrocellulose membrane and lab synthe-
sized bacterial cellulose. Among these four different substrates,
lab synthesized bacterial cellulose outperforms the other three.
Although “coffee ring effect” occurs after the silver enhance-
ment process, the assembled QR code can be correctly decoded
due to the FEC capabilities embodied in the encoding process
of the QR code. It also has been shown in the paper that QR
code self-assembling time can be used to infer the target analyte
concentration levels. In this paper we have also proposed a novel
approach for automatic analyte sampling which can be triggered
using a light source. A graphite heating layer is patterned on
one end of the channel and is used for creating thermal gradient
and hence concentration gradients when exposed to a light
source. While the proof-of-concept operation was demonstrated
using a 300 mW 808 nm laser source in this paper, a more
practical choice would be to use light sources already available
on smart-phones. However, the intensity of the smartphone
LED light source might be too weak to trigger analyte sampling
using the current prototype implementation. Fortunately, the
following two methods could be used to boost the efficiency
of sampling, which could be part of the future work: (a)
engineer heating material (e.g., nanoparticles [32], [33], meta-
materials [34], or polydopamine [35]) with high absorption

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS

characteristics to the smartphone LED light spectrum; or (b) use
a lensing scheme to focus the LED light (e.g., Lens [36]) onto
the graphite layer. While this paper has presented a preliminary
prototype for proof-of-concept demonstration, future work
would require integrating all the individual components, such
as QR code platform (A in Fig. 1) and microfluidics channel (B
in Fig. 1) together into a complete QR code biosensor where
sample acquisition can be triggered with a light source.
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