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Abstract

Rapid, disposable, point-of-care (POC) oral fluid testing has gained considerable attention in recent years as saliva contains
biomarker and components of the serum proteome that offer important information on both oral and systemic disease.
Microfluidic paper-based analytical devices (LPADs) coupled with smartphone reflectance sensing systems have long been con-
sidered to be an effective POC tool for the diagnostics of biomarkers in oral fluid. However, the existing portable systems are limited
by the poor color distribution in the detection area as well as not being universally applicable. Therefore, using the properties of
nanomaterials to our advantage, we present a simple, universally applicable approach that features graphene oxide (GO) coated
puPADs coupled with smartphone-based colorimetric detection for the direct quantification of glucose. An integrated portable system
is used to implement the approach. Owing to the enhanced reagents absorptivity, reactive efficiency and homogeneity of color
distribution from the deposition of GO, the glucose assay performance was improved. Also, by using a self-developed app, the
glucose concentrations in physiological range can be automatically quantified. Finally, the approach is universally applicable as the
modification of HPADs with GO can be achieved without the use of any linker, binder or retention aid, which avoids possible
enzyme cross contamination. The system was first calibrated by standard glucose buffer solutions, and the limit of detection as well
as the linear dynamic range were found to be 0.02 mM and 0~1 mM, respectively, which are appropriate for analyzing glucose
concentrations in a clinically relevant range. Finally, the system was used for quantifying glucose concentrations in artificial saliva
and the results obtained using our portable system showed reasonable agreement with the actual use concentrations. Thus, the utility
of the system in sensitively quantifying glucose concentrations in a portable, and repeatable manner is demonstrated.
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1 Introduction

In recent years, microfluidic paper—based analytical devices

>4 Hao Sun (uPADs) have emerged as a new class of disposable
sh@fzu.edu.cn microfluidic systems that possess the capability to be used
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for point-of-care (POC) applications (Yao and Zhang 2016;
Hegener et al. 2017; Horst et al. 2018). Compared with other
glass or polydimethylsiloxane (PDMS)-based microfluidic
devices, LPADs have been proven to be advantageous in the
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following areas: (1) low-cost and recyclable, (2) highly bio-
compatible, (3) power-free for liquids transportation, (4) scal-
able (i.e. printing and roll-to-roll manufacturing friendly)
(Evans et al. 2014). Also, thanks to the exponentially increas-
ing in smartphone internal memory capacity, processing
speed, and the enhanced performance of complementary
metal-oxide semiconductor (CMOS)-based smartphone cam-
eras, when UPADs is paired with smartphones (termed MSZ),
they are able to provide relatively sophisticated tests at
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locations lacking laboratory facilities, such as rural areas,
homes, border points (Hart et al. 2011). To date, POC detec-
tion of biological specimen including proteins (Yetisen et al.
2014), nucleic acid (Priye et al. 2016), cells (Kim et al. 2017),
bacterial (Park et al. 2013) and virus (Magro et al. 2017) have
been demonstrated using the MS? approach. Of these, most of
the tests utilizes blood sample. However, oral fluid-based tests
have been gaining substantial interests as it has proven to be a
suitable alternative for a number of analytes.

Oral fluid (saliva) contains biomarker and components of
the serum proteome that offer important information on both
oral and systemic disease (Hart et al. 2011). It is simple to
collect, easy to store. Also, the non-invasive collection meth-
od of oral fluid sampling reduces the anxiety and discomfort
of patients, thereby increasing their willingness to participate
screening events at a much higher rate (Oblath et al. 2013). At
last, saliva is considered as a constantly regenerating fluid,
which offers a better snapshot of the patients’ current heath
state (Jokerst et al. 2009). Bearing the advantages, various
applications including monitoring growth factors (Murdock
etal. 2013), detecting steroids (Ogirala et al. 2017), infectious
diseases (Zarei 2018), were proposed for MS? systems,
exploiting specific enzymatic reactions, gene probe and im-
munoassays with different analytical formats. Among all the
developed systems, colorimetric assays-based approaches are
particularly attractive due to their ease-of-use, lack of compli-
cated external equipment and ability to provide semiquantita-
tive information (Roda et al. 2016). Therefore, in the field of
oral fluid POC diagnostics, the advantages of simplicity, sen-
sitivity, cost-effectiveness and the ability to provide quantita-
tive color intensity measurements using imaging processing
algorithm are key reasons that colorimetric detection coupled
with MS2 systems have tremendous potential to be an effec-
tive POC diagnostic tool.

However, the most noticeable drawback associated with
paper-based bioassays relying on reflectance measurements
is the heterogeneity (i.e. poor quality) of the color distribution
in the detection area. This is mainly caused by unrestricted
flow of the solutions containing enzymes and reagents to-
wards the edge of detection areas in the paper surface arca
upon sample addition (Calabria et al. 2017). In addition, most
analytes are presented in saliva at a much lower concentration
than in blood. For example, the saliva glucose concentration
of a healthy person is between 1/10 and 1/50 of his/her blood
glucose level (Kumar et al. 2014). As a result, existing MS?
based oral fluid diagnostic tools need improvements to in-
crease signal detectability, assay accuracy and applicability,
thus enabling the cost-effective quantification of analytes pre-
sented at sub-micromolar levels, as required for convenient
oral fluid POC tests.

Several strategies have been used to address the analytical
performance limitations of the colorimetric MS* detection
system, most of them used different bioconjugation reactions
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to immobilize the enzymes via carbonyl, aldehyde, or amino
groups formed on the cellulose substrate (Cate et al. 2015;
Parolo and Merkoci 2013; Xu et al. 2016). Most recently,
Calabria et al., used a “functional wafer-like” multi-layered
coating of Poly (allyl amine hydrochloride/poly(sodium 4-
styrene sulfonate) (PAH/PSS) to separately immobilize
analyte-specific oxidases, thereby alleviating the color hetero-
geneity issue (Calabria et al. 2017). Although each of these
strategies has its own advantages, they are not universally
applicable, require multiple reagents and functionalization
steps to execute, which defeat the purpose of a cost-efficient,
simple POC testing.

Nanomaterials can potential be the solution to the problems
because of their high specific surface area and unique electro-
chemical properties. Out of the available materials, graphene
oxide (GO), a functionalized form of graphene with epoxy and
hydroxyl groups on its basal plane and carboxyl groups at its
edge (Boukhvalov and Katsnelson 2008) is particularly of
interest due to its cost-effectiveness and adaptiveness to
paper-based biosensing. Song, Yujun, et al. demonstrated
carboxyl-modified graphene oxide has a peroxidase-like ac-
tivity that can catalyze the reaction of peroxidase substrate
TMB in the presence of H,O, to produce a color change
(Song et al. 2010). In addition, existing studies have showed
that GO improves the homogeneity of color distribution in
colorimetric assays by increasing the linkage of aromatic mol-
ecules through 7t-7t stacking or van der Walls forces and ab-
sorbing biomolecules via electrostatic interactions or hydro-
gen bonding (Figueredo et al. 2016). Therefore, using the
properties of GO to our advantage, we present a simple, uni-
versally applicable approach that features graphene oxide
(GO) coated HPADs coupled with smartphone-based colori-
metric detection for the direct quantification of glucose in
saliva. An integrated portable system is used to implement
the approach. Owing to the increased specific surface area
and the homogeneity of color distribution from the coating
of GO, both the sensitivity and accuracy of the system are
improved. Also, the approach was universally applicable as
the modification of cellulose fibers with GO can be achieved
without the use of any linker, binder or retention aid, which
avoids possible enzyme cross contamination and can poten-
tially be used for a vast variety of other bioanalytical applica-
tions. In addition, by using a self-developed app, the glucose
concentrations in physiological range can be colorimetrically
quantified via cellphone photography and automatic image
analysis. Finally, the uPADs are fabricated batch-to-batch,
using a cost-efficient photolithography process. Up to 48
chips can be fabricated on a filter paper (210 x 210 mm) with-
in 10 mins with a total cost of $1.92, well suited for disposable
use. The system was first calibrated by standard glucose buffer
solutions, and the limit of detection as well as the linear dy-
namic range were found to be 0.02 mM and 0~1 mM, respec-
tively, which are appropriate for analyzing glucose
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concentrations in a clinically relevant range (Kumar et al.
2014). Finally, the system was used for quantifying glucose
concentrations in artificial saliva and the results obtained
using our portable system showed reasonable agreement with
the actual use concentrations. Thus, the utility of the system in
sensitively quantifying glucose concentrations in a portable,
and repeatable manner is demonstrated.

2 Material and methods
2.1 Materials

Peroxidase (HRP) (type VI-A from horseradish, 950-2000 U/
mg protein), 3,3',5,5-tetramethylbenzidine (TMB), dimethyl
sulfoxide (DMSO), D-glucose and glucose oxidase (GOx)
(Type II, >15,000 U/g protein) were purchased from Sigma
Aldrich (St. Louis, MO). Whatman® qualitative filter paper
(Grade 3) was purchased from GE healthcare Life Sciences
(Pittsburgh, PA, USA). Graphene oxide dispersion (5 mg/mL)
were purchased from XFNANO Materials (Suzhou, Jiangsu,
China). Phosphate buffered saline (0.1 mol L™ PBS, pH 7.5)
was employed as a buffer. Artificial oral fluid at pH 6.8 was
prepared based on ISO 10271 standard by dissolving
0.78 mg mL ™' Na,HPO,, 0.795 mg mL ' anhydrous CaCl,,
0.4 mg mL™" KCI, 0.4 mg mL™" NaCl, 0.005 mg mL™' Na,S
and 1 mg mL ™" urea in deionized water.

2.2 Chip Design and fabrication
There are two types of paper-based microfluidic designs in
general, the reservoir array-based design and the lateral-flow

design. In this paper, both design strategies were incorporated
to our portable system to verify the effectiveness of our

Raw filter paper

/

(a)

PR mixture

Step 1. Raw paper photoresist
(PR) mixture coating

Step 2. UV exposure

approach in a universal setting. Specifically, a 3 by 11 circular
detection reservoir (DR) array each with a diameter of 6.0 mm
was used for the calibration of the portable system. Also, a 1
by 6 lateral-flow assay array each with a circular detection
area (3.0 mm in diameter) and a hydrophilic channel inlet
(1.5, 20.0 mm in width, length, respectively) was used for
the quantification of glucose concentrations in saliva
(Fig. 1). The uPADs fabrication process was described else-
where in detail (Jia et al. 2017). Briefly (Fig. 1a), a photoresist
mixture that included stearyl acrylate (monomer for UV poly-
merization), 2,2-dimenthoxy-2-phenylacetophenone
(photoinitiator for initializing radical polymerization), and
1,10-Bis (acryloyloxy) decane (solvent and crosslinker for
the cured co-polymer) were placed in a glass tank (300 x

300 x 50 mm). Next, A A4-sized Whatman® filter paper
was submerged in the tank for photoresist coating and subse-
quently transferred to a UV curing machine for pattern expo-
sure. Finally, the exposed paper was developed in acetone and
allowed to dry at room temperature (Fig. 1b). For our uPADs
fabrication, photolithography was used instead of wax print-
ing as the former method enabled more precise fabrication of
various pPADs sizes.

2.3 Paper functionalization and assay procedure

The fabricated tPADs were then functionalized by the follow-
ing steps. A 100 ug mL ™" GO solution was first prepared from
the 5 mgmL ™" stock suspension in DI water. It was vigorously
sonicated for 2 h prior to use to improve the GO dispersion. A
15 mM TMB solution in DMSO was obtained by adding
3.6 mg of TMB to 1 mL of DMSO and shaking for 30 min
at room temperature. Enzymes solutions of GOx and HRP
(120:30 U mL™") were prepared in PBS.

(b)

Mask

PR coated

paper Acetone

Step 3. Develop and dry

Fig. 1 Design and fabrication of the tPADs; a self-developed photoresist-based HPADs fabrication process flow; b fabricated filter paper with different

nPADs designs
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The sensing principle of our work is based on a cascade
reaction catalyzed by GOx and HRP and is described in detail
in Section I of the supplementary information (SI). The glu-
cose colorimetric assay was performed in the following pro-
cess. 1.5 uL of the dispersed GO solution was first pipetted to
the pPADs detection zones (Fig. 2a), and the chip was allowed
to dry. Then 1 pL of chromogenic substrate (15 mM TMB)
and the mixture of enzymatic solutions (GOx and HRP) were
added to the detection zones in two independent steps and the
chip was dried over a plastic film at room temperature. Known
concentrations of glucose solutions ranging from 0.05 to
1.5 mM were prepared by dissolving glucose in both the
PBS buffer and the prepared artificial saliva solution. During
the assay, a control experiment was first conducted by placing
functionalized pPADs without glucose on an alignment car-
tridge and subsequently loaded to a black box UV analyzer
(Qinke Tech, Shanghai, China) to minimize the effects of am-
bient light. Back camera of a smartphone (iPhone 7) with a
fixed focus distance and the “always on” flash mode was used
to take assay images 60 s after the chip loading (Fig. 2b). The
cartridge was then removed from the UV analyzer, and 5 uL of
the glucose solution with predetermined concentrations was
applied to the uPADs. Similar to the control experiment, after
60 s of inserting the cartridge back to the chamber (same
location), glucose assay images were acquired with identical
photographic parameters. For each glucose concentration, the
assay was repeated for at least 3 times.

2.4 Image analysis app

An app was developed on the iOS platform for images quan-
titative analysis using the developer toolset Xcode 8.0 via
Swift 3.0 programming language (Fig. 2¢). Since there were
multiple tPADs designs involved, a MATLAB program was
first compiled using a simple circular object edge tracking
algorithm to locate the center and calculated the diameter of

Fig. 2 Portable system operating
principle: a deposition of the GO
onto the paper substrate; b
illustration of the smartphone
imaging process; ¢ I0S app
interface on an iPhone 7; d
detection regions of interest
tracking using the algorithm
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the detection regions of interest (ROI) in units of pixels. Based
on the size of detection reservoirs in each design (3.0 mm and
6.0 mm in diameter), the ROI corresponded to a pixel diame-
ter of 42 and 84 (calculated based on the resolution of an
iPhone 7 camera: 4608 x 2592). Next, the locations of the
ROI centers were manually inputted in the app, and we set
the pixel diameter to 40 ~45 (80 ~ 85 for DRs with a diameter
of 6 mm) to track all the available ROIs in a captured image
(Fig. 2d). Once the ROIs were defined, the app extracted
values of R, G, B channels of each pixel within the ROIs for
both the assay images and the background images.
Subsequently, a generalized “pixel value” AP for each pixel
was calculated by the following equation (Eq. 1):

AP = \/(Rassay_Rbg)2 + (Gassay_Gbg)2 + (Bassay_Bbg)2 (1)

where R s54p0 Gassay» Bassay and Rpg, Gpg, Byg Were the extract-
ed value of the R, G, B channels of each pixel within the ROI
for the assay and background images, respectively.
Finally, the app converted the calculated AP value to
glucose concentrations based on the results of the sys-
tem calibration. Notably, although the app was devel-
oped on the iOS platform, images taken from other
cellphones and cameras could also be processed.

3 Results and discussion

3.1 GO enhanced colorimetric assays

First, the hypothesis presented in this paper, the addition of
GO improved the overall analytical performance of our porta-
ble system was validified. Before doing so, both Raman spec-
troscopy and Scanning Electron Microscopy were used to
characterize and verify the deposition of GO onto the paper
substrate (SI-Section II, and SI Figure 2). After the
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verification, tPADs consisted of 1 by 5 circular detection
reservoirs arrays (6 mm in diameter for each DR) were cut
from the fabricated paper sheets. Of these, one of the DR
arrays was first deposited with 0.75 pL of 100 pug/mL dis-
persed GO colloidal solution and followed with the addition
of 0.5 puL of TMB and enzymatic solutions in 2 independent
steps. As a comparison, only 0.5 L. of TMB and enzymatic
solutions were introduced to the other DR array in the same
concentrations. In parallel, a constant glucose concentration of
0.5 mM was prepared by dissolving 1.8 mg of glucose in
20 mL of the PBS buffer. Colorimetric assays were then per-
formed by pipetting 5 uL of the glucose solution to the reser-
voir arrays in order. The results of the assays were shown in
Fig. 3a—d. For better viewing purposes, the images were taken
under daylight with the same focus distance and without flash.
As illustrated in the figure, for the assay without the GO coat-
ing (Fig. 3a, b), compared with control (DRs on the second
row of Fig. 3¢, d) the color change occurred predominately in
only one half of the DRs, which yielded a sub-par color uni-
formity. On the other hand, the assay with the GO coating
showed a much better color uniformity within the DRs, espe-
cially towards the edge of the DRs.

Next, the images were analyzed quantitively. To avoid er-
rors of using the not-yet calibrated portable system, A
MATLAB program was compiled to convert the images to
grey scale, access and plot the grey intensity values in each
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DR. Representative 3D mesh plots for a DR in both assays
were shown in Fig. 3e—f. For the DR without the GO coating,
as expected, the maximum intensity area was located at the top
half of the DR (near the edge) while the minimum occurred at
the bottom half the DR. Comparatively, although the grey
intensities obtained in the DR with GO coating showed a cone
shape structure with the maximum area located in the center of
the DR, the grey intensity near the edge was much more uni-
form. This demonstrated that the GO coating restricted the
flow of enzymatic solutions on the paper surface, which im-
proved the overall color uniformity. Additionally, Imagel
(NIH, Bethesda, MD) was used to analyze the average grey
intensity and standard deviation of all DRs (Fig. 3g—h).
As a result, the DRs coated with GO showed an im-
proved average grey intensity (134 compared with 127,
without subtracting the background) and a slightly
smaller intensity standard deviation over the DRs with-
out the GO coating. Since in all cases there was better
color intensity and uniformity for uPADs coated with
GO than in native form, our hypothesis that the addition
of GO enhanced the analytical performance of the por-
table system was demonstrated. Notably, the average
grey intensity dropped slightly for both assays 60 s after
the sample introduction compared with 30 s after sam-
ple introduction, this could be explained by the oxida-
tion of the enzymatic solutions.
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Fig. 3 Glucose assay induced color change on uPADs without GO
coating (a) 30 s after sample introduction; (b) 60 s after sample
introduction; Glucose assay induced color change on uPADs with GO
coating (c¢) 30 s after sample introduction; (d) 60 s after sample

introduction; 3D mesh plots of grey intensities of representative DRs;
(e) without GO coating; (f) with GO coating. Determined average grey
intensities and standard deviation of each DR; (g) without GO coating;
(h) with GO coating
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3.2 Calibration using metal salt solutions

After confirming the effectiveness of the GO coating, our
portable system was calibrated by using known concentra-
tions of glucose solutions to correlate between the generalized
pixel value and the glucose concentrations. First, glucose con-
centrations of 0.05, 0.1, 0.2, 0.5, and 1.0 mM were prepared
by dissolving the respective amount of glucose in the PBS
buffer. Next, tPADs with circular DRs arrays were prepared
using the same process described in the last section starting
with the deposition of 0.75 nL of 100 pug/mL dispersed GO
colloidal solution to each DR. Following the experimental
procedure, colorimetric assays were initiated by pipetting
5 puL of the glucose solutions in predetermined concentrations
to the respective DRs (2 DR per concentration) except for the
last one, which was introduced with 5 pLL of buffer, and used
as an intra negative control (INC) (Fig. 4a). The assay was
repeated for at least 3 times to calculate the standard deviation
of the determined AP. After inputting the determined DR cen-
ter location, the pixel diameter of the DRs and specifying the
location of the INC to the app, it automatically calculated the
generalized pixel value (AP) for each DR according to Eq.
(1). A corresponding plot (Fig. 4b) was shown below to

(a)

=

demonstrate a highly linear correlation between the glucose
concentration and the calculated AP. Based on the fitting res-
idue and the slope of the linear fit, the limit of detection (LOD)
of our portable system was found to be 0.02 mM. In addition,
the assay color would change from bright blue to dark orange
(data not shown) when a glucose concentration of greater than
1 mM was used, therefore this linear dynamic range (LDR) of
our portable system was found to be between 0 and 1 mM.
Nevertheless, based on the levels of the glucose concentra-
tions in saliva for both healthy people and diabetic patients,
the LOD and LDR of our portable system were considered
clinically relevant (Kumar et al. 2014).

To verify the validity of our portable system, same images
were analyzed by both ImageJ and a self-compiled MATLAB
program. As shown in figures below (Fig. 4c—g), the calculat-
ed AP values within a ROI for each concentration was pre-
sented in 2D MATLAB surface plots. As expected, the calcu-
lated AP also increased monotonically with respect to the
increasing of glucose concentrations. In addition, as indicated
by the color chart, the AP values within the ROI determined
by the MATLAB program were found to be consistent (dif-
ference within 2% in average) with the values determined
using our portable system, thus demonstrating the validity
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Fig. 4 Calibration of the portable system; a assay color change with
respect to glucose concentrations; b calibration curve of the portable
system, error bar was obtained from 3 repeated tests; determined

Generalized Pixel Value AP
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Fig. 5 Quantification of glucose concentrations in artificial saliva; a the
results of glucose assay on a lateral-flow based uPAD design; b back-
ground subtracted AP values of DRs automatically determined by the

our portable system in analytically quantifying glucose con-
centration changes.

3.3 Quantification of glucose concentrations

Finally, the calibrated portable system was used for the quan-
tification of glucose concentrations in artificial saliva. Glucose
concentrations with physiological significance (0.1 mM,
0.2 mM, 0.4 mM, 0.5 mM, and 0.75 mM) were prepared by
dissolving the respective amount of glucose in artificial saliva.

Pick an Image

app; ¢ comparison of the glucose concentrations determined by the app
with the actual concentrations used

Next, the lateral-flow wWPADs were prepared following the
assay procedure described above starting with the introduction
of 0.75 uL of the dispersed GO colloidal solution to the cir-
cular detection region of the pPADs (3 mm in diameter).
Unlike the calibration experiments, a control experiment was
first performed by pipetting buffer to a black chip to record the
background RGB values. Then, colorimetric assays were per-
formed one at a time by pipetting 5.0 uL of perspective glu-
cose solution onto the sample inlet of the lateral-flow assay
chips. For each concentration, the assays were repeated for 3

Table 1 Comparison of analytical performances of different paper-based sensors for the quantification of glucose

Paper-based sensors Methods Portability ~Detection Limit (1M) Ref

Aggregation induced emission of fluorogens FS No 10/ via visual observation (Chang et al. 2018)

Zinc oxide nanowires electrode EC No 94 (Li et al. 2015)

Cobalt phthalocyanine/ionic liquid/graphene EC No 0.67 (Chaiyo et al. 2018)
composite enzyme free biosensor

TMB/paper-based colorimetric biosensor CM No 10 (Gabriel et al. 2017)

Prussian blue-modified screen-printed electrodes EC No 10 (Sekar et al. 2014)

Screen printed carbon electrode EC No 350 (Yao et al. 2016)

Nafion-coated platinized paper electrodes EC No 120 (Parrilla et al. 2017)

Carbon ink for the working electrode EC No 120 (Amor-Gutierrez et al. 2017)

Polyethylene glycol /paper-based colorimetric biosensor CM No 3120 (Lietal. 2017)

Colloidal CdSe/ZnS quantum dots/ paper-based CM No 90 (Duran et al. 2016)
colorimetric biosensor

Paper-based graphene oxide biosensor coupled with smart phone CM Yes 20 This work

FS Fluorescence, EC Electrochemical, CM Colorimetric

@ Springer
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times to compute the average pixel RGB values within the
ROIs. The result of the assay was presented in the figure
below. Based on the visual inspection of the captured optical
micrographs presented in Fig. Sa, the linear increment on the
characteristic blue color of TMB in the DRs corresponded to
the monotonic increase of the glucose concentrations. The
captured assay figures were then analytically quantified by
the portable system. As shown in Fig. 5b, the generalized
pixel values determined by our portable system were consis-
tent with the visual inspection results. The values were then
converted back to glucose concentrations using the system
calibration curve. The determined glucose concentrations
and the actual concentration used were given in a radar plot
(Fig. 5c). The difference between the actual and determined
glucose concentration was mostly within 10%, with the ex-
ception of 18.7% found at the concentration of 0.1 mM. This
could potentially be explained by the concentration was ap-
proaching the system LOD. Nevertheless, the results still dem-
onstrated the practical usefulness of our portable system in
rapid quantification of glucose concentrations in a convenient,
cost-effective setting.

To illustrate the advantage of our portable system, Table 1
below compares the analytical performance and portability of
some recent work on paper-based sensors for quantification of
glucose with this work. As a result, the system described in
our work is the only one capable of quantifying glucose
concentrations portably. Also, since the GO uPADs do
not require any form of nanomaterial functionalization,
this work can be considered as the most economical
option for quantifying glucose concentrations. Finally,
this work reports a relatively high sensitivity comparing
with other sensors listed in the table.

4 Conclusion

This paper for the first time described a simple, universally
applicable approach that features GO modified uPADs
coupled with smartphone-based colorimetric detection for
the direct quantification of glucose in saliva. Based on the
presented results, the approach demonstrated enhanced ana-
lytical performance owing to the increased specific surface
area and the homogeneity of color distribution provided by
GO modified uPADs. Also benefitting from automatic
smartphone image analysis, rapid, quantitative characteriza-
tion of glucose concentrations in oral fluid physiological range
was allowed. At last, the approach was universally applicable
as modify cellulose fibers with GO can be achieved without
the use of any linker, binder or retention aid, which avoids
possible enzyme cross contamination. The approach was im-
plemented in a portable system that was calibrated to have a
LOD of 0.02 mM and an LDR of 0~1 mM, suitable for oral
fluid glucose detection. Finally, the portable system yielded
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satisfactory results when used for quantification of glucose
concentrations in artificial saliva. Therefore, the advancement
achieved by this study had potential to enable non-invasive
glucose POC diagnostics and a vast variety of future
bioanalytical applications with convenience, and low cost.
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