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Abstract

Excessive production of uric acid (UA) in blood mimad to gout, hyperuricaemia and kidney
disorder; thus, a fast, simple and reliable biogens needed to routinely determine the UA
concentration in blood without pretreatment. Theppse of this study was to develop a mobile
healthcare (mHealth) system using a drop of blosHich comprised a lateral flow pad (LFP),
mesoporous Prussian blue nanoparticles (MPBs)tdigial nanozymes and auto-calculation software
for on-site determination of UA in blood and datarmagement. A standard curve was found to be linear
in the range of 1.5 to 8.5 mg/dL UA, and convengndoud computing and personal information
management were simultaneously achieved for thegsex mHealth system. Our mHealth system
appropriately met the requirements of applicatiorpatients’ homes, with the potential of real-time

monitoring by their primary care physicians (PCPs).
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1. Introduction

Uric acid (UA) is produced in the liver by the mdéism of purine from daily intake of nutrients
and the endogenous system and is then excretddebkidneys (Fathallah-Shaykh and Cramer 2014).
The normal range of UA levels in whole blood wasonted to be 3.5 — 7.5 mg/dL and 2.5 — 6.5 mg/dL
for males and females (Ali et al. 2019; Nery 20X6})pectively. However, the poor solubility of UA i
body fluids causes it to easily precipitate in cective tissue and the urinary system, and long-term
hyperuricaemia results in serious complicationshsag gout, uric acid stones, chronic kidney disease
and even fatal cardiovascular diseases (Azmi eP@L5; Niskanen et al. 2004). To date, various
analytical methods for detecting UA such as thesphotungstic acid method, high-performance liquid
chromatography (HPLC), uricase-based photometrieelectrochemical methods and commercially
available uric acid kits are widely used (Badodfadd et al. 2019; Guo 2016). However, with
improving and indulgent lifestyles, hyperuricaentias become generally common in developed
countries, so it is important to monitor the UA centrations of patients either in blood or urinary
excretions in a real-time and on-site way. Manyl&tsi have developed different methods to investigat
UA in whole blood, serum or urine, such as spectpg (Alula et al. 2019; Kumar et al. 2014; Wu et
al. 2015) and electrochemistry (da Cruz et al. 20dain et al. 2019; Piermarini et al. 2013;
RoyChoudhury et al. 2018). Among these technologiescosts of instruments and enzymes as well as
the requirement of professional technicians are fwtors that limit widespread use for mobile
healthcare (mHealth) (Zhao et al. 2009). As a tegulias been essential to develop a rapid, eas\s¢,
cost-effective, enzyme-free and instrument-fresémnsor for on-site UA determination.

Recently, paper-based lateral flow strips have shawany advantages in developing an
environmentally friendly, disposable and patterstomized colorimetric diagnostic platform (Brangel

et al. 2018). Consequently, many paper-based stindiee shown satisfactory results in detecting A i



urine, serum or standard samples in buffers (AileR019; Islam et al. 2018; Kumar et al. 2015;n¢/a

et al. 2018b). However, because of the inherentewhackground in paper-based systems of the
abovementioned studies, there has been a tendentyef deep colour of serological samples to affect
the results. In other words, the test strips coubddk well for accurate UA detection in standardsne

and serum samples but not directly in whole bload tb their poor signal-to-noise ratio. In addition
these studies have some restrictions for pointaoé-c(POC) development such as the need for
centrifugation pretreatment, expensive optical deviand artificial data analysis. Therefore, thesent
study is the first to design a custom wax-patteith Whree independent zones — sample, detection and
background zones — on size-exclusion filter papeemove the red blood cells and utilize the PEG300
precipitation method (Pang et al. 2019a; Pang.&dI9b) to retain large amounts of free haemogkbi
and human serum proteins in sample zones to awamkigoound interferences of serological samples in
the working zones and background zones.

Currently, with the first nanozyme research showih@t iron oxide nanoparticles possess
peroxidase-mimicking catalytic ability similar tdhat of typical horseradish peroxidase (HRP),
researchers have begun to investigate the manudaatartificial enzymes, so-called nanozymes, Wwhic
are able to be mass-produced, for example, fromalsand their derived materials (Wang et al. 2018a)
Among these compounds, ferrous ferrocyanide waditstecontemporary synthetic dyestuff, namely
Prussian blue (PB), which is a stable nanopartidien exposed to light. PB has also been reported as
catalyst to accelerate the reduction of hydrogeoxée (Qiu et al. 2007; Zhang et al. 2010). Theref

previous studies have developed PB-based electrochk(Cinti et al. 2018; Jirakunakorn et al. 2020)

colorimetric (Farka et al. 2018; Peng et al. 201%hang et al. 2014) and lateral flow

immunochromatographic biosensors (Tian et al. 2@2@h as for the detection of hydrogen peroxide,

UA, glucose, cancer biomarkers, and macromolecireaddition, compared with natural enzymes, PB




nanozymes have exhibited excellent thermal stgbiitn the other hand, mesoporous nanomaterials
have been widely applied in analytical, biosensing drug-delivery fields, exhibiting excellent sifiec
surface areas to load biomolecules or nanopart{dkgfari et al. 2019; Sabio et al. 2019). Amongé¢he
nanomaterials, mesoporous silica nanoparticles (8)2Xe well-known carriers in the biomedical field
and have generated enormous attention becausectireyoe synthesized by an easily controllable
process, thereby regulating their pore size, saréaea, loading volume and morphology.

In the present study, an mHealth system was desdlby integrating a wax-printed lateral flow
pad (LFP), mesoporous Prussian blue nanopartidéBB§) as nanozymes, a smartphone and
customized auto-calculation software for the oe-sietection of UA in whole blood. The oxidized
3,3',5,5'-tetramethylbenzidine (TMB) in the detentarea would be reduced by UA to etch a pattern in
the detection (D) zone, which is then captured antb-analysed by a smartphone and customized
software to obtain the concentration of UA. A lineange from 1.5 to 8.5 mg/dL, with high
convenience, selectivity, sensitivity and stabjlityas obtained. To our knowledge, this is the Bisty
to evaluate UA concentrations on site by an insamtriree, pretreatment-free and enzyme-free LFP

with a smartphone for personal hyperuricaemia diagnand monitoring.

2. Experimental Methods
2.1. Materials

Phosphate-buffered saline (PBS), ethanol (~99%lyeftuylene glycol 8000 (PEGS8000, average
Mw 7000 ~ 9000), potassium hexacyanoferrate(lllsF&CN), ~99%), iron(lll) chloride (FeG),
hexadecyltrimethylammonium bromide (CTAB, ~99%),dison hydroxide (NaOH), tetraethyl
orthosilicate (TEOS, ~98%), (3-aminopropyl)trietlyskane (APTES, ~99%) and hydrogen peroxide

(H20,, ~30%) were purchased from Sigma-Aldrich (St. sptlO, USA). Grade No. 6 qualitative filter



paper was obtained from Whatman (UK). The printeak wubes and ColorQube 8570 printer were

purchased from Xerox (USA).

2.2. Apparatus
The roughness evaluation was performed by atomicefanicroscopy (AFM, D3100, Digital

Instrument, Italy). The absorbance spectrum and ¢t potential of the materials were detected with
UV/VIS/NIR spectrometer (MODEL V-700, JASCO, Japamd dynamic light scattering (DLS, SZ-
100, HORIBA, Japan). The images and RGB values waptured and calculated by an iPhone 7 plus.
The morphology and energy-dispersive X-ray spectnpg (EDS) characterization of MSNs and MPBs
were obtained by transmission electron microscoplgM, H-7500, Hitachi) and scanning electron
microscopy (SEM, SU8220, Hitachi). The Brunauer-Egtirieller (BET) surface area analysis was
conducted by an accelerated surface area and putogisystem (BET, ASAP 2020, Micromeritics,
USA). Thermogravimetric analysis was performed bthermogravimetric analyser (TGA, Q50, TA

Instruments, USA).

2.3. Synthesis of M PBs nanozymes

In this study, we incorporated the Prussian blug) (¢ith mesoporous silica nanoparticles (MSNSs)

to enhance the peroxidation activity toward TMBZH and trap the PB inside the detection (D) zone of

the LFP for signal concentration. First, 1 g of B Was dissolved in 480 mL of DIJ4@, and 3.5 mL of

NaOH (2 M) was added. Then, 5 mL of TEOS and 0.5c¢hIAPTES were added dropwise into the
above mixture under 800 rpm stirring at 70 °C fdr i the dark. The synthesized silica nanopasdicle
(SNs) were purified by centrifugation at 10,000 rfon 10 min and rinsed with DI-4# and methanol

three times. The SNs were resuspended in 120 nrhedhanol containing 15 mL of 12 M HCI. The



above mixture was stirred at 70 °C for 12 h followey washing three times with DI-B to obtain
MSNSs.

Next, 10 mL of 10 mM FeGland 10 mM KFe(CN} was freshly prepared and then
homogeneously mixed with 10 mg of MSNs at room terafure for 1 h in the dark. Subsequently, after
removing free Fe ions in the supernatant by cergafion and rinsing three times, the MSNs loaded
with F€"* and Fe(CN)*> were resuspended in 10 mL of Dp®| followed by the addition of 100L of
30 wt% HO, for 1 h in the dark to obtain MPBs. Finally, theepared MPBs were washed with DM

several times to remove excesgh

2.4. Fabrication of wax-printed L FPs
First, the LFPs were prepared by printing the desiigpattern on filter papers (Qualitative No. 6,
Whatman) using a Xerox ColorQube 8570 wax prinkiji( Japan), as shown in Fig. 1. Based on the

reasons to increase the efficiency of capillarsaation and erythrocyte filtration, the suitablamieeters

of the blank zone (B zone), sample zone (S zoné)amone were 6, 8 and 6 mm, respectively. If the

diameters of the zones were designed to be leasthad 8 mm, the hydrophilic area would be reduced

to affect the efficiency of capillary attractiondaarythrocyte filtration after the printed LFP wasated

at 160 °C for wax melting. Then, we created twdksiwith a width of 2 mm on the circle of the D zone

to increase the capillary force to allow more solutto migrate to this zone by capillary action.eTh
printed LFPs were then heated to 160 °C for 3 mihelp the wax penetrate the cellulose fibres.
Finally, 5uL of a high ionic strength solution (PEG8000/2 MQYjaand 3uL of 1 mg/mL MPBs
were dropped onto the S zone and D zone, respBgtared then dried at room temperature for 5 min.
The coated LFPs were sealed in a zipper bag talaamtamination and dust in the air for long-term

storage and further UA determination.



2.5. Stability tests

MPBs and HRP were stored in a vacuum drying ove2baand 37 °C. After storage for different
periods (1-42 days), the catalytic activities airatl MPBs and HRP were investigated by the addition
of H,O,/TMB and evaluation of the absorption intensity480 nm (Asonn) after the addition of HCI.
The activities of the stored MPBs and HRP wererdateed by comparing their AonmVvalues with their
initial AssonmVvalues at day 0. Meanwhile, the MPB-coated LFPseva¢so stored at 25 °C and exposed
to ambient environment for a period of 14 days.eehmicrolitres of HO,/TMB was dropped on the D
zone of stored LFPs at each time point to investigheir storage stabilities by comparing their

greyscale values with their initial greyscale vala¢day 0.

2.6. Softwar e development for auto-calculation of UA detection

The auto-semiquantification operation must be &s$iby a custom black paper mask with two
bare circles at the relative interest areas oDtlmne and B zone. In simple terms, the algoritliroup
MATLAB program would remove the deep black area define two independent circles at the D zone
and B zone to calculate the average RGB valudseopixels in these two circles, the details ofwafe
development have been shown in Supporting Infoonatsubsequently, the program auto-transforms

the average RGB values to greyscale values usenfpttowing equation:

Greyscale value = 0.299 R + 0.587 G + 0.114 B
where R, G, and B are the red, green, and blueucolalues from the photograph taken by the

smartphone, respectively.



In addition, we designed a batch data processistesy meaning that a batch of images was
approved to be input into this program and outpuutaneously. The results of normal or abnormal
samples from subjects were identified and clagbitiy the format of the file names: a/b.Name-
preTest/postTest-male/female. The MATLAB softwaraswauthorized by the official educational
version (MATLAB 2019a). An imaging box with a ditezurrent LED light and an insertion slot for a
paper strip was designed to subsequently provatdesanalysis, the details of imaging box desigreha

been shown in Supporting Information.

2.7. UA determination in serological samples using wax-printed L FPs

For UA determination using LFPs, the D zones of qperted LFPs were first coated with MPBs,
and 3uL of TMB/H,0, chromogenic substrate was dropped onto the zangotuce the uniform blue
colour in 5 min as the primary optical signal s@ur€hen, one drop (approximatelyub) of serum or
whole blood spiked with UA at the final UA concatton (0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, arfg 8.
mg/dL) was dropped on the S zone, andiR®f running buffer (PBS, pH 7.4) was dropped otiite S
zone for capillary flow for 10 min to reduce oxiddz TMB (blue colour) in the D zone. Finally, the UA
tests were stopped by drying the strips for andshmiin at room temperature. To evaluate the felagibi
of the proposed LFPs in on-site UA detection comgawith the FDA-approved electrochemical
analyser (BeneCheck PLUS, BeneCheck, Taiwan) frbilwod samples, serological samples obtained
in the morning from normal subjects fasting forledst 10 h and from the same subjects after 1 h of
eating foods (i.e., meats and seafood) were celfleah anticoagulant lithium heparin tubes. The
detection procedures were the same as those dsdciiove but with no dilution. The images of
completed LFPs placed in the imaging box were cagtby an iPhone 7 plus, and the greyscale values

of the D zone and B zone were auto-calculated teragne the UA concentration by the executable



software. All the serological samples were frestdifected in anticoagulant lithium heparin tubeshe

morning and at least 10 h after the most recent.mea

2.8. Establishment of a cloud computing system

For the purpose of the point-of-care system conmmgdb patients’ primary care physicians (PCPs)
and medical clinics, we built a cloud drive serbgr a network-attached storage system. (Synology,
DS118j NAS, Taiwan). The captured images of UAsestuld be uploaded to the cloud server by users’
smartphones with real-time synchronization updat&fer the image input, the in-house auto-
semiquantification software output the results ok detection and synchronized immediately. All
authorized users were eligible to access the mangtaesults by a login mechanism with their own
accounts and passwords, a customized app and &daoWio ensure the safety of private information,
all the data transmission was under the HyperTeansfer Protocol Secure (HTTPS), the more details
have been shown in Supporting Information. All fhr@cesses in the simulation were for academic

research in human healthcare and were not assbeite any financial interests.

3. Resultsand Discussion
3.1. Characterization of M PB nanozymes

In this research, we proposed an mHealth systempisimg a newly designed LFP, MPB
nanozymes as a signal probe, a smartphone (iPhg@hgsy, a customized imaging box and automatic
monitoring software for on-site UA determination $erum or whole blood. First, the MPBs were
prepared as a colour development agent by incaipgrBB into the microchannels of MSNs (Fig. 1A).
Second, TMB/HO, was dropped on the D zone with MPB pre-coatintheffabricated LFP to develop

a uniform blue colour; then, the sample contairilfgywas dropped on the S zone for decolouration of
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the developed colour in the D zone (Fig. 1B). Hindhe treated LFP was placed in an imaging bax fo
photograph capture and automatic UA determinatignthe cloud computing mimicking platform,
including cloud storage management and data shaiithg°?CPs.

MSNs are well-known mesoporous nanomaterials tbesgss numerous advantages including high
surface area, tuneable pore size, low productighaad long-term stability. Thus, ultrasensitiventaun-
made nanozymes for TMB oxidation, MPBs, were pre@dry incorporating PB within MSNs. The
diameter was increased to approximately 81.3 :n&13rom 54.1 + 6.9 nm and part of the microchannel
was also filled after incorporation of PB with MSNs observed by SEM and TEM; based on EDS, a
new Fe signal belonging to PB appeared in the PBegnated MSNs compared with the original
MSNs (Fig. 2A), indicating that PB was successfuligorporated within the MSNs to form MPBs. The
results were also confirmed by UV-Vis spectroscapy BET analysis. From the UV-Vis spectra, two
peaks at approximately 400 and 690 nm were obsenvgt: MPBs compared with MSNs, which were
attributed to the electron transfer of the typicaxed-valence structure FeCN-F€* in PB (Cui et al.
2015) (Fig. 2B). From BET analysis, the BET surfamea of MSNs was 633.91%y, with a
mesoporous adsorption isotherm and 12.20 nm megkme width; however, the surface area was
decreased to 471.23%m with a 0.06 nm median pore width after PB inoogpion, indicating that PB
was indeed formed and impregnated into the micnoobls of the MSNs (Fig. 2C). Nevertheless, the
remaining space can still allow a large amountlebmogenic substrates to enter for peroxidatio wit
PB to develop a blue colour. Additionally, the tmegravimetric analysis showed that both MSNs and
MPBs had excellent thermal-stable structures witlsognificant weight loss when they were heated to

800 °C (Fig. S1).

3.2. Catalytic stability studies of M PB nanozymes
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In this study, the catalytic oxidation of TMB by MB was detected by UV-Vis spectroscopy (Fig.
3A). It can be found that the MPBs and TMB® separately do not exhibit obvious adsorption peaks
in the range of 500 to 750 nm (Fig. 3A, a and b)wiver, a strong adsorption peak at 652 nm for
oxidized TMB (TMB,) appeared in the presence of both MPBs as@:kFig. 3A, c). The intensity at
652 nm was significantly decreased after additibtA to the TMB, solution, most likely because
UA, a reducing agent, would reduce TMEnd cause decolorization (Fig. 3A, d). The comesing
photograph of TMB solutions presented in the insefig. 3A shows that the colour of the TMB
solution changed to deep blue only in the preseht®th MPBs and kD, and further changed to light
blue after UA addition, which is attributed to ttiearacteristic absorption peak of TMBThe potential

colorimetric biosensing mechanism for UA was akfes (Ali et al. 2019):

MPBs
TMB + H,O, — TMByy + HO
TMB o + UA - TMB,q + allantoinate

Subsequently, we studied the peroxidation actieityMPBs compared with that of HRP. The
absorbance of TMB was measured at 450 nmso(An), which exhibited a similar intensity
(approximately 0.7) after oxidization by HRP and BAP Then, the measuredis) \m values of TMB
oxidized by HRP and MPBs at different dilutions eveompared (Fig. 3B). The results showed that the
AssonmValues decreased with increasing dilution ratithmrange from 1- to 128-fold, and the measured
values for HRP and MPBs were similar at each dihytiindicating that the MPBs have excellent
peroxidation activity towards ®,, similar to that of natural HRP. Additionally, theH did not
influence the peroxidation activity of MPBs towardsO, from pH 3-11, in contrast with HRP (Fig.

3C). Finally, the long-term stability of HRP and Bi¥was evaluated after a period of storage timm fro
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1 to 40 days at 25 and 37 °C; the thermal stabnig observed by the signal responses of TMB4H
with the HRP and MPBs stored at each time pointsAswn in Fig. 3D, HRP quickly lost its entire
activity after 8 days of storage at 37 °C and cowdtimaintain its efficiency beyond 42 days of age

at 25 °C. In contrast, the MPBs were introducedxidlize TMB with almost no decay in response, even
when stored at 25 and 37 °C for 42 days. Imprebsitlee MPBs can maintain their complete catalytic
activity, with only 8.6% of the initial activity kt after 42 days of storage at 37 °C. Based on the
abovementioned results, the peroxidase-like MPBomame demonstrated high catalytic activity
towards TMB/HO, and excellent thermal and pH stability, thus mgktrappropriate to replace HRP as

the signal probe for colorimetric biosensing.

3.3. Fabrication of LFPs

We patterned chromatography paper with black wabotm an LFP with three zones (B, S, and D
zones) and flow microchannels, as shown in Fig. Bi#e S zone was designed for loading serological
samples and retaining red blood cells via the skadusion function and free haemoglobins via the
PEGBS8000 precipitation method. The D zone was coattdtrace amounts of MPB nanozymes for the
chromogenic reaction of TMBA®-, followed by decolorization biosensing by capylgmumped UA
from the S zone, and the B zone was set as theaurchlaseline for calculation and evaluation of
colorimetric changes. After heating the wax-printetlulose paper at 160 °C for 3 min, the wax ntklte
permeated into the cellulose paper and verticgltgad to the back of the paper to form definedsaoéa
hydrophilic paper separated by hydrophobic linefotmn LFPs; these patterns provided spatial control
of biological fluids for fluid transport from the ne to the B and D zones by capillary actiorthé
heating time was longer than 3 min, the melted waxild also spread to both sides of the pattern,

reducing the hydrophilic areas and affecting fliidnsport. The SEM images also confirmed the

13



successful fabrication of LFPs. To verify the swsstel printing of the hydrophobic patterns on the
cellulose paper, an obvious demarcation betweeardes with and without wax printing was observed
before heating (Fig. 4B, a). However, the demancatiisappeared after the paper was heated at 160 °C
for 3 min, most likely because the printed wax eeland permeated into the paper (Fig. 4B, b). From
the magnification in Fig. 4B, b, the melted wax wasformly coated on the surface of all fibres unde
the pattern to cause a smoother surface than tiiéres without the wax coating. The results iraded

that the hydrophobic wax pattern was successfidtgldished for fluid transport. After deposition of
MPBs in the D zone, SEM was employed to observedtialose fibres in detail. As shown in Fig. 4B,
c, the successful deposition of MPB nanozymes erDttzone for further colour development was also
confirmed, and many nanostructured spheres wete gniformly interconnected on the fibre surface of
the D zone. The fabrication steps were also magutdry atomic force microscopy. As shown in Fig.
4C, a, the wax-melted paper showed a relativelyatmdlat surface. According to the Z-axis altignap
of the wax-melted paper (the detailed values ofAkexis and distance are reported in Table S1), the
maximumAZ value (AA;) was approximately 102.75 nm, similar to the reeamaximum of its Z-axis
scale. Both the distance ald& values of the protrusions on the surfaceBBand GC;) did not
correspond to the diameter of the MPB nanozymegsesenting a pure wax-melted LFP. After MPB
deposition, the results showed that many MPB namesyattached to the fibres, th& value of OD,
(99.07 nm) and the distances qEzand kF, (99.92 and 94.37 nm, respectively) were closeljched
with the diameter of the MP nanozyme (approxima8dly8 + 3.5 nm) determined by TEM (Fig. 4C, b).
In addition, the average roughness (Ra) in the Dezaf the LFP after MPB deposition increased to

48.80 nm from 17.52 nm (pure cellulose paper).

3.4. Optimal parameter settingsfor UA detection using L FPs

14



To find the optimal conditions for LFP fabricatiowe first tested different volumes of MPBs
coated on the D zone of LFPs. More MPBs coatedherbtzone would generate an obvious blue colour
in the presence of TMBAD, but also show a clearly coloured background, &figcthe greyscale
calculation. The results showed that an obvioug bhlour appeared when the volume of MPBs coated
on the D zone was more than 3 uL; thus, 3 pL of BIRBASs chosen for coating the D zone of LFPs (Fig.
S2). Subsequently, the D zone with locally conaett MPBs was tested for obvious signal responses
by reacting with optimally trace amounts of chromoig substrate. The results showed that the
developed colour cannot be evenly distributed thhowt the area of the D zone when the volume of
TMB/H,0O, dropped on the D zone is less than or more thah @ig. S3); thus, 3 puL of TMB/kD,
was chosen for colour development. Finally, we edd®EGyd/NaCl on the S zone to retain and filter
the erythrocytes and haemachrome, allowing LFRsetased for UA detection in whole blood without
sample pretreatment. Therefore, we tried to drdferdint volumes of whole blood in the S zone to
investigate the capacity of LFPs for erythrocytpasation. The results shown in Fig. S4 demonstrate
that the volume of filtered liquid was not suffioteto reach the D zone when the dropped volume of
blood on the S zone was less than 30 pL. Converg@filtered liquid would flow to the D zone when
the volume of blood dropped from zone S was maoae 80 pL, but the erythrocytes and haemachrome
could not be effectively filtered, and the filter&duid would also overflow into the D zone, which
would greatly influence the detection accuracy. réf@e, in this study, the best sample detection

volume for UA detection using LFPs was 30 L.

3.5. Standard curvefor UA detection in whole blood using L FPs

Herein, motivated by the high usage rates of srhartps worldwide, we combined a smartphone

and our enzyme-free LFPs to build an mHealth systerA determination because it is an ideal tool

15



with its large image storage capacity, effectivesga computing, immediate transmission, user-ttign
interface, stable power source and particularlynogitresolution camera for image capturing (Karethi
al. 2018; Patel et al. 2016). In addition to usiagsmartphone camera, we programmed auto-
semiquantification software by MATLAB, which is aeli*known programming language for algorithm
development, signal processing and data analysisutput the greyscale values of the background
zones and working zones with direct batches of enaguts, which indicated that it had potential in
cloud-computing applications. On the other hanthbamade imaging box device with a direct-current
LED light, an insertion slot and a paper mask fqyaper strip was designed to supply a stable light
source and avoid the noise of the 60 Hz powerflieguency when the camera captured an image, and
the insertion slot could ensure a fixed positigotjaal path length (or focal length) and consistarels
for subsequent analysis (Fig. S5). Most importanthe paper mask was used to separate other
negligible areas from the working zone and backgdozone for the identification of interest aread an
computation by our auto-semiquantification software

The LFPs were then used to determine the concemtraf UA. As the concentration of UA
increased in serum or whole blood dropped in tlzerg, a more deeply coloured pattern in the D zone
was produced (Fig. 5A, left), resulting in an irege in the ratio (l§| lo: greyscale intensity of pre-test,
I: greyscale intensity of post-test), which wasoréded by an iPhone 7 plus with an auto-
semiquantification algorithm. As a result, the gind curve was found to be linear in the range.bftd
8.5 mg/dL (f = 0.983 for spiked blood samples, Fig. 5A, rigifie results demonstrated that the LFPs
are very sensitive for UA detection; thus, we cdotel the whole blood 30-fold for tests. To further
confirm the accuracy of the LFPs for the deternmamabf UA in whole blood, real whole blood samples
were collected from three healthy subjects beford after meals. The obtained results were also

compared with those obtained using the BeneChetkSPhulti-monitoring system, and no significant
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difference was found between them (Fig. 5B). Thead®n rates of UA determination in whole blood
were proved to be appropriate and in the ranger883-105.18%, and the relative standard deviations
were all lower than 4.8% (Table 1). The results destrated that the accuracy and reliability of the
LFPs combined with smartphones is sufficient fa determination of UA in real whole blood samples
and can be satisfactory for daily monitoring/coh@rohyperuricaemia.

In addition, we investigated the stability of th&Rs and compared the results with those of
electrodes of the BeneCheck PLUS multi-monitoriggtem. There was no significant decay in the
catalytic activity of the LFPs stored at room tenaere and even exposed to the normal atmosphere fo
a period of 14 days. Conversely, the electrodeshef BeneCheck PLUS multi-monitoring system
became broken and displayed an error signal whesnwiere exposed to the normal atmosphere for only
10 min (Fig. 5C). The results indicated that thePkFare stable enough and can be stored in any

environment.

3.6. mHealth system simulation in the cloud system

For the purpose of achieving practical applicatbour mHealth system, we set up a cloud system
that included a server to automatically determin® tbncentrations, an end-user device such as a
smartphone, and Internet browsers operated bynpstier PCPs to upload their private personal
information and the captured images of detectedssas well as monitor their UA concentrations from
an auto-generated report. All the operations amodstrated in Video S1. We confirmed that the
proposed mHealth system is a highly convenientiapte, low-cost and user-friendly system for UA

monitoring.

4. Conclusion
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In this study, we successfully developed a novelealth system comprising an LFP, MPB
nanozymes, a smartphone, an imaging box and autorsaftware for instrument-free and on-site
determination of UA in whole blood. UA detection svaerformed by dropping one drop of blood on a
disposable LFP, and the concentration could bdyedstermined by recording the greyscale values in
the D zone using a smartphone. In addition, thesL®re more stable than the electrodes of the
BeneCheck PLUS multi-monitoring system when stared normal atmosphere, effectively reducing
the detection error. Furthermore, real blood samfilem healthy subjects before and after meals have
been used to prove the UA detection accuracy fomadealth system compared with the BeneCheck
PLUS multi-monitoring system. To our knowledge,stlis the first report on instrument-free paper-
based biosensor development with erythrocyte fittra activity to achieve UA determination in
complex biosystems by the combination of LFPs aithonline auto-calculation system. We envisage
that this strategy has great potential as a poo@hfor daily UA monitoring and uploading resultsthe

cloud for tracking by PCPs.
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corresponding digital photograph. (B) Comparisontted oxidization with serially diluted HRP and
MPBs using TMB/HO, (n = 3). (C) Stability of prepared MPBs incubaggdlistinct pH values for 2 h.
The stability was evaluated by comparison of tiseilteng AssonmValues for TMB/HO, oxidation (n=3).
(D) Stability of HRP and MPBs stored at 25 °C and°@ for a period of 1-42 days. The stability was
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with fresh MPBs (n=3).
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Fig. 4. (A) Photographs of the wax-printed customizedqua#t of the lateral flow strips before and after

heating to be melted. B: The background zone faké@und evaluation; S: The sample zone for
loading samples; and D: The detection zone forrouktric biosensing. (B) SEM images of (a) the

border of wax-printed paper, (b) the border of waetted paper and (c) the MPB-coated D zone. The
scale bars are 5 and 508. The green arrows show the uniformly printed wW&J). AFM images of 3D,

2D and Z-axis altigraphs of the working zone of thax-melted strip (a) before and (b) after MPB

nanozyme coating.
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Fig. 5. (A) Photographs of LFPs for UA detection in seroinmwhole blood and the corresponding linear
calibration curve between the greyscale ratio &edconcentration of UA in whole blood recorded hy a
iPhone 7 plus (n = 6). (B) Determination of UA iarhan whole blood collected from healthy subjects
fasting and after meals via the prepared LFPs cozdpaith the FDA-approved BeneCheck system (n =
3). The asterisk indicates a significant differe8aident’s t-test, j < 0.05). (C) Stabilities of the as-
prepared LFPs exposed to an ambient environmerat period of 14 days and comparison of the results
with those of electrodes of the BeneCheck PLUS imuiinitoring system (n = 3). The asterisk indicates
a significant difference (Student’s t-tesp € 0.005). ¢§: greyscale intensity of the pre-test, I: greyscale
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Table 1. The deviation rate of the proposed mHealth sygtem3).

(Fastir?gugjtelgtasst 10 h) (Bene%er;[sgtk(,e(:ng/dL) (LF?Dest,e ﬁfgfdu *Deviation (%) RSD (%)
1 7.63+0.33 7.77+0.14 101.83 1.82
2 6.37 +0.19 6.46 + 0.20 101.43 3.20
3 457 +0.09 4.8+0.12 105.18 4.80
(After meals)
1 8.67 +0.17 8.44 + 0.30 97.36 3.47
2 6.13 + 0.26 6.24 +0.18 101.66 2.97
3 5.7 +0.12 5.46 + 0.23 103.75 4.49

* The deviation rate of this work was evaluated paned with BeneCheck.
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Highlights

® Preparation of mesoporous Prussian blue nanoparticles (MPBs) as artificia
peroxidase-mimicking nanozymes with high oxidative activity and stability.

® A new latera flow pad (LFP) can filter erythrocytes for on-site uric acid (UA) determination.

® The LFP combined with a smartphone, cloud computing and data storage could achieve mobile
healthcare (mHealth) with arange of 1.5-8.5 mg/dL UA.

® This mHealth LFP offers areliable approach for daily UA monitoring and tracking by primary

care physicians (PCPs).
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