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ABSTRACT

Fabricating simple, accurate and user-friendly wesgic device for “point of care testing”
(POCT) applications is one of the most challengahgectives in the analytical field. Hemin
detection is important for drugs monitoring, diagisp and forensic latent bloodstain imaging.
Herein is developed, luminol chemiluminescence dmssr for hemin detection using artesunate
as coreactant. A possible mechanism to accounhéchemiluminescence reaction is discussed.
Hemin was detected using both photomultiplier tgB®T) and smartphone as detector. The
detection limit for hemin using smartphone as deteis 20 nM, enabling the visual detection of
hemin in blood sample with a dilution factor of dtbup to 120 000.While PMT detector is used,
the system is able to detect hemin down to 0.22 InNaddition to high sensitivity, this sensing
system exhibit high selectivity. It can successfdlistinguish bloodstain from other stains while
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applying the system for point of care testing usntart phone as detector. Moreover, the system
can detect artesunate with a linear range fromn®1to 1.0 uM with a limit of detection of

0.078 nM.

Key words: Chemiluminescence, Smartphone, Point of caretggdtiemin, Artesunate.

1. Introduction

Artesunate and its derivatives are sesquiterpectoras with a 1,2,4-trioxane core
incorporating an endoperoxide linkage that is essefior activity [1]. The endoperoxide linkage
is a trigger, activated by iron-induced reductioside the malaria parasite, which releases a
cascade of reactive intermediates-cytotoxic frediceds, one or more high-valent iron-oxo
intermediates, and electrophilic alkylating agetitat ultimately cause fatal damage to the
parasites [2-5].

Hemin consists of an iron (Ill) ion held in a he®yclic ring, known as a porphyrin. A
porphyrin ring contains four pyrrole molecules agally linked together with the iron (lll) ion
bound in the center. The hemin as an electronfeansedium was based on the reversible redox
reaction of Fe (lll)/Fe(ll) [6-8]. It may serve astracellular messengers that modulate gene
expression, the opening of ion channels, micro-RNmcessing and other physiological
processes [7]. In addition, it also has an impantale in the regulation of hemoglobin synthesis,
prevents cardiac and diaphragm mitochondrial dygfan in sepsis [9], regulates the activity of
cytoplasmic DNA polymerase from erythroid hyperfia®one marrow cells and reticulocytes
[10], suppress human immunodeficiency virus (HIViafection of human monocytes through

heme oxygenase induction [11-14]. Moreover, inftelel of pharmacy, hemin is used in natural



iron supplements for the treatment of iron defickeranemia, as a raw material for the
preparation of anticancer and semi-synthetic Hilimu medicines. Hemin can react with

artesunate in solution to generate free reactivggex species (ROS). In plasmodia, these
reactive species thought to damage the bacterialh,Dhhich is underlying reason of the

bacteriostatic effects [9,13,15-18].

Although hemin is essential, free excess hemin tdgger several toxic effects such as
permeabilization of cellular membranes and oxidatd proteins, lipids, and nucleic acids [7].
It's also reported that hemin oxidize Low Densitpaprotein (LDL), which aggravate the risk
of atherosclerosis and is extremely cytotoxic tihurad aortic endothelial cells [12, 19].

Several methods have been developed for hemin taeteancluding chemiluminescence
(CL) aptasensor based on hemin aptamer modified natieg graphene oxide polymers
(MGO@H-Atp@Co-PP) [8], nanocomposite crafted byftgrg hemin-binding-aptamer (HBA)
onto carboxylated graphene (COO-GR) [20], cappebaradot fluorescent sensors systems,
namely, CD$$-cd, CDs/LMH [21], and CDs/Suc, spectrophotome#ssay [6]. However, all
these methods require sophisticated instrumentatsensor modification for sensitivity
enhancement and skilled operators. Artemisininfiohichemiluminescence system is also
reported for hemin detection [22]. But some limdas are associated with the system, such as
insolubility of artemisinin in water, very high p&hd narrow linear range. All these limitations
motivate researchers to look for new coreactargsdan be compatible with biological system,
soluble in water and provide higher sensitivity aetectivity.

In the field of healthcare self-management, thevg@ve usage of smartphone detectors
provides a revolutionary opportunity for directgadout optical signals [23]. Another important

benefit associated is that smartphones could parfests outside clinical laboratories, especially



in low resource settings for critical and emergenwdicine [24]. Several examples have been
recently reported showing the actual feasibilityusing smartphone-based platforms to detect
biomarkers and analytes of clinical interest in iofluids including sweat, blood, and saliva
[25].

Keeping the above facts in mind, the present wsriavolved the use of artesunate as an
alternative coreactant because artesunate hasafdgavater-solubility and its activity is at least
five times higher than that of artemisinin [2, 25[]. It has also antibacterial [28], anti-
angiotensin [29], and anticancer [30] properties. domparison with artemisinin/luminol
chemiluminescence system, artesunate/luminol cliemmilescence system eliminate the need of
organic solvent, requires much lower pH and haswiohearity range for hemin detection. It

enables the sensitive detection of artesunateanithhit of detection of 0.09 nM.

2. Experimental sections

2.1.Chemicals and reagents

Artesunate and luminol (> 98.0%) were purchasednffbCl (Shanghai, China). Hemin
(99.9%) and thiourea (99.0%ere supplied by Sinopharm Chemical Reagent Co. Ltd
(Shanghai, China). Superoxide dismutase (SOD) weshpsed from Beijing HWRK Chem. Co.
Ltd. (China) and sodium azide (NgNrom Tianjin Fuchen Chemical Reagents Factoryirf@h
CaCl, Fe(SQy); FeSQ, CoCh, MgSQ,, Pb(CHCOO), CuSQ, and ZnC} were supplied by
Beijing Chemical Reagent Company (Beijing, Chiriaproline (Pro), L-arginine (Arg), and D-
phenylalanine (Phen), were bought from Shanghainfu8iotechnology Co. Ltd. (Shanghai,

China). Creatinine, cysteine, glutathione, uridagiucose, fructose and sucrose were purchased



from Sinopharm Chemical Reagent Co. Ltd. (Beijifdyina). Ethylenediaminetetraacetic acid
disodium salt (EDTA) was bought from Shanghai SanGompany (Shanghai, China). Human
whole blood sample was obtained from healthy vaard from hospital. Stock solutions of
hemin and luminol were prepared by dissolving éeréanounts of luminol or hemin in 0.1 M

NaOH solution. Artesunate was dissolved in 0.01 BICK;. Chemiluminescence intensities
were captured by a BPCL ultraweak luminescenceyaealsupplied by the Institute of

Biophysics, Chinese Academic of Sciences. The pholiiplier tube (PMT) voltage was kept at
600 V. The homemade CL cell was constructed byngutine well from a standard polystyrene
24-well plates. The cell has an inner diameter.6fcin. It was used to mix the solutions, for CL

intensity and smartphone detection experiments.

2.2.Chemiluminescent hemin detection

The procedure for hemin detection was carried gquinixing 100.0 pM luminol with 1.0
UM of artesunate in homemade chemiluminescencendlthe mixture was diluted to 40Q.D
with 5.0 mM NaOH and then 510 of different concentrations of hemin were addagidly into
the solution, mixed, and used for CL detectionteFilglasses with various band-passes at
wavelengths of 400 nm, 425 nm, 440 nm, 460 nm, 80535 nm, 555 nm, 575 nm, and 620

nm were used to measure the CL emission spectruhiso$ystem.

2.3.Preparation of blood samples
Blood sample was prepared according to previousgahare [22] with slight modification.
In short, 0.1 mL of blood collected from hospitadsb mL of 0.1M PBS (pH = 7.4) were mixed

with 1.0 mL 0.1M EDTA and centrifuged at 1500 rpg 30 min. The supernatants were



collected and diluted 20,000-fold times with PB&ison before detection.10.0 pL, 20.0 pL and
50.0 pL from diluted solution were poured onto hamade CL cell and then, 4.0 pL of 100.0
MM artesunate solutions and 80.0 uL of 0.5 mM Ilwhisolution were mixed to the blood

sample. The mixture solution was diluted to 400.0nith 5.0 mM NaOH.

2.4.Smartphone detection procedure

The smartphone detection for hemin was performednbyng different concentration of
hemin 20.0 pL with 10.0 pL 100.0 uM artesunate &@ L 500.0 uM of luminol in 400.0 pL
5 mM NaOH solution. After 4 minutes, maximum CL egsion observed, the solution put into a
black box. To capture the CL images, Nubia Z17 snmart phone was used in its automatic
mode and the exposure time was set to be 60 s. elmah 146 r
(http://imagej.nih.gov/ij/docs/guidesoftware have been used to interpret the imagesidatify

the emitted light over the sample spot area andesspd as relative light units (RLUS).

3. Resultsand Discussion
3.1.The CL characteristics of the reaction system

Fig.1 A shows the CL profiles of luminol/hemin, lurol/artesunate, artesunate/hemin, and
luminol/hemin/artesunate system. CL intensities lwhinol/hemin, luminol/artesunate, and
artesunate/hemin systems are weak.CL intensitidanoihol/hemin/artesunate system is much
stronger than that of luminol/hemin, luminol/arteate, and artesunate/hemin systems, showing
that hemin exhibited high catalytic activity for Caf luminol/artesunate system. The CL
intensity of luminol/hemin/artesunate system redchemaximum value after 250 s, which

indicated slow CL reaction and enables glowingsreral minutes.



Fig.1Bshows the CL intensity—time curves of the hmelmminol/H,O, system (inset) and
luminol/hemin/artesunate system. By comparison, tkk peak intensity of the
luminol/hemin/artesunate system is 16 times highan that of the hemin/luminolf@, system.

It indicates that artesunate is an efficient cai@acfor hemin-luminol CL

Iron ions of hemin cause the generation of readgen species (ROS) from artesunate [2,
4, 17, 18, 31]. The reaction kinetics relays on d¢leaving rate of the endoperoxide linkage of
artesunate to generate effective reactive radeslshown Scheme 1. Cleavage of the oxygen—
oxygen bond during decomposition of hydrogen petexis catalyzed by hemin [26]. As
observed from the CL kinetics of the system, it t@npossibly concluded that the catalytic
reduction of artesunate is similar to that of hypno peroxide. The effects on CL intensity after
addition of varying concentrations of sodium azidevengers of singlet oxygehOf) [32],
superoxide dismutase-scavengers of superoxidealaatiton (Q) [33], mannitol scavengers of
ROS [17, 34, 35] and thiourea-scavengers of hydroagical (HO) [36] are studied to reveal
the CL mechanism. As shown in Fig. S1 A & B, botldism azide and thiourea have almost
negligible effects while, superoxide dismutase @arahnitol quench CL intensities, revealing that
the generated radical is neither singlet oxydé®n)(nor hydroxyl radical (HQ. The quenching
effects observed from mannitol buttresses thatethera generation of ROS. These results
showed that @ plays a vital role in the luminol/artesunate/her@in reaction. Maximum CL
emission wavelength for mixture of luminol/heminémunate is about 450 nm (Fig. S2)
consistent with the typical spectrum of luminol [&Z]. Therefore, the possible CL mechanism

is proposed as shown in Scheme 1.

3.2.0ptimization of CL reaction conditions



3.2.1. Effect of NaOH concentrations

It is well known that the luminol CL reaction oft@ecurred in basic media, thus the effect
of NaOH concentration on CL reaction was invesédaiDifferent concentration solutions, i.e.
1.0 mM, 2.0 mM, 5.0 mM, 10.0 mM, 20.0 mM, 50.0 mkidd00.0 mM NaOH were tested. Fig.
S 3 A represents the CL intensity of different camtcation of NaOH as a function of time and
the CL intensity peak was dramatically increaseth he increase of NaOH concentration. Fig.
S3 B shows that the highest CL signal/noise waaindd in the 5.0 mM NaOH, above which the
background (noise) signal of the system becameehigterefore, 5.0 mM NaOH solution was

selected for subsequent experiments.

3.2.2. Effect of the concentration of luminol

Luminol was the CL agent in the system. Hence,cdacentration should be carefully
optimized to ensure for maximum response, senitamnd reproducibility. The effect of the
concentration of luminol on the CL reaction wasdgtd in the range of 0.AM—-100.0uM (Fig.
S 3 C & D). It was found that the CL intensity wagnificantly increased with the increase of
luminol concentration to 100.0M, above which the background signal was also erdtn
leading to the decrease of signal/noise ratio. rEason was that the number of luminol radical
increased with increasing its concentration, whics beneficial to increase the CL intensity of

the system. Thus, 100 luminol was selected for subsequent work.

3.2.3. Effect of artesunate concentrations and arteswtetgstion



The effect of artesunate concentration was alsesitigated in the range of 0.1 nM to 2.0 uM.
As shown in Fig. 2 A, CL intensities increase witle increase of the concentrations of
artesunate in the range of 0.1 nM to 2.0 uM, andmithe concentration of artesunate was 1.0
MM CL intensity reached its maximum value. In order obtain higher sensitivity and
reproducibilityl.0 uM was selected for the furtlegperiment. The CL intensity curve has good
linear relationship over log of artesunate coneitns from 0.1 nM to 1.0 uM (Fig. 2 B). The
linear equation is CL = 1469 + 947log (artesunatecq with a correlation coefficient of 0.993.
The limit of detection calculated according to USIP[38] (Appendix S1) was found to be 0.078
nM for artesunate (where n = 9, 95% CI, the stash@aror of regression line and the slope were
obtained from the regression equation).

The linearity of the method was also validated gskitest and/or intercept to y-axis.
According to various guidelines and articles onlgi@l method validation [39-41], it is
important to measure the linearity of a calibratfonction by preparing a minimum of five
concentration levels in triplicates. If the expermtal data set describes a genuine linear
calibration of the form given by Eq. YeX +f, then the tabulated F-valuei{fgiaeg must be
greater than the calculated F-valug ffyj-n). The calibration results of our method show that
FealculatediS 1€SS than fhuaed (Appendix S2A) with y-intercept of 1469 when 947 I(artesunate
conc.) is zero and = 0.993. Accordingly, there is a significant linigain the reported data for
determining artesunate using the proposed method.

A survey of the literature shows that this valu©p) is better than the reported values for
artesunate. By comparison, it is simple, rapid, saasitive and has a cheaper than most of the

previously reported artesunate detection methodbI€TS 1).

3.3.Calibration curves and detection limits of hemisas
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The linearity and limits of detection (LOD) for hembased on this new CL system was
investigated. A linear relationship between thei@kensities and the concentration of hemin in a
range from 0.8 nM to 1000.0 nM was observed as shawig. 2C and D. The LOD for hemin
was found to be as low as 0.22 nM (calculated udiagsame procedures as Section 3.2.3, where
n = 12, 95% CI, the standard error of regressiop Bnd the slope were obtained from the
regression equation). The regression equation was=1342 + 8.2c, where Lk_ is the
chemiluminescence intensity aralis hemin concentration in nM. The linearity wasaal
validated according to Section 3.2.3. SinggclrtediS l€ss than Epuatea(Appendix S 2 B), with
y- intercept when no hemin concentration is foumth¢ 324 and’r= 0.993; there is a significant
linearity in the reported data for determining herasing the proposed method. The relative
standard deviation (RSD, n = 9) at the hemin coimagans of 100.0 nM, 400.0 nM and 600.0
nM were 1.8%, 2.6%, and 1.95 % respectively indicpan acceptable reproducibility for hemin
detection. The LOD for this method is better thha teported values for hemin [6, 42]. By
comparison Table 1, it is simple, cheap, rapidstme and has a wider linear range than most of
the previously reported methods. Taken togethe, gltoposed method could be a potential

platform for hemin detection.

3.4.Smartphone detection of hemin

Since PMT and CCD detectors are fragility and espen smart phone devices could offer
adequate and alternative analytical performanadetect very weak light signals, such as those
produced by bioluminescence reactions, with reddenaxposure time (e.g., few seconds,
minutes). Fig. 3 | shows images collected with dpfaone camera after mixing different

concentration of hemin with 50.0 uM artesunate 3@@.0 uM luminol. The camera was able to
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image 0.02 uM of hemin. The results expressedlasue light units (RLU) [22, 24] were used
to describe the relationship with the concentratiohhemin. A linear calibration curve in Fig. 3
Il is obtained from 0.02 to 50.0M with a linear equation of CL (RLU) = 40.4 log (ke
conc.itM) + 66.4(F = 0.991). The linearity was also validated acamdo Section 3.2.3. Since
FealculatediS less than Euaea(Appendix S 2 C),7= 0.991 and the y-intercept is found to be 66.4
there is a significant linearity in the reportedad&r determining hemin using the proposed

method with smart phone camera. The detection Ig10t02uM.

3.5.Selectivity of the CL method for hemin detection

For a new analytical method, especially with patrdapplications in biomedical samples,
selectivity study is important. Therefore, the efseof some metal ions and biomolecules to the
CL intensities of the system was evaluated. Figh SHows the CL intensities of amino acids,
sugars, and urea mixed with artesunate/hemin/lungystem as blank. The results reveal that
biomolecules have little effect on the CL interesti The interference effect of typical metal ions,
including Md¢*,P*, c&*, Co*,Cu*, Feé*, F&€*, Zr** on this new CL method was also
investigated. Fig. S4B shows that the increaselinn@nsities is negligible with the addition of
metal ions at higher concentrations (20/). The above results indicating that this methad h

excellent selectivity.

3.6.Determination of hemin in the presence of the hublaad serum
To demonstrate the potential application of lumiadésunate system for determination of
hemin in biological sample, the assay of heminumhn serum was performed. Specifically, a

different concentration of hemin was mixed to 2@0ld- diluted blood sample, and the results
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obtained by the standard addition method were stioweTable S 2.The recovery of added
hemin in the spiked blood samples ranged from 99t8%01.3%, and the relative standard
deviations were no more than 1.8%. The above mesulgjgested that the proposed approach is
simple, sensitive, rapid and had potential bio-ro@&idapplication.

In order to examine the smart phone detection lfontblood, the human blood samples
were diluted with 0.1M PBS (pH = 7.4). The dilutitactor (Df) was used as the unit to depict
the performance of the tests [22, 45]. The CL imggpictures of different dilution factors of
blood and the corresponding calibration curve &@wvs in Fig.3lll. The result shows the CL
intensity has a good linear relationship with tlgdrithm of the dilution factor of blood
(Fig.31V). The linear relation is CL (RLU) = 334.7568.7 log (Df), (R = 0.991). The maximum
dilution factor of blood detectable by a smart phaos 120, 000. A recovery study was also
performed using smart phone camera, using the pameedure as above. In brief, three different
concentrations of hemin (0.5 puM, 5 pM and 10 pMyevmixed to 2000-fold diluted blood
sample, and the results obtained by the standattiad method were showed in Table S3.The
recovery ranged from 97.8% to 101.3%, and theivelatandard deviations were no more than
1.9 %. Table S4 shows the summary of the results hlemin detection using BPCL
photomultiplier tube and smart phone camera datgcto

Forensic and diagnostic scientists are often asketktermine whether a particular stain is
or is not blood during point-of-care-testing. T@@ir whether this method can differentiate blood
stains from the most probable coexisting staindiagnostic medical laboratories and forensic
field, 2000-fold diluted human blood, water, coffagine, morning saliva and red tea were
dripped onto different pieces of filter paper (Fd). The imaging reagents were added to the

dried filter paper and used for CL imaging in akdaox. The results suggest that this method can
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successfully distinguish bloodstain from other railn real life situation, it's common that
blood stains are contaminated with other impurisigsh as saliva, coffee, urine, and etc. Fig. 4 Il
shows that this system also able to differentiabdoad stain contaminated withine and saliva

(Fig. 4ll, a and al), coffee and red tea (Fig. 4l and b1l), coffee and urine (Fig. 4ll, c andwine and

red tea (Fig. 4ll, d and d1)

4. Conclusions

In summary we demonstrated the use of smartphanereato capture images and quantify
the luminescence light produced by hemin/lumintdésunate system. The finding of this study
showed that our developed method was able to daeroin in blood sample with a dilution
factor up to 120,000. The developed method alsavetoexcellent selectivity toward some
interfering metal ions and biomolecules. It carfedéntiate blood stains from urine, morning
saliva, coffee, water and red tea which are masibgisle coexisting stains in diagnostic medical
laboratories and forensic field. In view of botlvdeable sensitivity and high selectivity, the
present method is an appealing alternative. Cordpartth most of the literatures about hemin
detection, the method we presented is cost-effectoonvenient, and did not require any

complicated synthetic procedures.
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L engends

Table 1. Comparison of different analytical methods for hemétection.

Fig. 1. (A) CL kinetic curves for reaction of artesunbthin, luminol/hemin, luminol/artesunate and
hemin/luminol/artesunate (red) system. The insawshthe enlarged CL intensitiime curve for
artesunate/hemin (black), luminol/hemin (blue), andinol/artesunate (green). (B) CL kinetic curfes
reaction of hemin/luminol/artesunate system (ficgtr red color lines) and luminold@,/hemin system
(inset; four blue color lines). Final concentrasod00.0 uM luminol, 1.0 uM artesunate, 0.4 uM hemi
1.0 uM HO,, in 5.0 mM 400.0 puL of NaOH; Photomultiplier tubeltage: 600 V.

Scheme 1. The proposed reaction mechanisms for the artésiinganin/luminol CL system.

Fig. 2. (A) Chemiluminescence time curve for hemin/lumingystem as function of different
concentration of artesunate (B) a linear plot of iBfensity peak verse log(artesunate conc.). IrSkt;
intensity peak curves for different concentratioh artesunate from 0.0 nM to 2.0 pM. (C)
Chemiluminescence emission spectra time curvesrtfsunate/luminol system in the presence of
different concentration of hemin. (D) The CL peatensity plotted as a function of the concentratbn
hemin. Inset: shows enlarged curves between caatiemt of hemin 0.8 - 20.0 nM and CL peak intensity
The concentration of hemin is 0.0, 0.8, 1.0, 5@0120.0, 50.0, 100.0, 200.0, 400.0, 600.0, 8a®00.0
nM; with 1.0 uM artesunate, 100.0 uM luminol.

Fig. 3. (I) The luminescent images of test samples updtitiads of different concentration of hemin,
which were taken by the smartphone detection s@tae.concentrations of hemin from A to | are 0.02,
0.05, 0.1, 0.5, 1.0, 5.0, 10.0, 20.0 and 50.0 uspeetively. (Il) Calibration curve of chemiluminest
intensities (RLU) of color images with the loganittof hemin concentrations. (Ill) CL images acquired
with the smartphone at increasing the dilutiondes{from A to K are 400, 800, 1000, 1500, 200@M&0
10,000, 20,000. 50,000, 100,000 and 120,000 raspbctimes diluted) for human blood sample. (IV)
Calibration curves for chemiluminescence intersit{RLU) of color images with the logarithm of

dilution factors.
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Fig. 4. (1) The day light images of filter paper after dippiwih coffee (A), red tea (B), urine (C),
morning saliva (D), blood (E), and water (F) staifile corresponding CL images taken in a dark box
after adding imaging reagents were shown from a(})f The day light images of filter paper after
dipping with urine and saliva(A) coffee and red (B), coffee and urine (C), urine and red tea é};d

are the corresponding images taken in a dark ktex aflding the blood stain and imaging reagents; al
d1 is also the corresponding images taken in a blaxkafter adding the imaging reagents without #loo

stain.
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Table 1.Comparison of different analytical methods for hemietection.

Analytical method  Detection system Linearrange LOD  Ref
Fluorescent PPIX- G-quadrupleXes 50-2250 nM 36 nM  [42]
Chemiluminescence MGO@H-Atp@Co-PP 800nM-480 3.9fM [8]
uM
Squarewave COO-GR/HBA nano composife 1-150 nM 0.64 [20]
voltammetry nM
Fluorescent CDs/8-cd, CDs/LMH, CDs/Sut 1uM=23uM  1uM  [21]
Fluorescent AO-PS2.M/rGO 2.81-4.37uM 50 nM [43]
Fluorescent Hep-MPA-CdSQbs 0.167-42.45 48.6  [44]
uM nM
Spectrophotometry  Acidified chloroform extraction 1.15-9.2uM 72nM [6]
Chemiluminescence  Artemisinin/luminolchemiluminesm® 1.0 - 100.0 0.37 [22]
nM nM

Chemiluminescence Artesunate/luminolchemiluminescence0.8 —-1000.0 0.22 This

nM nM work

*PPIX-protoporphyrin IX "Magnetic graphene oxide (MGO)-heminaptamer (H-Atpbalt
porphyrin (Co-PP), ‘Hemin— binding - aptamer(HBA)—
carboxylatedgraphene(COO-Gfarbon dots (CDs) BtCyclodextrin  -cd)- Lactose
Monohydrate (LMH) — Sucrose (Suc§G-quadruplex structure aptamer (PS2. M) —
acridineorange (AO) - reduced graphene oxide (ré@@rcaptopropionic acid (MPA) and

heparin (Hep) dual modified CdS quantum dots (HEpAMCAS QDs).
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Highlights:

+ The chemiluminescence of luminol-artesunate-hemin has been reported for the
first time.

4+ Sensitive and selective detection of hemin using smartphone is achieved.

+ The maximum dilution factor forlatent bloodstain imaging by a smart phone is

120, 000.

4+ Thelimit of detection for artesunateis 0.078 nM.



