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ABSTRACT

Simple and accurate detection of trace heavy memalslood is very important. A novel
dual-responsive electrochemical/fluorescent biosenbased on magnetic hyperbranched
polyamide with heparin modification (MHPAM-H) foldod lead detection has been successfully
developed. Upon conjugated with blood lead ionsal-tiosensor could not only display
electrochemical signal but also fluorescence sigmahg to the enriched amino groups, cavity
structure, and good fluorescence properties of HPBMod biocompatibility, construction of the
dual-responsive biosensor, electrochemical/ flimmesdetection of lead ions in water phase and
blood condition, selectivity and stability of theial-responsive biosensor were investigated in
detail. The proposed dual-responsive biosensotagismood linear relationship (1.5 pM- 4.8%10
pM for electrochemical detection and 0.5 pM-4.8%pM for fluorescent detection) with low
detection limit (4.4 pM for electrochemical detectiand 1.0 pM for fluorescent detection) for
blood lead, providing potential application for ttblead detection in the future.
Keywords. Dual-responsive biosensor, Electrochemical/ flaoeat detection, Blood lead ions,

Blood compatibility



1. Introduction

Lead (PB") is one of the most toxic metal contaminants itex enter the bloodstream
through critical organs and systems such as skigstive system and respiratory organs [1-5].
There are several widely used analytical methodsditecting lead levels, such as atomic
absorption spectroscopy (AAS), inductively couplpthsma atomic emission spectroscopy
(ICP-AES), and so on, which often require complestruments and tedious sample pretreatment
procedures [6-11]. Current researchers are makimgmitting efforts to develop rapid, reliable
and economical techniques for the determinatidol@dd lead. As blood is a system with complex
physiological environment, the detection of bloedd usually requires complex pretreatment of
samples (such as digestion of blood samples witingtacid and high temperature) [12, 13]. The
operation process is cumbersome and the use afga &mount of acid causes environmental
pollution. Hence, it is of great significance tovdl®p a new, convenience and accurate technique
for detecting blood lead rapidly and directly.

Plenty of lead biosensors (water phase) have begalaped in recent decades, which are
focused on electrochemical and fluorescent biogsr{4d-18]. However, these biosensors cannot
directly detect lead in blood. Generally, when itiadal biosensors contact with a complex blood
environment directly, the adhesion of proteins settiblood cells may cause contamination of the
biosensors, thereby affecting the detection acgufb@]. Meantime, owing to the fact that each
method has its own advantages and limitations, r@ergystic combination of two or more
detection methods may result in much more convineesults and the detection results can be
normalized and obtained with dual-responsive bissen[20].

Herein, a dual-responsive biosensor denoted as etiaghyperbranched polyamide with

3



heparin modification (MHPAM-H) which can be used &ectrochemical/fluorescence detection

of blood lead was proposed in this work (Schemelri}his system, the presence of magnetic

FesO, can realize the rapid immobilization of the bicsenon the magnetic electrodes. While

hyperbranched polyamides (HPAM) with enriched amgroups, cavity structure, and good

fluorescence properties have the ability to rapattgumulate blood lead by forming coordinate

bond with lead ions (within 5 min), providing thegsibility to quickly and stably detect blood

lead [21].The electrochemical detection principle is basedhenfact that the enriched lead ions

will be precipitated on the electrode surface tdpice current. As a fluorescent substance, HPAM

has the advantages of continuous/wide absorptiamd,bgood water solubility and good

biocompatibility compared with traditional organityes, and is potential to be used for the

detection of biomedical fields [22, 23]. Lead iaraptured by HPAM can form coordination bonds

with amino groups in HPAM, which restricts the gextrit movement of fluorescence centers to a

certain extent, thus increasing the fluorescendensity [24]. The modification of heparin

provides biofouling resistance of the biosensah@ablood environment [25]. Compared with the

traditional lead biosensor in aqueous phase, tlaérdsponsive biosensor for blood provided by

this work can provide better repeatability, higmsgvity and good stability. More importantly,

this method can be used to detect the concentrafitatood lead directly without using tedious

and complicated blood digestion steps and largeunnents and the dual-responsive methods can

be cross-validated to improve the reliability of tiest data.
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Scheme 1. (A) Schematic illustration of the synthesis of M&N?-H NPs, and their applications in

(B) the electrochemical detection and (C) the #soence detection for blood lead.

2. Experimental

2.1 Materials

Ferrous sulfate (FeS€’H,O) was obtained from Xilong chemical plant in Sloantof

Guangdong (China). Polyethylene glycol (PEG)-206G8s bought from Aladdin chemical

reagent Co. Ltd. in Shanghai (China). Hyperbranchelyamide (HPAM) was bought from

Wuhan Hyperbranched polymers science and techn@agy.td. (China). Ammonium hydroxide,

trimethylolamine (Tris) were purchased from Singphahemical reagent Co. Ltd. in Shanghai



(China). Dopamine was bought from Alfa Aesar. lgad concentration standard liquid was

bought from General Research Institute for NoniggriMetals (China). Dopamine hydrochloride

(DA) and porcine heparifMWCO 8000-12000) were purchased from Sigma-Aldi@in Ltd.

(USA). Glutaraldehyde 25% (GA), monopotassium-phasp (KHPQ,), disodium-hydrogen

phosphate (N#lPQO,), potassium chloride (KCI) and sodium chloride @Wawere purchased

from Sinopharm Chemical Reagent Co. Ltd (China) @set as received.

2.2 Synthesis of the MHPAM-H nanoparticles

2.2.1 Synthesis of Fe;0O4 NPs

2.5 g of FeSQ 7H,0 was dissolved in 30 mL of deionized water (DW) Wtrasonic and

transferred to a round-bottom flask. After addir il of DW containing 0.5 g polyethylene

glycol (PEG)-2000 to the preceding solution of FgeSthe reaction was kept at B0 with

vigorous stirring and inert atmosphere. Next, 30 ofilammonium hydroxide was added to the

reaction and continued stirring for 10 min. 0.27 ailhydrogen peroxide (30%) was added to the

reaction subsequently for another 20 min of fiestiging, and the solution was transferred to a

reaction kettle at 160 for 5 h. The result precipitate was washed with R ethanol for

several times, and dried under vacuum &t 60

2.2.2 Synthesis of MHPAM NPs

50 mg of FgO, NPs were dispersed into 10 mL of Tris-HCI buffesatine (50 nM, pH=8.5) by

ultrasonic, while 50 mg of dopamine was dissolved L0 mL of Tris-HCI buffered saline (50 nM,

pH=8.5) under dark condition. The two kinds of @eqa solution were kept stirring to mix

completely under dark condition for 2 h. Then thednict was collected with magnets and washed

with DW. After the material was re-dispersed infrilL of DW, 50 mL of glutaraldehyde solution
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(6%) was added to the suspension while stirringlfdrh. The result precipitate was collected,
washed with DW and added into 100 mL of hyperbradcholyamide solution (0.4 mg ).
while stirring for 12 h. The final product was alsollect with magnets, washed with DW and
dried under reduced pressure.
2.2.3 Preparation of MHPAM-H with anticoagulation property

The MHPAM-H which possessed the property of antjctation was acquired by dispersing 10
mg of HPAM into heparin solution (4 mg n). equably for 12 h. Finally, the products were
washed three times with DWllected by centrifugation and dried for use.
2.3 Characterization of the MHPAM NPs

The morphology of F©,and MHPAM nanoparticles was observed by transmissiectron
microscopy (TEM) with an H-7650 interface high-riegion transmission electron micro
(HITACHI, Japan). The structures were determined-byrier transform infrared (FT-IR) spectra
using a Cary 5000 Fourier transform infrared spgttotometer (VARIAN, USA). The particle
size and-potential of the samples were also measured kgsizdr Nano Z (Malvern, USA).
2.4 Biocompatibility evaluation
2.4.1 In vivo coagulation time analysis

The assays of coagulation of the MHPAM NPs and MMHA NPs were inspected via
activated partial thromboplastin time (APTT), praimbin time (PT) and thrombin time (TT) [26].
The fresh blood was centrifuged d€4to obtain the plasma containing few blood plateléte
FeO, NPs, MHPAM NPs and MHPAM-H NPs were prepared intospension with
phosphate-buffered saline (PBS, pH= 7), and in&dbwaith the treated plasma for 30 min. All the

tests were conducted according to the manual dfithBBS was determined as the control and all
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the tests were performed thrice.
2.4.2 Hemolysis assay

The FgO4, NPs, MHPAM NPs, and MHPAM-H NPs were dispersed PBS and incubated for
24 h, after which the materials were collected #madliquid was discarded. Subsequent steps are
as follows:
(1) The preparation of RBCs suspension: Fresh bieas centrifuged (1.5x¥@pm, 10 min) to
achieve RBCs, which were washed 2 to 3 times suigsgly with PBS until the supernatant was
clear. Then the RBCs were diluted into suspensié) (
(2) The treated materials were incubated with tigpension of RBCs for 1 h, and the supernatant
was separated by centrifugation (1.5%¥Pm, 10 min), the UV absorption of which was
detected at 545 nm by the UV-visible spectrophotemé&BS acted as the negative control and
DW was the positive control. All the tests were fpened thrice. The formula of percent
hemolysis is: Hemolysis (%) = (QIDD,)/(OD,-0D,)x100%. OD referred to the absorption
value of the samples, QDrepresented the absorption value of the negatwé@ and O was
the absorption value of the positive control.
2.4.3 Whole blood adhesion test

The ITO (Indium Tin Oxides) glass electrode wasduse replace magnetic glassy carbon
electrode (MGCE) in whole blood adhesion test [2Rolypyrrole (PPy)@electrode,
MHPAM@PPy@electrode and MHPAM-H@PPy@electrode weie daut at the bottom of a
24-well culture plate. Then 1 mL of PBS was add#d each well and balanced for 24 h. After
removing the liquid, each well was added with 1 ofLwhole blood and the samples were

incubated with the blood at 7 for 30 min. PBS was used to wash the samples fones after
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the whole blood was separated, and glutaraldeh®d®#4) was added into the wells to fix the
samples for 30 min. Then ethanol with different @amtrations (50, 60, 70, 80, 90, 95, 100%)
were utilized to exsiccate the samples for 30 188BM was used to observe the morphologies of
the samples.
2.5 Characterization of electrochemical and fluorescent properties of MHPAM-H

MHPAM-H aqueous solution was dispersed by ultragotor 15 minutes. Then, a certain
amount of homogeneous dispersion material was edippnto the surface of the magnetic
electrode which plated with polypyrrole (MHPAM-H@R®MGCE) and dried naturally at room
temperature. By comparison, bare magnetic electii@CE), MHPAM-H modified MGCE
(MHPAM-H @MGCE), polypyrrole electroplated magnetedectrode (PPy@MGCE) were
prepared with a similar process [28]. Cyclic voltaograms (CVs) were performed in
Ks[Fe(CN)] (5.0 mM) and KCI (0.1 M) from -0.2 V to 0.7 V, thi a scan rate of 100 m\*sThe
electrochemical impedance spectroscopy (EIS) ieste carried out to monitor changes of the
electrode surface with the frequency ranging frokizlto 100 kHz, and performed in PBS (0.1 M)
comprising [Fe(Cl\yFe(CN);]3'/4' (10 mM) and KCI (0.1 M). All electrochemical measments
were performed by electrochemical workstation (G#8DD, Chenhua, Shanghai, China). The
fluorescence spectra of samples were collected llnyrefscence spectrophotometer (F-4600,
Hitachi Corporation of Japan) with excitation wasrgth at 320 nm.
2.6 Optimization of the biosensor
2.6.1 Optimization of the electrochemical detection conditions of dual-responsive biosensor

The electrochemical property of the biosensor uradeeries of different conditions such as

buffer solution (PBS, NECI-NH3-H,O, NaAc-HAc, Tris-HCI), amounts of material (4.0 8.0
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pL, 16.0 pL, 20.0 pL), and pH values (4, 5, 6,,/Q)3for lead ions detection were investigated by
differential pulse voltammetry (DPV) method.
2.6.2 Optimization of the fluorescence detection conditions of dual-responsive biosensor

The fluorescent property of the biosensor were oredsunder a series different conditions
such as concentrations of material (20, 30, 4Q LY, excitation wavelengths (320, 340, 360,
380, 400 nm), and different pH values (4, 5, 8,R) when detection of lead ions (4800 pM).
2.7 Measurements by dual-responsive biosensors
2.7.1 Electrochemical detection of lead in water phase

The connections between current signals and diffezencentrations of which were obtained
by DPV, with pulse amplitude of 0.05 V and pulse fregey of 0.05 V and the voltage ranges
from -1.0 V to 0.2 V, scanning for 50 seconds. #revrecorded under the best experimental
condition (PBS, pH=7, 8.QL of the material). All the tests related to electiemistry were
conducted in a three-electrode system: The modifiagnetic glassy carbon electrode was used as
the working electrode, the saturated calomel eddetr(SCE) and the Pt wire was acted as the
reference electrode and the counter electrode.
2.7.2 Electrochemical detection of lead in whole blood

Rabbit blood containing different concentration ledd ion was prepared with PBS buffer
solution (pH=7). Then the functionalized workingg@lode was immersed into the solutions of
PK*of disparate concentrations and tested after 5 fia.detection method is the same as that in
agueous phase.
2.7.3 Fluorescent detection of in water phase

MHPAM (20.0 uL, 1 mg mL") was added to the aqueous solution containingereifft
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concentration of lead ions, and mixed in a silenéemfor 5 minutes. And then, the fluorescence
spectra of samples were detected by fluorescerezrsphotometer (F-4600, Hitachi Corporation
of Japan), excitation wavelength at 320 nm, Scaedjs 1200 nm/min.
2.7.4 Fluorescent detection of lead in whole blood

The standard solution of lead was added to theitrblimd and diluted 10000 times with PBS
(0.1 M) and KCI (0.1 M, pH=7) to prepare rabbit ddosolution with different concentrations of
lead ion. The solution for detection in whole blogas prepared by adding 2@0 of MHPAM-H
(1 mg mLY) into the solution containing different concerivas of lead ions respectively. The
solution was mixed by mixer and stabilized for Srbefore the fluorescent detection. And then,
the fluorescence spectra of samples were detegtdtlidrescence spectrophotometer (F-4600,
Hitachi Corporation of Japan), excitation waveléngt 320 nm, Scan speed is 1200 nm/min.
2.8 Interference and stability study

Individual ions (PB", Mn**, Zr?*, CU#*, F€"") and mixed ions (Pb+Mn?*, PK*+ zn?*, P+
CU, PE*+ Fe") in water and in whole blood were detected by risoence biosensor. The
mixed heavy metal ions (FMn**, P+ zn™, PF*+ CU*, PF*+ F€™) in aqueous solution and
whole blood were detected by electrochemical bisserStability was a significant parameter to
evaluate biosensors and the changes of currerdlsigrere inspected by scanning the CV curve
for 200 times.
3. Results and discussion
3.1 Characterizations of MHPAM NPs

The morphologies of MHPAM and @, were characterized by TEM technique and the

statistical analyses for TEM images with 25 pagscivere summarized, which displays that the
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size of FgO, is around 32.3+5.6 nm, and after the modificabbhiPAM, the size of MHPAM is
36.6+£6.7 nm with similar morphology (Fig. 1A, 1Bdrrig. S1). SEM images and energy
dispersive spectroscopy (EDS) also verified thesterice of C, N, Fe elements, indicating

successful modification of HPAM (Fig. 1C and 1D).
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Fig. 1. TEM images of (A) Fg, and (B) MHPAM NPs (Scale bar: 100 nm); (C) SEM gaand

(D) SEM-EDS spectrum of MHPAM NPs (Scale bar: 1 pfi) Zeta potentials of the samples; (F)

FT-IR spectra of (a) R®, and (b) MHPAM, respectively.

Zeta potential changes from around -11.7 m\AQzeNPs) to around +32.2 mV for MHPAM
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(Fig. 1E), which is likely resulted from the chargreening effect caused by the exposure of large
amounts of amino groups on the surface of HPAMjcetithg the successful modification of
HPAM on the surface of E®, NPs coating process. With the negatively charggzhhn grafted
onto MHPAM (MHPAM-H), MHPAM-H shows negative charge9.8 mV), confirming the
successful loading of heparin. In addition, when RAi1-H NPs adsorbs lead ions, its zeta
potential changes to +33 mV, indicating that theM1-H can effectively capture lead ions.

The functionalization of magnetic & NPs with HPAM was further characterized by the
FTIR spectra (Fig 1F). The characteristic absorppieak of Fe-O appears at 560 tf#9]. The
successful modification of HPAM was confirmed by tbxistence of C=0 stretching vibration
peak at 1630 cthand amino functional group peak at 1400-1600 §30)].

In addition, the morphologies of the electrode witle addition of MHPAM-H were also
characterized by SEM images. As shown in Fig. B@,surface of bare electrode is smooth, and
distinct striations can be observed after polydgrwas plated on the surface of the electrode.
Obvious granular substances can be observed oelebgode after MHPAM NPs was added,
implying the successful construction of the eledéro
3.2 Biocompatibility analysis
3.2.1 In vivo coagulation time analysis

Blood compatibility is the basic requirement of dlocontacting materials. APTT, PT and TT
are widely used to detect the abnormality of blptasma [31]. As shown in Fig. 2A, compared
with the negative control (12.0 s), the coagulatiore of MHPAM is slightly shorter (10.2 s). The
values of APTT, PT and TT are 24.8, 7.3 and 2@Gftes injection of MHPAM-H NPs, indicating

good anticoagulant property of MHPAM-H. This coble due to heparin with good anticoagulant
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effect was successfully loaded from HPAM with ehed amino groups and cavity structure [32,

33].
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Fig. 2. (A) In vitro coagulation time of negative control,sPe, MHPAM and MHPAM-H; (B)
Hemolysis test results of &, MHPAM, and MHPAM-H; (C) SEM images of whole blood
adhesion for (a) bare electrode, (b) PPy@bare etimtr(c) MHPAM@PPy@bare electrode and
(d) MHPAM-H@PPy@bare electrode (Scale bar: 20 pm); ¢Vs and (E) EIS spectra of (a)
MGCE, (b) MHPAM-H@MGCE, (c) PPy@MGCE, (d) MHPAM-H@P@WMGCE in pH= 7 PBS
containing 0.1 M KCl and 5 mM Fe(CNYFe(CN)* (F) Fluorescence spectra of;6g HPAM,
MHPAM, and MHPAM-H.
3.2.2 Hemolysis assay

The hemolysis rate test was further used to véniéyblood compatibility of the materials [34].
In our research, the hemolysis rates of sampleslaiess than 5% and it can be reduced more

effectively by anticoagulant treatment with hepdfr8%), implying good blood compatibility of
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MHPAM-H (Fig. 2B). This may due to the loading of heparin the positivarge on the surface of

the polymer was partially shielded and the inteoacbetween polyamide and erythrocyte surface

was reduced [35].

3.2.3 Whole blood adhesion test

Anti-biofouling property of the modified electrodrirface was evaluated by whole blood

adhesion tests [36]. The SEM results indicate thdérge number of RBCs and platelets are

adhered to the surface of the bare electrode, PRy@ale, MHPAM@PPy@electrode. On the

contrary, the surface of the electrode modifiechWwtHPAM-H NPs is much cleaner (Fig. 2C),

indicating good anti-fouling property of MHPAM-H NPand providing an opportunity for

MHPAM-H NPs to detect analytes in whole blood eoniments directly.

3.3 Electrochemical and fluorescence properties characterization of the MHPAM-H NPs

3.3.1 Electrochemical behavior of MHPAM-H NPs

In order to investigate the assembly process afdnisors, the cyclic voltammograms (CV)

was presented in Fig. 2D for different samplesrduthe construction process of the electrode

[37]. Compared with bare electrode (curve a), tbakpcurrent of MHPAM-H@MGCE (curve b)

decreases obviously. While the peak current of PPB@HK (curve c) increases significantly,

which proves that the introduction of conductivéypeer PPy can enhance the conductivity of the

biosensor. The peak current value of MHPAM-H@PPy@MGECurve d) decreases a little,

which is due to the barrier formed by the introdurciof MHPAM-H, thus decreases the access of

Ks[Fe(CN))/K 4 [Fe(CN)] from the bulk solution to the electrode interface

Successful construction of the electrode can atseehbified by EIS results, which display the

changes of the interface between working electrogies electrolytes during the stepwise
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construction of the biosensors [38]. A semicirckeich from Nyquist plot meaning that the charge
transfer resistance cause by redox reaction osutace of the electrode. The larger diameter of
the semicircle, the greater the resistance of lisgtrede [39]. Fig. 2E displays the Nyquist plots
for different modification stages. The impedancecsfum of the bare electrode was shown in
curve a. Compared with bare electrodes, the diaméthe semicircle increases when the surface
of the electrode was modified by MHPAM-H with paglectrical properties (curve b). Owing to
the great conductivity of PPy, the resistance oflifired PPy electrode reduced a lot, and the
diameter of the semicircle in the high frequenayioe decreases a lot (curve c). Similarly, when
the electrode surface is modified by MHPAM-H andyPies resistance decreases (curve d).
Because the electrochemical reaction is heterogsndg], the size and state of the interface have
a great influence on its electrochemical reactitere, the active surface area of the electrode was
calculated according to Randles-Sevcik formula l®asuring the current value at scan rates from
10 mV s*to 200 mV & and the linear relationship between peak curradtthe square root of
scan rate. The formula is as follows=([2.69*1F)n*’ACD"V"* where } represents the peak
current (A), n stands for the number of electroasdferred in the redox process (n = 1 in this
work), A is the effective surface area @nC is K concentration in the electrode (mol D is

the diffusion coefficient of K (cnf s %), andv is the scan rate (V-3 [41]. As shown in Fig. S3,
the electrochemical active surface areas of the él@ctrode, PPy@MGCE, MHPAM-H@MGCE
and MHPAM-H@PPy@MGCE were calculated for 0.1cm.5x10' cm?, 4.9x10°cm? and
1.2x10" cm?, respectively. The results show that the desigoonfductive polymer polypyrrole
can increase the active surface area of the GQigneing the conductivity of the electrode and

providing conditions for improving the sensitivity the biosensor [42].
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3.3.2 The fluorescence properties of the MHPAM-H NPs
As shown in Fig. 2F pure E®, displays no fluorescence property under the exuitat

wavelength of 320 nm. There are two main peakstéaocat around 360 and 450 nm for the
fluorescence spectrum of HPAM. The fluorescencectspem of MHPAM is similar to that of
HPAM with the weakened peak intensity, verifyingdtescence property of MHPAM-H. After
being immobilized on magnetic particles, the peaferisity decreased a lot, which may be
attributed to the fact that the relative extinctmefficient of metal oxide particles was improved
greatly by combining with polymer may cause fluosgsce quenching of HPAM to some extent
[43]. Meantime, the intraparticle energy transfetween the HPAM and magnetic nanoparticles
may also decrease the fluorescence intensity. €laive sharp peak located at 360 nm was
chosen as the main peak to study the responseaséficent MHPAM to blood lead.
3.4 Optimization of the dual-responsive biosensor
3.4.1 Optimization of the electrochemical detection conditions of biosensor

The electrochemical detection results of biosensoescommonly affected by many factors.
DPV method is used to measure the effect of diffetsuffer solution, different amounts of
materials and pH values of the PBS buffer solutiordetermine the optimized condition for
electrochemical detection. Fig. 3A (a) shows thatdifferent buffer solution systems (PBS,
NH4CI-NH3.H,O, NaAc-HAc, Tris-HCI) with pH value of 7 and therrcent value under PBS
buffer solution is the largest. The effect of diffet buffer solutions on current signals may be due
to the different charge transfer resistance)(Bf buffer solutions [44]. The electrochemical
impedance spectroscopy (EIS) of different buffdutons were detected, which indicated that

PBS buffer solution as electrolyte displayed thelfst R, in several buffer solutions, so its

17



current signal was the strongest in this system. (54). The amount of biosensor also has a direct
impact on the current signal of the electrode,simall amount is not conducive for the enrichment
of analytes, while too much may hinder the transiois of electrons. Fig. 3A (b) shows that the
current reaches the maximum value when the addéerialas 8.0 pL. When the electrolyte was
PBS buffer solution, the different pH values of #lectrolyte will cause the change of current
signal, which may be due to the difference of thling state of MHPAM with lead ion and the
state of lead ion itself (Fig. 3A, c). At low pHluas (4-5), attributed by a large number of amino
groups in MHPAM are protonated, which made it difft for MHPAM to bind lead ions because
of electrostatic repulsive forces for active si{d®]. Therefore, the electrochemical signal
becomes weak. With the increase of pH value (&k&)amino group of MHPAM can bind to lead
ions effectively, thus the electrochemical sigmaréases. But with further increase of pH value
(8-9), the response of dual-responsive biosenstrbeireduced because of lead ions will be
precipitated in the form of hydroxide when pH vauese above 7.0 [46]. In sum, the
dual-responsive biosensor has the best signal mespim the suitable pH range7) because
MHPAM has high adsorption efficiency for lead iomghich provides theoretical support for the
detection of lead ion in blood as the pH valuewhhan blood environment is close to 7. Therefore,
the PBS buffer solution with pH value of 7 and matedosage of 8.0 UL are selected as the
experimental conditions for electrochemical detettn the following measurement.
3.4.2 Optimization of the fluorescence detection conditions of biosensor

The effects of different concentrations of mate(20, 30, 40, 50 pg mt), different detection
excitation wavelength (320, 340, 360, 380, 400 ang pH values (4, 5, 6, 7, 8, 9) for lead ions

fluorescence detection were also investigated.hssva in Fig. 3B, the fluorescence intensity of

18



MHPAM-H decreases slightly with the increase of MHRH concentration and there is a
maximum emission peak while excitation wavelength320 nm. Moreover, the result of
fluorescence signal response of MHPAM-H to leadsiamder different pH show that it is
consistent with the trend of electrochemical dédectthe dual-responsive biosensor has the best
signal response in the suitable pH rangg Fig. S5). Therefore, the PBS buffer solutiorhvgt
value of 7 and material's concentration of 20 pg mexcitation wavelength at 320 nm are

selected as the experimental conditions for flumeaee detection in the following measurement.
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Fig. 3. (A) The optimization of electrochemical detectianditions: (a) different buffer solution,
(b) different amount of materials and (c) differqaii values for lead ions detection; (B) The
optimization of fluorescence detection conditiof@: different amounts of material, (b) different
excitation wavelength and (c) different pH valuesléad ions detection.

3.5 Analytical performance of the biosensor

3.5.1 Electrochemical detection of lead ionsin water phase

Because MHPAM has the ability to rapidly and effidly enrich lead ions [47], the
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electrochemical detection principle is based onrtd@d enrichment of lead ions by MHPAM
(within 5 min), and the enriched lead ions will fmecipitated on the electrode surface, generating
a current. Therefore, the absolute value of theeotirincreases with the lead ion concentration.
DPV was used for discussion of the change of cusgmal here. Under the optimum detection
conditions (PBS solution, pH=7, 8.0 uL of the maledroplet dosage), the relationship between
current signal and lead concentration was recordsdhow in Fig. 4A, the absolute value of the
response current of the biosensor increases wathnitreasing concentrations of lead ions. The
calibration plot shows a good linear relationshgiween the peak currents and the logarithm
values of the leadoncentrations in the range from 50 pM to 4.8%1Ml. The regression equation
isy (I, pA) = -65.98 Ig (c, pM) +63.32, tR0.99) (Fig. 4B) indicating that the dual-respoesiv
biosensors we prepared exhibits excellent electioatal performance under water phase.
3.5.2 Electrochemical determination of lead ions in blood

In order to explore the electrochemical performaoicie biosensor in the blood environment,
the MHPAM-H@PPYy@MGCE was exposed to whole blood aairtg different concentrations
of lead. DPV signal was collected after the enriehtyprocess of lead ions for 5 min. As expected,
with the increase of Ig (c, pM) from 0.2 to 3.7,ielhmeans lead concentration increases from 1.5
pM to 4.8x18 pM , the current response increases with bloodl ¢eamcentration (Fig. 4C). Owing
to the complex components of the blood, currerparse of the biosensor in blood condition is
slightly lower than that in water phase. But therent peak appears in the same position, which
shows that the dual-response sensor in the congyetem of blood still has a good ability of
detecting lead ions. Moreover, as displayed in HB, a linear relationship between the

amperometric response and the lead ion concemtrats obtained. The regression equation is y(l,
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pA)= -35.28Ig(c, pM)+59.25 (R0.99), and the limit of detection (LOD) and limaf
quantification (LOQ) for lead ion were 4.4 pM ardl L pM (based on signal to noise ratio S/N =
3) that calculated with the equation: LOD &/l8 LOQ =10c/k; wheres is the standard deviation
of blank measurements, k is the slope of the clitm curve [48, 49], which is much lower than

that of other lead sensors in water phase repbstedher literatures (Table S1).
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Fig. 4. (A) The DPV curve of different lead concentratiord (pM-4.8x1d pM) and (B) the
calibration curve of the biosensor for differentcentrations of lead under water solution; (C)
The DPV curve of different lead concentration (fi\6-4.8x1G pM) and (D) the calibration curve
of the biosensor for different concentrations aideunder the whole blood. (E) Fluorescence
spectra of the interaction of MHPAM with differecwncentrations of (2.4 pM-2.4x1pM) lead

in aqueous phase; (F) Logarithmic relation of fesmence intensity/lead Concentration; (G)
Fluorescence spectra of the interaction between MMHEBNd lead at different concentrations (0.5
pM-4.8x1G pM) in whole blood; (H) the relationship betweemwarithm of lead concentration
and fluorescence intensity.

3.5.3 Fluorescence determination of lead ions in water

As shown in Fig. 4E and 4F, fluorescence intersity Ig(c, pMshows a good linear curve{R
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= 0.99) in the range of 2.4 pM-2.4¥1PM of lead ion concentration in aqueous phase. The
fluorescence intensity of MHPAM-H increases witladeconcentration, which may due to the
following reasons: (1) Lead ions captured by HPA&n éorm coordination bonds with amino and
carbonyl groups in HPAM, which restricts the geamemovement of fluorescence centers to a
certain extent, thus increasing the fluorescentensity [24]. (2) Lead ions are encapsulated by
the cavity in HPAM, which promotes the formation ftiorescence center and enhances its
fluorescence intensity.
3.5.4 Fluorescence determination of lead ions in blood

Meantime, in the blood environment, the fluoreseemtensity and Ig(c, pM) show a good
fitting linear curve (B=0.99) in the range of lead ion concentration & PM-4.8x1G pM
(Fig.4G and 4H). The difference of linear rangentasin water phase and blood may be related to
the different states of lead ions in water phask@aod. In aqueous solution, lead ions are free
and exist in the form of hydrated lead ions, g8 itery difficult to capture them at very low lead
ion concentration, which usually requires high-dignadsorption sites [50]. In the blood
environment, most of the lead ions are bound todgobin in blood (one hemoglobin can bind at
least four lead ions) [47], which is the enrichmehiead ions to a certain extent. To a certain
extent, this enrichment of lead ion may amplify tlegection signal of the sensor. That may be the
reason that the lowest concentration of lead ioesealed by electrochemical sensors or
fluorescent sensors in blood is lower than thatater phase.

In particular, since the fluorescent HPAM usedhia present work has a high density of active
groups such as amino and carbonyl groups which spatifically bind with lead ions, the

fluorescent sensor exhibits far lower LOD and L@@Iléad ion was as low as 1.0 pM and 3.3 pM
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(Table S2). Table S1 and S2 summarizes the lirreege;, LOD and LOQ for the detection of lead
ions by different lead ion sensors (electrochenmdral fluorescent sensors) in aqueous condition.
At present, there is no lead ion sensor that canskd for whole blood detection, and the active
components of most fluorescent sensors are DNAobtenmetal nanoclusters. Compared with
most of the materials currently used for lead iensers in aqueous phase, most of them can only
achieve one-response mode (electrochemical or effoent detection). The blood lead ion
biosensor proposed in this work can not only rapieirich lead ions, but also have good
fluorescence performance because of its uniquerbggneched structure, achieving two kinds of
responsive modes for the detection of blood leax.idhe LOD and LOQ of the sensor we
prepared in blood environment (electrochemical dngsr are 4.4 pM and 14.7 pM; fluorescent
biosensor are 1.0 pM and 3.3 pM ) lower than mdsthe detection limit of the biosensors
proposed in other literatures, illustrating goodigbfor the dual-responsive biosensor proposed
in this work to detect low-concentration lead ions.

3.6 Interference and stability study

Our speculations are as follows. From point of ¢tability constants of metal with amino
groups complexes, the stability constants of Zmd Mrf * are the smallest, so they should hardly
interfere the detection of lead ions [51]. In aquephase, Cii and F&" may form coordination
bonds with amino groups from MHPAM [52], which mafluence the fluorescence signals of
lead ions sensor. However, the special states mberoand iron ions in the blood environment
make them hardly affect the detection of lead iopsensor. The possible reason is that copper
ions exist mainly in the form of ceruloplasmin tmetblood. The structure of ceruloplasmin is
shown in Fig. S6 A, where copper ions are locateithé interior of ceruloplasmin and coordinate
completely [53]. In addition, the iron ions aredted in the interior of hemoglobin and completely

coordinated (Fig. S6B) [54], which is almost diffit to coordinate with the amino group of
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MHPAM. Most of the lead ions in the blood are |l@thioutside the hemoglobin (Figure S6C)
[55], so they can contact the amino group in MHPAMI coordinate with it to form a response
signal.

Therefore, it can be inferred that in the wholeoblothe presence of the above metal ions (such
as Mrf*, zn**, CU*, F€") has less interference on the detection of leasl ry sensors.

To verify the above hypothesis, we designed thieiohg experiments: Individual ions (Pb
Mn?*, Zr?*, CU#*, F€") and mixed ions (PB+Mn?*, PE*+ zn?*, PE'+ CU#*, P+ Fe) in water
and in whole blood were detected by fluorescenosdrisor. As shown in Fig. S7TA and S7B, the
fluorescence sensor has a certain response sggoapper ion and iron ion, but no response signal
to manganese and zinc ions in aqueous solution.F7¢ and S7D show the change of lead ion
signal detected by sensor under mixed aqueous ptrasendition. Among them, manganese and
zinc ions have little effect on the detection @ddon while copper and iron ions will cause slight
influence in the detection of lead ion. This ressilin good coincide with the above assumptions.
Next, the response signals of fluorescence sensadividual ions in the whole blood (Fig. STE
and S7F). The results show that the fluorescenpeakbf the sensor cannot be changed by other
ions except lead ion. Moreover, the detection tesafl the sensor under mixed ion conditions in
blood environment also show that these metal i@rdlj change the response signal (Fig. S7G
and S7H). In brief, the above results confirm ogpdthesis that the special form of lead ion in the
whole blood is an important reason for the seleatigtection of lead ion by the biosensor.

Based on the above assumptions and experimentdisiese also detected the interference of
heavy metal ions on the signals of electrochensealsors in the whole blood environment. As
shown in Fig. S8, the mixed heavy metal ions in bheod environment hardly affect the
electrochemical signal of the sensor, which furthenfirms the reasonableness of the above
hypothesis.

As show in Fig. S9, through 200 cycles of CV, whiltowed an almost overlap curves in
current intensity indicating good cycle stabilitftbe biosensor. It may be attributed to the strong
magnetic force between MHPAM-H and the magnetictadele, which can make the material

firmly fixed on the surface of the electrode, pding a guarantee for the long-term use of the
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biosensor.

3.7 Real samples analysis

In order to test the reliability and practical apability of the dual-responsive biosensor, real

blood samples with lead contamination were testethé biosensor, which is compared with the

data obtained by traditional ICP detection. Theuemzy and precision of the dual-responsive

biosensor are summarized in Table 1. The accuraite dual-responsive biosensor are 7.9%,

10.3% for electrochemical detection and 5.9%, 8f8¥fluorescence detection are acceptable,

which are less than 15% and can be consideredcaptable data [56]. And RSD values varied

from 0.3 to 0.9 for electrochemical detection araihf 0.3 to 0.8 for fluorescence detection. The

low RSD values indicated that the developed mettasda high precision [57, 58].

Table 1. The comparison of blood lead concentration measbyatifferent methods (n=3).

ICP (pM) Electrochemical detection Fluorescence detection
Expected result Obtained PrecisioR Accuracy Obtained  Precisiof Accuracy
(pM) result® (%) (%) resulf (%) (%)

(PM) (pM)
6.8 6.1+0.03 0.9 10.3 6.410.03 0.8 5.9
54.1 49.8+0.07 0.3 7.9 49.3+0.07 0.3 8.9

dMean + standart errof’Precision %: Relative standard deviation (RSB)Accuracy %:
[(Obtained result - Expected result)/ Expected ltpsl00%.

Moreover, the lead ion standard solution (4.8xpbA, National Nonferrous Metals and
Electronic Materials Analysis and Testing CentegjjiBg Yihua Tongbiao Technology Co., Ltd.)
and diluted it to 4.8xTpM as certified reference materials. As shown i 510 and Table S3,
the average concentration determined by the efguerical sensor is 5.0x1(®M and the
average concentration determined by fluorescentsosés 4.6x19pM after three measurements.
The relative error between the values measuredldstrechemical, fluorescence sensors and
expected result are 4.2% and 8.6%. The above sdsdltating the potential application of the
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dual-responsive biosensor.
4. Conclusions

In summary, we have successfully developed an sdlrsitive, stable, selective and
multifunctional biosensor for blood lead detectipossessing the ability to rapidly accumulate
blood lead within short time and good biofoulingistance ability in blood. Compared with other
reported sensors, which are often used in aqueonditon, wide linear relationship and low
detection limit can be realized by the dual-biosenghen detecting blood lead. The sensor we
designed has wide linear relationship (1.5-4.8xpd for electrochemical detection and
0.5-4.8x18 pM for fluorescent detection) and low detectiomiti (4.4 pM for electrochemical
detection and 1.0 pM for fluorescent detectionilt offer a novel platform for high efficiency

detection of whole blood components.
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Graphical Abstract
A dual-responsive biosensor for blood lead detection
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Resear ch highlights:
® A novel dual-responsive electrochemical/fluoresdeosensor.

® Hyperbranched polyamide with heparin modificatiddHPAM-H) for blood

lead detection.

® The method displays a good linear relationship -@18x1G pM for
electrochemical detection and 0.5 pM-4.8%pB1 for fluorescent detectigmvith
low detection limit (4.4 pM for electrochemical detion and 1.0 pM for

fluorescent detection) for blood lead and acceptabturacy, precision.



