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ABSTRACT

A biosensor that could simultaneously detect nanlfifyte as many as in a single test is more
favored when facing lots of samples for screeniogogse. In such a biosensor, the
recognition element with broad specificity and tyghffinity is a key reagent for detection
spectrum. Here we report a dihydropteroate syn{R43BS) based biosensor for detecting 29
sulfonamides (SAs) in milk. The biosensor was éshaal in a competitive format where
HRP-labeled tracer and free SAs competitively bigdito the limited amount of
DHPS-DHPPP (6-hydroxymethyl-7,8-dihydropterin digibioate) binary complex. Compared
to other biosensors based on antibodies with the shjective, the current sensor employing
DHPS provided not only highly sensitivity but als@ponderant uniform affinities for all
individual sulfonamide, which has never been aeebefore in any immunosensor.
However, the difference of recognition mechanisitween DHPS and antibody remains
unknown. To address this question, we deconstrtimtedariable region of two monoclonal
antibodies produced by our group and then compdeedntermolecular forces and key
contacting amino acid residues of both DHPS andaaties to several typical SAs with help
of molecular modeling analysis. Results showedbttsatation of the ligands in the binding
site played a significant role during the recognitwith proteins. The optimized assay
provided a limit of detection (LOD) of 1.15-14.94 mL™* and dynamic range was ranging
from 1.54-126.85 ng mitfor 29 SAs. The developed biosensor finally waislated for five
SAs in spiked milk with recovery values rangingnird2.7-129.3% and coefficients of
variation less than 16.0%. The study showed tleabibsensor based on DHPS make it a
suitable screening method for the simultaneousrditation of total SAs residues in food
matrices.
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1. Introduction

Sulfonamides (SAs) are a group of synthetic anddsgpectrum antimicrobial agents
that are widely used in human medicine as welhagterinary practice for the treatment of
infectious diseases and as growth-promoting feditivaes [1]. In the European Union, 11%
of total sold veterinary antimicrobial agents fr@member states are SAs on 2011, while,
the consumption of SAs in animal husbandry wamestid to be around 6721.8 tons in year
2013 in China, accounting for 8.6% of total constibnp[2, 3]. A summary of national
veterinary drugs residue screening program of Chimen 2012-2016 showed that
sulfonamide residues are 11.5% of total positivienairorigin food samples. The term
sulfonamide is a generic name for derivatives tiésilamide, which differ from each other
by the substituents in the -@0H- (N;) or the aromatic amino groupNs (Fig. S1).
Nowadays, 16 SAs were approved for veterinary ipescby the Ministry of Agriculture and
Rural Affairs of China, and at least nine and ks &re permitted to be used in veterinary
medicine in the Netherland and the Czech Repubbpectively [4, S5[The presence of SAs
in food of animal-origin could cause hypersensitllergic reactions and drug-resistance
problems to human beings, and some individual isaifade also have been proved providing
potential carcinogenic character [6]. To protedscmners from the risk related to sulfonamide
residues, China, USA and European Union have [stalished the maximum residue limits

for such drugs in food [7-9].

For surveillance of the residues of SAs in food @as) rapid, sensitive and selective
methods are required. Biosensors, such as immusarseraditionally based on antibodies,
are gaining in confidence owing to their simplicitygh sensitivity, and cost-effectiveness,

which make them particularly useful in screeningppse [10-14]. During the past decades,
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numerous immunosensors for SAs have been reportied literature [4-6, 15-19]. However,
all those immunosensor always suffer from non-umifaffinity, i.e., each of which cannot
recognize all type of SAs below 100 ng fniApparently, for efficient surveillance purposes,
method would be more qualified if which able toedetas many as SAs instead of each
individual sulfonamide in a single test. But, tiednogeneity of the R groups of sulfonamide
moleculesktig. S1) invariably limits the possibilities to raise dtilies with broad specificity.
Thus, the inherent heterogeneity of SAs combingd tighly discrimination character of
antibody to slightly change of target molecule ilegdo produce real antibodies with quite
uniform affinities to SAs theoretically is impodsibTo overcome the limitation of antibody,
the development of alternatives to antibodieslf@As with not only highly affinity but also

broad specificity is an active and tremendouslyorigmt area of research.

As SAs are designed to inhibit dihydropteroatel®se (DHPS) within bacteria, the use
of DHPS for detection purposes seemed a promipioi@ach [20]. We have already prepared
DHPS from R6 strain ofs pneumoniae and firstly developed a microplate assay for
multi-SAs detection [21]. In the assay, 9 SAs graiminobenzoic acid (PABA) could be
detected at concentrations less than 100 ng anid 28 SAs with I values ranging from
426-50,000 ng mit, which could not meet the requirements of regofaagencies [7]. We
then used DHPS-DHPPP binary complex (DHPPP is fiskyhethyl-7,8-dihydropterin
diphosphate, which acts as the first substratBiti?S) instead of DHPS alone to develop a
fluorescence polarization assay (FPA), demongjrajinte uniform affinities for all SAs
tested [22]. However, the overall sensitivity of thPA is usually lower and may not be
acceptable when analysis needs to be run at &aels br sample extract needs to be highly

diluted to remove matrix effect. Moreover, limitadproaches are available to enhance the
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FPA sensitivity in large part because it lacksgaai amplification step during the detection
procedure [23]. In this study, we prepared a newStgrotein from ATCC25922 strain &

cali (To distinguish the DHPS fro& pneumoniae, we named the DHPS protein fréncoli

as DHPY). Both DHPS and DHPSvere used to develop a direct competitive ELIS#ety
biosensor for the detection of multi-SAs after celg an appropriate HRP-labeled
sulfonamide derivative and extensively optimizihg tassay conditions. To interpret the
uniform affinity of the DHPS-based biosensor whasthibits obvious superior performance
than immunoassay, we then prepared the single chgable fragments (scFv) derived from
monoclonal antibody (MAb) 4D11 [6]. The three-dirsienal structures of scFv 4C7
(modelled previously) and scFv 4D11 were constrible homology modeling and then
docked with several typical SAs [24]. The drivii@gces and contacting amino acids that
binding SAs with antibodies and DHPS protein wecengared and discussed. The
information about the differences between antitaaty DHPS recognition may give insight
into design and selection more effective haptei®Ast production and evolution of antibody
to a desired affinity and specificity. The biosersased on DHPS derived from R6 straisof
pneumoniae was finally applied to determine milk samples sgikvith SAs. The results
demonstrate the developed biosensor is a suitabhetto be used as a fast, simple, sensitive

screening tool for multi-SAs residue detection.

2. Experimental
The details on the materials, apparatus protocols for preparing DHPBom the strain
of ATCC25922 okE. cali, synthesizing hapten-HRP conjugates, producing 4DE1 against

SAs are provided in tHupporting I nformation.

2.1. Development of biosensor for multi-SAs
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Briefly, a fixed amount of DHPS diluted in coatiriguffer (100 ul/well) was
immobilized on the surface of microplate overnggt#C. After washing, the microplate was
blocked with blocking buffer (150L/well) and then the solution was discarded folldvieg
three times washing. For each well, BOof standard solution (or sample diluted by assay
buffer), 50uL of hapten-HRP dissolved in assay buffer contgiiPPP (1/1500 dilution)
were added to each well and incubated for 30 n8&. After the final three times washing,
100 pL of the TMB and D, solution (fresh prepared) was added and inculbatdd min at
room temperature. The enzymatic reaction was stoppadding 2 M EBQ; (50 pL/well)
and the optical density of each well was measuretb@ nm. A four-parameter logistic
equation was used to fit the biosensor data byr®ig 8.0 (OriginLab Corp., Northampton,
MA, USA) as follows:

Y=(A-D)/[1+XC)F+D (1)

Where A=response at high asymptote, D=responsemaisymptote X=calibration
concentration, C=concentration corresponding to Spgeific binding (IG), andB=slope.
The cross-reactivity (CR) of each sulfonamide walsutated based on the sfCvalues
according to the following equation:

Cross-reactivity (CR) = I§g (sulfamethazine, SMZ) / ig(analog) X 100%  (2)

2.2. Optimization of assay condition for biosensor

In the optimization procedure, we used SMZ as eafsr analyte to select the
appropriate conditions. To evaluate the effect aptén structures on the sensitivity of
biosensor, seven HRP conjugates incorporatingreliffehaptens were tested. A set of
experimental parameters, including the concentratidHPS and appropriate hapten-HRP

dilution, coating condition, buffer compositionsag temperature, and assay time for the
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reaction was studied to improve the performancdsiasiensor. The detailed optimization

procedure was provided in tBapporting I nformation.

2.3. Molecular modeling and docking

The crystal structure of DHPS frof pneumoniae were obtained from RCSB Protein
Data Bank with PDB ID 2VEG. The three-dimensiomalcture of scFv 4C7 was modelled
in our published report [24]. The process of aalypbomology modeling of scFv 4D11 and
ligand-protein/ligand-antibody docking was doneoading to our previous work and

described in detail iBupporting I nformation [25].

2.4. Analyssof samples

The optimized biosensor was applied to whole nfidk ¢ontent 3.6%) and skimmed
milk (no fat). All those negative samples were med by the National Veterinary Drug
Safety Evaluation Center (Beijing, China) and Kemten until use. Before recovery study,
the effect of milk matrix on the performance ofdainsor was firstly evaluated by comparing
the standard curve of SMZ obtained in assay buiithrthose in diluted milk. For recovery
studies, whole milk samples were fortified witlefienalytes, SMZ, sulfadimethoxine (SDM),
sulfaquinoxaline (SQX), sulfamonomethoxine (SMM)d aulfamethoxazole (SMX) at 30,
50, and 60ug L™ respectively, and skimmed milk samples were spikid these five
analytes at 18, 30, and 36 L™ respectively. Then 5-fold and 3-fold dilution withsay buffer
was used to avoid matrix interferences for wholk amd skimmed milk, respectively. The
average absorbance values (A) determined at eackriation by the optimized biosensor
were interpolated with a standard curve preparedsay buffer with each data point being an

average of three replicates.



3. Resultsand discusson
3.1 Preparation of DHPS

ThefolP gene encoding DHP$rotein was successfully obtained by PCR amgiifioa
using genomic DNA extracted from the ATCC25922irstcd E. coli (Fig. S2) and then
cloned into cloning vector. As shown fiig. S3, seven clones randomly picked up were
confirmed by PCR with the expected size of aboQtl§i forfolP gene. Then plasmid DNA
isolated from one of these clones was tested siact®n analysis with fragments in size of
about 5717 bp and 910 bp for pEASYTM-T1 d0l@ respectively byNdel and Xhol digest
(Fig. &4). Next, thefolP gene was transformed into expression plasmid 8&T¥hich were
confirmed by PCR amplificatiori(g. S5), restriction analysid{g. S6) with the expected size
shown in the gel and sequence analysis. Finalllp®Hrotein was expressedtncoli BL21
(DE3) and purified by Ni chelation affinity chromatography and ion exchariiee data
from SDS IPAGE and westerrmblot analysis are in good consistency with the ebgoesize
of 30 kD for DHPSin Fig. S7. Both DHPS protein were used to develop biosens@As.
Fig. S8 (A) revealed that the identity and similarity betwasnno sequence originated from
S pneumoniae andE. coli were 34.3% and 49.5%, respectively. However, astddpnFig.
38 (B), the three-dimensional structures of DHPS fmpneumoniae and DHPS from E.
coli were more conservative with RMSD of 1.048 A thamary sequences. Moreover,
through the crystal structures Bf coli DHPS (Fig. S8B) complexed with DHP and SN
(PDB ID 1AJ0), key residues Arg63 and Ser219 wingtrogen bonded with SN were

aligned with Arg58 and Ser235%pneumoniae DHPS, respectively.

3.2. Development and optimization of biosensor
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The DHPS proteins were immobilized on the surfdceicroplate and then the mixture
of sulfonamide at different concentrations, hapi&R conjugates and DHPPP at a fixed
concentration were adde8cieme 1). The DHPPP firstly binds to DHPS and formed as
DHPS-DHPPP complex. Then, sulfonamide and haptdp-etitnpetitively combine for the
limited binding site on the DHPS. With more sulfonde, a lower absorbance signal (A)

value is obtained.

As can be observed Fig. 1A, both DHPS-DHPPP complexes could bind with seven
hapten-HRP, which demonstrated that these all imyptay. SO) have successfully linked to
HRP. Unlike noncompetitive biosensor, where an &xad reagents is used to increase
detectability, limiting the concentrations of reaigeis required in competitive biosensor to
obtain the best sensitivities [26]. Accordinglye toncentration of DHPS and CS-HRP was
firstly optimized by chessboard experiméralfle S1) and the results showed that the optimal
DHPS concentration and CS-HRP dilution were jag énL* and 1/250 dilution respectively
at which the Aux (the absorbance value at zero analyte conceniraifobiosensor was
around 1.5 and A¢Amax value (Ao the absorbance value at 100 ng'mk SMZ as model

analyte) was comparatively low.

The concentrations of Tris-HCI and Mg@h the coating buffer could influence the
binding of DHPS-DHPPP complex with SAs. As showiriip 1B, the Anax increased and
then decreased when the concentrations of Mgg&ied from 0 to 100 mM with fixed
concentration of Tris-HCI. It is reasonable to dai that M§' is a cofactor of DHPS, and
high concentration of Mgghas a detrimental effect on the interaction of BriAd the SAs,

which may due to ionic forces [27, 28]. With thesideration of the Ay the concentrations
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of 20 mM Tris-HCI and 30 mM Mgglwere chosen for further optimization. The coating
temperatures and time were then optimized ancethdts were summarizedTiable S2. As
shown, the Igvalues of SMZ were 9.83 and 9.56 nghat 4°C for 16 h and 37°C for 2 h,
respectively. Although the /x was higher at 4°C for 16 h, the,shigher as 0.5 was not
acceptable. Therefore, coating at 37°C for 2 h eelscted as the optimum coating
temperature and time. The composition of blockimifeb s critical to assay sensitivity when
an enzyme was used as recognition element [29]Kiwdoof blocking buffers (i.e., 2% skim
milk and 5% fetal calf serum) and buffer withoubdiers were evaluated for their
effectiveness in blocking non-occupied sites otembanicroplates. The results Tiable S2
showed that the blocking buffer with 2% skim mitkutd significantly block the plate and

resulted in the lowest lgvalue of 7.35 ng mitfor SMZ.

The assay buffer provides the reaction micro-enament for the competitively binding
DHPS between SAs and CS-HRP, thus, the composttiassay buffer obviously has direct
and vital influence on the performance of biosen$sbe effect of the concentration of
Tris-HCl and MgQ is shown inFig. 1C andFig. 1D respectively. Similar with the coating
buffer, the influence of Tris-HCI and Mg@h assay buffer followed similar tendencies. Of all
Tris-HCI concentrations evaluated in the range fl100 mM, the lowest A/fux Was
obtained at 20 mM, and the lowest ffAwas obtained when the concentration of M@k
5 mM (A represents the absorbance value at 50 Agah8MZ as model analyte). The same
optimization procedure for DHPShd SAs was conducted and the optimal conditioms we
summarized iMable S3-$4. In a biosensor for screening purpose, short dssayis one of
key advantages over instrumental methods, on titeacg enough time is required for highly

sensitivity of biosensor caused from the complatibeffective competition among reagents.
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Thus, the assay time for the developed biosensoidsbe compromise between sensitivity
and speed. We varied assay time from 10 to 60 n8& and assessed the effect over the
Amaxand G of the biosensor. The variation of thed@nd the A.x exhibited was shown in
Fig. 1E, showing no observed differences fogl(8.3 and 7.6 ng nit.for DHPS; 18.4 and
15.3 ng mL for DHPS) of the biosensor when incubating time was 30anih60 min. Thus,

the assay time in 30 min was acceptable both émdspnd sensitivity.

3.3. Sengitivity and cross-reactivity of the biosensors

Under these optimized conditions, the sensitivity specificity of both biosensors based
on DHPS and DHPSvere calculated by using 29 structurally similarsS#d PABAFig.
1F (based on DHPS) arkdg. 1G (based on DHP$show the typical standard curves of two
biosensors for five SAs (SMZ, SDM, SQX, SMM, and>§Mvhich are officially required to
be monitored by the Ministry of Agriculture and RiuAffairs of China. The all 163 values
were used to calculate the CRs and summariZédidle Sb. All Data show that in the assay
based on DHPS, the §alues for the 29 SAs (besides PABA) varied fro@® 20 56.22 ng
mL™ and in the assay based on DHRI® 1G;, values for 29 SAs varied from 6.16 to 182.27
ng mL™. And in the assay based on DHPS, most of thgvglues were below 10 ng ML
and the lowest value of 2.53 ng thivas achieved by PABA. As it can be observethinie
S5, all SAs tested were highly recognized in thissémsor, with 16 values far below the
maximum residue limits. In addition, other freqlientsed antibiotics, e.g., trimethoprim
(TMP), chloramphenicol (CM), kanamycin (KAN) and ampiailjAMP), did not interfere in
this assay. To the best of our knowledge, theitmestinoassays based on antibodies for SAs,
such as MAb 4D11, 4CFiQ. 2) and 4E5 could not detect all SAs withyd€@alueselow 100

ng mL? [6, 18]. Furthermore, this biosensor based on DE&fibited uniform CR values
12



ranged from 16.06% to 306.1% (besides PAB4, 3), whereas the immunoassays based on
MAb 4D11, 4C7, 4E5 or any reported other immungasshowed very large varied CR
values among SAs [6, 18, 30]. The results demdedtthat the prepared DHPS was highly
broad-specific and sensitive. Though there wasrlgesmsitive for 5 SAs monitored in China
when compared to MAb 4D11 based assay, it is rabf®io conclude that, compared with
antibody-based assay, DHPS-based biosensor isapan@apriate for multi-SAs detection. As
shown inFig. S10, compared with our previous developed FPA, thi°"BHbased biosensor

obtained higher sensitivity [22].

3.4. Molecular basisfor recognition difference between antibodies and DHPS

In this study, three ligands PABA, phthalylsulfattole (PST), and sulfasalazine (SPH)
were docked into DHPS-DHPPP complex, scFv 4C7 elfd 4D11 respectively. As shown
in Fig. 4A, despite different substitutes on MeandN, position of common structure of SAs,
three ligands with almost the same orientation werend in the binding pocket of DHPS.
But for scFv 4C7 and 4D11 depictedrig. 4E and4l, these three ligands revealled distinctly
different orientations when combined into the gawat antibodies. Probably due to the
difference of ligand orientations, diverse affestiof proteins against these ligands were
generated. As illustrated fig. 2, Fig. 3 andTable S5, DHPS can recognize PABA, PST, and
SPH simultaneously with gvalues ranged from 2.53-56.22 ng'mBut antibodies showed
different performance, for example, in contrashwegligible recognition between SPH and
scFv 4C7, scFv 4D11 has low recognition abilitydods SPH. The residues in scFv 4C7,
mainly Gly165 and Gly234 formed hydrogen bonds betwligands and antibody. And for
scFv 4D11, residues Argoperated as one of the key amino acids to cajgareds into the

binding site. More importantly, due to one morerbgen bond between SPH and scFv 4D11
13



rather than scFv 4C7, higher affinity was obtaimgdcFv 4D11.

3.5. Analyssof samples

One of the most common challenges of immunoassayfodd analysis is matrix
interference, which could reduce the sensitivityd amliability of the competitive
immunoassay and cause false positives by lowdrengdior development [31]. In the present
study, interferences are quantified by comparirgiaadard curve obtained in assay buffer
with a calibration curve generated in the samplixn# the two curves are superimposed,
the effect of the matrix is not significant, andrththe samples can be analyzed according to
the calibration curve prepared in the assay bl[iftgjr To study the possible matrix effect in
this study, whole milk and skimmed milk were choagtest samples. As reported previously,
dilution was the most common screening method tesedduce such matrix effects [32].
However, dilution of milk did not eliminate matmeffects in our study. Thus, skimmed milk
was added to assay buffer for correcting the miatexferences. Standard curves produced in
whole milk and skimmed milk after 5-fold dilutioméh 3-fold dilution with the assay buffer
(containing 2.5% skimmed milk) respectively werpesimposed, indicating that the matrix

interferences could be corrected by 2.5% skimméd(fig. 1H).

To further evaluate the robust of developed DHP®dbdbissensor for food sample
analysis, we determined the accuracy (% recovexy)peecision (% CV) values with five
SAs spiked in the whole milk and skimmed milk, eetpely. The results are summarized in
Table 1. Using the developed method, recoveries for SMAYISSQX, SMM, and SMX
were between 72.7% and 129.3%. In addition, theigima between analyses remained

below 16.0%. The results above indicating that timsensor potentially can be used in
14



practical applications.

4. Concluson

A simple, rapid and highly sensitive biosensor téase DHPS-DHPPP binary complex
for the detection of class-SAs was developed. €hsits/ity and selectivity of the developed
biosensor were significantly improved by optimizsame physical and chemical conditions,
which showed 1§, values for all 29 SA®sted in assay buffer below 100 ngtridoreover,
other compounds like TMP, CM, AMP and KAN do ndeifere in this assay. This method
could be utilized in the detection of sulfonamidsidues in whole milk and skimmed milk.
Dilution was an effective and simple mean to rediree matrix effect, and furthermore,
satisfactory recoveries with low CVs were obsenredhe analysis of spiked samples
indicating that the final developed biosensor igoad screening method for class SAs
detection. Moreover, the structural informationani@d from this report, mainly ligand
orientation and hydrogen bonding could provide mi@#y useful guideline for general
hapten design and antibody evolution for SAs. Smtegference will occur, this DHPS-based
biosensor was not applicable for use in other coatptl samples, especially containing a

high content of PABA or pterin-related compounds.
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Figurecaptions

Scheme 1. The schematic illustration of the developed liesein this study.

Fig. 1. (A) Recognition between DHPS-DHPPP complex (and DHFPP complex) and
hapten-HRP conjugatesB)( Optimization of concentrations for Tris-HCl and Mg@h
coating buffer for DHPS Q) Optimization of concentrations for Tris-HCI irastion buffer

for DHPS and DHPSrespectively.[) Optimization of concentrations for Mg@h reaction
buffer for DHPS and DHPSrespectively. Aa represents the absorbance value at zero
analyte concentration; A represents the absorbaaioe at 50 ng nmit. of SMZ as model
analyte. E) Optimization of reaction time for DHPS and DHR®spectively. The igvalues
were detected by using SMZ as model anall@eCalibration curves for SMM, SQX, SMX,
SDM and SMZ in the assay based on DHEE}.Galibration curves for SMM, SQX, SMX,
SDM and SMZ in the assay based on DHR®ere, A represents the absorbance value
measured by using SMZ as model analyt.$tandard curves of SMZ in whole milk and
skimmed milk after appropriate dilution based orH3H

Fig. 2. The IGo values of biosensor assay based on DHPS and inasgays based on MAb
4D11 and 4C7 against SAs.

Fig. 3. The cross-reactivity based on DHPS and immungabssed on MAb 4D11 and 4C7
against SAs. In DHPS and MAb 4D11 based bioseicsoss-reactivity was calculated
referred to SMZ; In MAb 4C7 based assay, crossivégaevas calculated referred to STZ.

Fig. 4. (A) Structure ofS pneumoniae DHPS in complex with first substrate DHPPP and
PABA (green), PST (yellow) and SPH (piniB) (The interaction between PABA (green) and
DHPS-DHPPP complex.C} The interaction between PST (green) and DHPS-[BPHPP
complex. D) The interaction between SPH (green) and DHPS-[BHE&Mplex. E)

Modelled structure of scFv 4C7 and PABA (green)l B&llow) and SPH (pink).H) The
21



interaction between PABA (green) aschv 4C7.G) The interaction between PST (green)
and scFv 4C7H) The interaction between SPH (green) sefey 4C7.1() Modelled structure
of scFv 4D11 and PABA (green), PST (yellow) and $piHk). J) The interaction between
PABA (green) and scFv 4D1XK] The interaction between PST (green) and scFv 4Q)1

The interaction between SPH (green) and scFv 4D11.
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Table 1. Recovery studies from whole milk and skimmed miltkviive SAs at three levels by DHPS-based biogenso

Added SMZ SDM QX SMM SMX
(ng mL?) Recovery CV  Recovery CV  Recovery CV Recovery CV  Recovery CV
(%) () (%) () (%) (0) (%) (%0) (%) (%)
Whole 30 96.1 2.7 89.9 105 833 6.4 98.1 2.8 104.2 7.9
milk 50 108.8 6.1 86.0 2.0 104.0 8.7 88.9 16 91.2 1.1
60 86.1 15.8 100.3 9.8 92.7 84 836 55 86.6 3.2
Skimmed 18 72.7 3.0 1293 53 97.2 70 834 7.1 109.6 10.5
milk 30 101.9 99 1175 3.8 107.8 57 8938 8.8 121.7 7.1

36 94.9 16.0 111.7 3.0 104.3 1.6 109.5 124 1225 2 3
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HIGHLIGHTS
A simple, rapid and highly sensitive biosensor based on DHPS-DHPPP binary
complex for the detection of class-SAs was devel oped.
The sensitivity and selectivity of the developed biosensor were significantly
improved by optimizing some physical and chemical conditions.
The biosensor could detect at least 29 SAs below the MRLs.
The DHPS-DHPPP binary complex was used to detect SAs in milk showing high
accuracy and precision.
The difference of recognition mechanism between DHPS and antibody was

determined by molecular modeling analysis.



