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Abstract

A DNA-based surface plasmon resonance (SPR) biosensor has been developed for the defBe8maiftation using the inexpensive
and commercially available instrument, SPREEYASPR-EVM-BT, from Texas Instruments. A direct immobilisation procedure, based
on the coupling of thiol-derivatised oligonucleotide probes (Probe-C6-SH) to bare gold sensor surfaces, was optimized using synthetic
oligonucleotides. Hybridisation reactions between the immobilised probe and a short sequence (26 mer) complementary, non-complementary
and one-point mutation DNA were then investigated. The main analytical parameters of the sensor system were studied in detail including
selectivity, sensitivity, reproducibility and analysis time. Finally, the sensor system was successfully applied to polymerase chain reaction
(PCR)-amplified real samples, DNA extracted from both normal, wild-type, (Jurkat) and mutated (Molt 4), carrying the mutation at codon
248 of theTP53cell lines. The results obtained demonstrate that the DNA-based SPR biosensor was able to distinguish sequences presentin
the various samples that differ only by one base; and hence, it appears to be a strong candidate technique for the detection of gene mutation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tions as well as new approaches based on biosensors and
DNA chips for detecting and recognizing mutationsTéf53
It has been estimated that 60% of all humans have beenhave been developed. This has been reviewed very recently
affected by gene mutation in their lifetime. This, rather dra- by Jiang et al. (2004)
matically, demonstrates the importance of increasingdemand Among traditional methods for molecular diagnosis and
for new high-throughput methods for mutation detection.  also for TP53 distinction is made between point muta-
Avariety of methods are currently used to assess the muta-tion scanning and screening technologies. Scanning tech-
tion status of individual tumourdpllau and Wagener, 1997 nologies aim at finding unknown mutations in candidate
TP53gene is mutated in most types of human cancers andor known disease genes, such as direct DNA sequenc-
is one of the most studied genes in cancer research. More-4ing. Screening techniques aim at finding known mutations,
over, many studies have suggested fRb3mutations have  preferably with high throughputliang et al., 2004 For
prognostic importance and sometimes are determinant in theexample, denaturing high-performance liquid chromatogra-
response of tumours to therapy. The rol&Bb3as an impor- phy (DHPLC) (Narayanaswami and Taylor, 2002; Gross
tant early diagnostic marker and its mutation spectrum haveet al., 200), Single-strand conformation polymorphism
emerged and traditional methods for detecting point muta- (SSCP) Miyajima et al., 2001; Ru et al., 20p0and de-
naturing gradient gel electrophoresis (DGGEéffield et

* Corresponding author. Tel.: +39 055 4573314; fax: +39 055 4573384, 4l 1989; Van Orsouw et al., 19p8However, some of
E-mail addressminunni@unifi.it (M. Minunni). these approaches are time consuming and require highly
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skilled labor, while some are less sensitive or use expensivewere used. All experiments were conducted at a flow rate of
equipment. 5pl/min and 25°C.

In recent years, a new trend for the detectionTéb3 6-Mercapto-1-hexanol (MCH) was purchased from
mutations has aimed at label-free, high-sensitivity and speci- Sigma—Aldrich (Milan, Italy). Other reagents for the buffers
ficity, real-time and rapid detection. Biosensors, in particular were purchased from Merck (Darmstadt, Germany). The
DNA-based sensors, and gene chips are of considerable recomposition of the buffers used for the experiments is as
cent interest due to their tremendous promise for obtaining follows:
sequence—specmcmformat_pn in afast(_ar: smplerand cheaper immobilisation solution: KHPO, 1 M, pH 3.8:
manner compared to traditional hybridisation assays. Dif- hybridisation buffer: NaCl 150 mM, N&PO; 20mM
ferent transduction principles have been employedf$3 yorl X ' '

o . : : ) EDTA 0.1 mM, Tween 20 0.005%, pH 7.4.
DNA detection including electrochemical, piezoelectric and
optical (SPR) techniques. All these systems are based on the Oligonucleotides were purchased from Sigma-Genosys
hybridisation reaction between a probe immobilised on the (Cambridge, UK). The base sequences of the 5
transducer surface, which may be either an electrode, in par-functionalised probes (26 mer), and 26-mer synthetic tar-
ticular a carbon past®ala&k etal., 1998or agold electrode  get oligonucleotides, are described below: thiolated probe
(Wang et al., 1997a; Miyahara et al., 2002 quartz crystal  (TP53: 5-HS-(CH)s-TGG GCG GCA TGA ACC GGA
coated with gold\\Vang et al., 1997b; Wittung-Shafshede et GGC CCA TC-3; target [P53: 5-GAT GGG CCT CCG
al., 2000 or a sensor chipNilsson et al., 1997, 199%nade GTT CAT GCC GCC CA-3(complementary to probEP53);
of glass with evaporated gold on one side in the case of SPRthe relative one base mismatch oligonucleotides (at the codon
sensing. Most of the papers relatingltB53detection in the of interest (248), underlined in probe sequence) and a non-
literature use only standard solutions containing synthetic complementary strand (negative control) were also used.
oligonucleotides, respectively, complementary and contain-
ing a mutation (mismatch: point mutation in one base). Only 2.2. Samples
Miyahara et al. and Nilsson et al. deal with real samples con-
sisting of PCR-amplified DNA from blood or tissues, in par- DNA extraction from the mutated (Molt 4) and normal
ticular, from microdissected tumor biopsies, containing the (Jurkat) cell lines was performed. Molt 4 is a cell line de-
target sequence able to hybridise with the immobilised probe. rived from a patient (human male 19 years old) with acute

In the current work, we report a method for detecting lymphoblastic leukemia in relapse, and carrying the muta-
TP53 mutations using a new portable surface plasmon tion of interest at codon 248 of tiéP53 The concentration
resonance-based biosensor. In particular, we employedof the extracted DNA material was determined with fluores-
the inexpensive, portable and commercially available cence assay by using Picogreen ® dye (TD-700 Fluorometor,
instrument, SPREETA¥ SPR. The system is based on the Turner Biosystems from Analytical Control, Milan, Italy).
hybridisation reaction between the immobilised probe and A 236bp DNA fragment containing the target se-
its complementary or mismatched sequence in solution. quenceTP53 was amplified by using the functionalised
The probe immobilisation is based on the coupling of thiol- sense (5CTTGCCACAGGTCTCCCCAA-3 and antisense
derivatised oligonucleotide probes (Probe-C6-SH) to bare (5-AGGGGTCAGCGGCAAGCAGA-3 primers (MWG-
gold sensor surfaces. This procedure has been successfulBIOTECH, Florence, Italy). The PCR conditions were as fol-
employed with SPR DNA-based sensing in previous work lows: 94°C for 4 min, 56°C for 1 min and 72C for 2 min, 40
by our group using both the SpreEtaand Biacore XM cycles. All PCR experiments were conducted using a Perkin-
instruments \(Vang et al., 2004a2004h). The system was  Elmer thermal cycler (model 9600) (Perkin-Elmer, Shelton,
optimized using synthetic oligonucleotides and the main USA).
analytical parameters of the sensor (selectivity, sensitivity, = The DNA concentration of the amplified products was also
reproducibility, analysis time etc.) were studied in detail. determined with fluorescence assay by using Picogreen ® dye
The system was applied to complementary and a mismatch(TD-700 Fluorometor, Turner Biosystems from Analytical
sequences (G> A) corresponding to codon 248 of the Control, Milan, Italy). Screening of the PCR products was
TP53 gene. DNA extracted from “normal” wild-type cell performed by gel electrophoresis and visualized through a
line (Jurkat) containing the fully complementary sequence UV transilluminator. The control solution (blank) contained
and DNA extracted from cell line (Molt 4) carrying that all the PCR reagents except the DNA template.
mutation was also tested prior to amplification by PCR.

2.3. PCR samples treatment
2. Experimental Prior to SPR testing, the amplicons obtained from PCR
2.1. Apparatus and reagents need to be pre-treated to obtain single-stranded DNA for hy-
bridisation with the immobilised probe. We first referred to

For all the experiments the SPR device SprEétéTexas the thermal denaturation method, which is well documented

Instruments Inc., USA) and a bare gold Spré&¥taensor in many previous studiesfiyahara et al., 2002; Wang et al.,
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1997; Wittung-Shafshede et al., 2000; Nilsson et al., 1997, TTTTTTTT 11T dsDNA
1999. Itis based on a5 minincubation step at@5ollowed
by 1 min onice.

Moreover, a new denaturation approach (high temperature
denaturation with primers method) was used. This method
was optimized\\ang et al., 2004pand found to be a simple ssDNA
and useful way to obtain single-stranded DNA for hybridis-
ation coupled with a symmetric PCR amplification system.
The principle of this method relies on the use of small (20
bases) oligonucleotides (in this case corresponding to PCR
reaction primers) added to the denaturating mixture. These
oligonucleotides are complementary to some sequences on
the strand which hybridise the immobilised probe, but are po-
sitioned laterally and do not overlap with the portion forming 1
the complex with the probe. By the interaction between the
thermally separated DNA strands and these oligonucleotides, Primer-linking
re-association between dsDNA strands of PCR amplicons 1T
is prevented and surface hybridisation can ocdtig.(1).

The effect of the oligonucleotide binding is to prevent re- Inject into
annealing of the denatured DNA strands before they come BIACORE

into contact with the sensor surface. The whole denaturation

procedure was combined with sense and antisense primers.

It comprised 5min incubation at 9& and then 1 min in-

cubation at a certain temperature determined as suitable for

primer linking in the PCR procedure. These oligonucleotides IZ
were chosen on the basis of the particular sequence of the

PCR fragment to be analyzed. In this case the same oligonu-

cleotide used as primers in the PCR step were employed in Probe

High temperature denaturation
(95 °C, 5minutes)

ssDNA

56 °C, Iminutes

(with primers)

Primer-linking

. Hybridization

the denaturating step also.
(CHy)s

2.4. Immobilisation method Gold chip

A direct immobilisation method based on the formation

of gold-thiolated DNA probes was used. (1) The gold sen- Detectable hybridization signal

sor surface was first cleaned with ethanol, and then further

cleaned with a solution of 30% N¥#B0%H,O,/MilliQ H 0 Fig. 1. Scheme ofthe denaturating procedure applied to PCR-amplified sam-

. . . . . . ples. To prevent the re-association of the complementary sequences in so-
in ratio 1/1/5 for 10 min, then surface was rinsed with MilliQ lution, small (20 bases) oligonucleotides are added to the denaturating mix-

water and allowed to dry. (2) The Spreeta sensor was in- tyre containing the PCR-amplified material. These oligonucleotides partially
serted into the instrument socket. The thiolated prohe\M1 hybridise the complementary strands but do not overlap with the target se-
in KH,POy pH 3.8) solution was then allowed to flow in the  quence, which remains free to bind the immobilised probe.

system for 2 h, by connecting the inlet of the cell to a peri-

staltic pump (Gilson), then the probe was replaced by MCH sented by the value observed before (baseline) and after the

6-mercapto-1-hexanol) solution which was left in contact 7 .
( b ) hybridisation reaction, once the surface had been washed by

with the surface for 1 h (in the dark). (3) Once the immobil- the buffer. All th i ¢ dinth
isation procedure ended, the surface was finally washed by € butier. € measurements were performed in the same

running the hybridisation buffer for 4 h. solution (hybridisation buffer).

2.5. Hybridisation reaction
3. Results and discussion

The DNA hybridisation measurement cycle comprised in- o . .
jection of the target sequence, which was left in contact for ~_Preliminary experiments were conducted with the 25-mer
9 min to allow hybridisation; washing of the surface for 3min  oligonucleotides to verify the ability of the sensor to generate
with hybridisation buffer to remove the unbound DNA mate- @ Specific and reproducible signal when in contact with the
rial; and regeneration with 2.5 mM HCI for at least for 2min  fully complementary sequence solution. Initially, the probe
to return to the baseline (flow rate igu¥min, 25°C). The was immobilised on the sensor surface and the operating con-
analytical signal, reported as refractive index (RI), is repre- ditions optimized.
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3.1. Sensor optimization The stability of the sensor system was also studied, by
monitoring the baseline value after each measurement cycle.
The TP53thiolated probe was successfully immobilised This was estimated first, by comparing the baseline signal
on the sensor surface and this was in agreement with our pre-over different hybridisation cycles. In particular, the differ-
vious work conducted with different thiolated prob&¢ang ence between the maximum and the minimum baseline was
et al., 2004a, 2004b This immobilisation procedure de- found to be only value 3.2E05 R, indicating good stability
creases significantly the immobilisation time without loss of of the system.
sensor performancéMang et al., 2004a, 2004bThe total The reproducibility of the measurements between differ-
immobilisation time, starting from a bare gold sensor sur- ent sensorsN = 5) was estimated, comparing the hybridisa-
faces was of 3 h, which is much less than the 5 days requiredtion signals obtained with the same concentratiopN1) of
to modify the chip with thiol/carboxylated dextran based on the complementary target oligonucleotide with the different
streptavidin binding to biotinylated probelidriotti et al., surfaces on which the same probe had been immobilised. At
2002; Minunni et al., 2001; Giakoumaki et al., 2003 least three replicates of this measurement for each surfiace (
The sensor system was first optimized with synthetic > 3) were performed. The results are showrFig. 2 The
oligonucleotides and the performance of the SPR-based DNAaverage hybridisation value obtained withl¥1 complemen-
biosensor resulting from direct coupling of thiol-derivatised tary target oligonucleotide, calculated over five sensors, was
DNA probes onto gold chip was studied in terms of the 12.4E-5 RI, with S.D. = 1E-5 Rl and CV% = 8, indicating
main analytical parameters, i.e. specificity, sensitivity, repro- a very good reproducibility of the measurements on differ-
ducibility, stability, analysis time, etc. ent surfaces. This result confirms that the direct coupling of
The specificity of the system was first evaluated by probes by self-assembly of terminally thio-labeled oligonu-
injecting into the system @M 26-mer solution of non-  cleotides onto gold surfaces was a suitable immobilisation
complementary sequence used as negative control. No demethod for SPR-based sensors. Reproducibility of the im-
tectable hybridisation signal was obtained [signal < 0.1 Rl mobilisation step was also good: the average signal over five

(E—05)], showing that the sensor was specific. different immobilisation events was 15,294k with S.D. =

The reproducibility of the measurement was estimated us- 0.01E-3 RI.
ing the same concentration (M) of TP53target for nine A calibration curve (0—2M) of TP53complementary tar-
different cycles of hybridisation/regeneration on the same get was produced and the results are showkign3A. Each
sensor in 1 day, the average value obtained was F205RI concentration tested represents at least three measurements
with S.D. = 0.8E-05 and CV = 7%. (n > 3). A linear region up to 0.p.M was found Fig. 3B)

To optimize the regeneration procedure, different concen- and the experimental detection limit was 50 nM. However, a
trations of HCl and NaOH were tested. Among them, HCI calculated detection limit of 10 nM was obtained (calculated
showed higher regeneration capacity at the optimized con-as the concentration which would generate a signal which
centration of 2.5 mM. The single stranded probe was suc- was three times the standard deviation of the baseline signal).
cessfully regenerated by a 2 min treatment with 2.5 mM HCI The difference between the calculated and the experimental
and was then ready for a new hybridisation cycle (data not detection limit could be due to the instrument or the whole
shown). Such treatment could be performed up to 50 times experimental procedure.
without affecting the hybridisation efficiency of the immo- Further experiments were performed to compare the hy-
bilised probe. We checked the hybridisation signal with the bridisation responses with fully complementary oligonu-
same concentration (IM) of TP53 complementary target cleotides, mismatch oligonucleotides and a mixture solution
oligonucleotide after every 10 hybridisation/regeneration cy-
cles and the results are listedTable 1 A decrease in the 16.00 ~
hybridisation signal can be observed at around 60 measure- a0 L

ments cycles.
12.00 +

Table 1 : E ‘
Lifetime of sensor system .
Measurement cycles Hybridisation signals RHE) X

1 110 ‘
10 124
20 111 .
30 117 ‘ ‘ ‘

40 126

Refractive Index

50 127 Sensor-1  Sensor-2  Sensor-3  Sensor-4  Sensor-5
60 102 . . ) .
70 a7 Fig. 2. Reproducibility among five different sensors. The average value ob-

—— - - - - tained with .M complementary oligonucleotide target was 12-4ERl,
Hybridisation signals when testingM of complementary oligonucleotide. with S.D. = 1 and CV% = 8.
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16 the mismatch was always observed (concentration pBPlh
14 The decrease percentage is calculated comparing the signal
12 A observed with the 100% fully complementary sample and
10 the ones obtained with the 100% mismatch or 50% samples.
A significant decrease is observed at concentrations higher
6 than 0.5.M. An average decrease (calculated in the concen-
41 tration range 2—-1QM) of 21E-5 RI with S.D. = 3E-3 for
the 50% samples and of 296 with S.D. = 2E-5 for the
A 100% mismatch sample was found, respectively. In particu-
0 0.5 1 1 .‘5 5 2.5 lar the highest decrease for the 50% sample was observed at
concentration (UM ) 4 M (23%) and for the 100% mismatch ap (32%). The
data obtained showed that the hybridisation response varia-
y=1744x +0,64 tions corresponding to the complementary oligonucleotides,
R*=0,08 the mismatch and the mixture solution were influenced by
' the concentrations used. The difference in the hybridisation
3 responses increased at higher concentrations. This result was
; . important for identifying the concentration of DNA suitable

0.1 02 03 04 05 06 for use in the assays with PCR-amplified DNA.
(B) concentration (LLM)

Refractive Index(RI) E-5
oo

E

-5

(T 6 I o o R

Refractive Index F

3.2. Detection of hybridisation with PCR-amplified

Fig. 3. Calibration curve folP53(A) and zoom of the linear region (B).
samples

The probe (26 mer) complementary to the wild-tyfi@53is immobilised
on the sensor surface. The fully complementary oligonucleotide (26 mer) is
added in solution. The system was finally applied to complementary and the

mismatch sequences (€ A) of codon 248 of thdP53gene

of living cells. DNA extracted from normal cell line (Jurkat)
containing the fully complementary sequence and from cell
ine (Molt 4) carrying that mutation was first amplified by

containing 50% of both the oligonucleotides. The 100% fully

complementary, 50% mismatch and—50% fully complemen-
tary and 100% mismatch, reflect the possible genomes thai
can be found in patients. The hybridisation time in this se- CR and then tested on the sensor.

ries of experiments, was decreased down to 2 min (instead oft The gr?r[])h(;ons (ibta:;]edrk])y ITg:bR have adflfjblz heh? strgc—t
9 min), to perform all the three different calibration curves on ure and the two strands should be separated (denatured) to

the same, freshly prepared sensor, on the same day. Resultgllow the hybridisation with the probe immobilised on the
are show’n inFig. 4 The applied C(;ncentration range was sensor surface. The PCR-amplified samples were denaturated

0-10pM, and samples were tested in triplicate<(3). The first with the thermal denaturation method, since this method

lower hybridisation signals observed here with the fully com- was well documented in many previous studiéiagg et al.,

plementary sample, compared to the values observed i 2904a, 200.4b; Mariotti et. al.,, 2002, Mmu_nm et,z_92001;
are due to the much shorter hybridisation times used hereG'ak(?umakl etal., 2093“ myolved a5.m|n incubation step
(2 min versus 9 min). A decreased signal in the presence off”lt95 Candthen cooling on |cgfgrl min. I—!owever, SPRiest-
ing showed no detectable hybridisation shift (data not shown).
This was attributed to the re-annealing of the denatured DNA
strands before coming in contact with the sensor surface, as
12+ also demonstrated by Mariotti and co-workers.
To overcome this problem, it was necessary to use a new
107 treatment (described in Secti@rB) for the PCR samples be-
fore injection in the instrument. The denaturating conditions
have been previously optimizetiVang et al, 2004h using
6T o m— symmetrically amplified PCR. The method is very simple
- and it is based on high-temperature denaturation°®5
followed by a 1 min incubation step with oligonucleotides
at a suitable temperature. The oligonucleotides (20 bases)
chosen in this work were exactly the primers used in the cor-

Refractive Index E-5

4 T —&— Mismatch

—— 50%Complementary+50%Mismatch

| | ] ] (| ] |

0 "ttt responding PCR reaction to amplify thi@53fragment. The

B k2 8 & 38 F & §F W H one-minute incubation was performed at’®& which is the
campenuation (V) suitable temperature to use for these specific primers linking

Fig. 4. Calibration curves with fully complementary oligonucleotides, mis- in the relatlve_ PCR rethlon' The first high-temperature

match oligonucleotides and a mixture solution containing 50% of both the treatment (5min) dissociates the PCR fragments (dsDNA)

oligonucleotides. into the ssDNA complementary strands, and then these
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1.00E-04 T HCI and NaOH were tested to find the optimal regeneration
9.00E-05 4 conditions; NaOH 25 mM (treatment for 1 min) proved to be
800505 the most efficient. With this .regenerz_sltion procgdure, the sen-
' sor could be used up to 50 times, using both oligonucleotides

7.00E-05 + and PCR real samples (data not shown).

£ cooe0s

E’ 5.00E-05 +

E £005.05 4. Conclusions

&
3.00E-05 We have successfully applied a portable surface plasmon
2.00E-05 + resonance (SPR) biosensor to point mutation detection. The
1.00B-05 system is based on hybridisation detection between a DNA
0.00E+00 | - } } L probe immobilised on the sensor surface and the target se-

e guence in solution. The commercially available instrument
PR blank mutaf;i:;ple }:fni:ef(ﬂzrr?:i) I\éﬁjm SPREETAM SPR-EVM-BT was used for the analysis of
(Molt4) PCR-amplified samples to detéld®?53mutation.
Probe immobilisation was achieved by direct coupling of
Fig. 5. Results with PCR-amplified samples. DNA extracted from cell cul- - thiolated probes on gold sensor surfaces. The SPR-based sen-
tures wild-type (Jurkat) and mutated for codon 248 (Molt 4). sor developed showed high specificity, high sensitivity, good
reproducibility and good stability.
oligonucleotides (primers) bind them leaving the target It has been demonstrated that the biosensor was suitable
sequence free to hybridise the immobilised probe. The effectfor DNA hybridisation detection both with synthetic oligonu-
of the oligonucleotides binding is to prevent the re-annealing cleotides and PCR-amplified real samples. The sensor system
denatured DNA strands before coming in contact with the was able to distinguish between sequences differing only in
sensor surface. one base both using standard solutions of synthetic oligonu-
The hybridisation shifts obtained from the testing of PCR- cleotides (26 bases) or real samples (236 bp).

amplified sample after applying this new denaturing treat- A new, fast and improved denaturing procedure was em-
ment are shown iffig. 5 The sample was diluted in hybridi-  ployed for the analysis of real samples consisting of PCR-
sation buffer up to a final concentration of 04i8l. PCR amplified DNA, which is based on the use of small oligonu-
blanks, containing all the reagents of the PCR mixture except cleotides coupled to a high temperature thermal PCR sample
the template DNA and also containing the oligonucleotides treatment. This new sample treatment combined with the de-
for denaturation procedure, were tested to check any non-veloped DNA-based SPR biosensor allowed the analysis of
specific effect and negligible response (3.33ERIU) was gene mutation in real samples and demonstrated the potential
obtained. The normal wild-type sample (Jurkat) resulted in a of the method for routine analysis.
measurable shift of 7.57E05 RIU with S.D. = 8.39E-06,
and CV = 11%. The sample carrying the mutation at codon
248 (Molt 4) showed an average signal of about 500k Acknowledgements
RIU with S.D. = 2.00E-06 and CV = 4%. Comparing the
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