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Abstract: 

Interferometric imaging biosensors are powerful and convenient tools for confirming the existence 

of DNA monolayer films on silicon microarray platforms. However, their accuracy and sensitivity 

need further improvement because DNA molecules contribute to an inconspicuous interferometric 

signal both in thickness and size. Such weaknesses result in poor performance of these biosensors 

for low DNA content analyses and point mutation tests. In this paper, an interferometric imaging 

biosensor with weighted spectrum analysis is presented to confirm DNA monolayer films. The 

interferometric signal of DNA molecules can be extracted and then quantitative detection results 

for DNA microarrays can be reconstructed. With the proposed strategy, the relative error of 

thickness detection was reduced from 88.94% to merely 4.15%. The mass sensitivity per unit area 

of the proposed biosensor reached 20 attograms (ag). Therefore, the sample consumption per unit 

area of the target DNA content was only 62.5 zeptomoles (zm), with the volume of 0.25 picolitres 
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(pL). Compared with the fluorescence resonance energy transfer (FRET), the measurement 

veracity of the interferometric imaging biosensor with weighted spectrum analysis is free to the 

changes in spotting concentration and DNA length. The detection range was more than 1 μm. 

Moreover, single nucleotide mismatch could be pointed out combined with specific DNA ligation. 

A mutation experiment for lung cancer detection proved the high selectivity and accurate analysis 

capability of the presented biosensor. 

Graphical abstract 

 

 

 

Keywords: Interferometric biosensor; Attogram sensitivity; Sub-nanoscale accuracy; Point 
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1. INTRODUCTION 

Label-free detection of DNA is a sought after technique due to the ever increasing demand for 

specific recognition of DNA sequence in the fields of expression screening, medical examination, 

and drug discovery [1,2]. Compared to traditional fluorescence-based methods, label-free 

techniques offer quantitative measurement of DNA interactions without fluorescent labeling [3]. 
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Thus, label-free DNA detection techniques are especially investigated as they eliminate the 

necessity for complicated functionalization processes and expensive fabrication costs [4]. 

Among the many label-free DNA detection techniques, interferometric imaging biosensors have 

generated extensive attention and interest [5-7]. Combined with DNA microarray technology, this 

method can confirm DNA molecules by detecting the interference signals of DNA monolayer 

films on silicon-based microarray platforms with high repeatability and throughput [8,9]. Merely 

amino modification or similar simple immobilization and ordinary interference optical setups can 

support the detection process. Meanwhile, modified gold nanoparticles or other additional markers 

are not necessary, so complex chemical operations are not needed [8]. Thus, DNA molecules 

retain their intrinsic physicochemical properties. Moreover, interferometric imaging biosensors do 

not rely on novel nanomaterials, so the detection process is inexpensive and simple to perform [7].  

However, the accuracy and sensitivity of these biosensors need further improvement, which 

imposes restrictions on their medical and clinical applications. The thicknesses of DNA monolayer 

films measured by interferometric imaging biosensors tend to be thinner than the true values. Lev 

Moiseev et al. [10] measured the layer heights of DNA films on a silicon surface by both 

fluorescence self-interference and interferometric imaging and found that the thicknesses 

measured by interferometric imaging were much thinner. Such a poor accuracy makes 

interferometric imaging biosensors unsuitable for precise conformation analysis so specific DNA 

ligation for point mutation testing could not be detected. Additionally, according to previous 

publications [11], interferometric imaging detection is usually performed with a > 20 μM DNA 

concentration, and the hybridization process is conducted by immersing the biosensors into target 

DNA solutions of > 100 μL [12]. This large sample consumption renders the detection limit and 
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sensitivity quite poor compared to fluorescent methods or other complicated chemical sensors [13]. 

The main reason for these deficiencies is that only a minimal portion of the substrates are 

equipped with double-stranded DNA molecules. DNA molecules tend to lie randomly on the 

silicon-based chip, so the interference variation is too little to detect [10]. The interferometric 

signal of DNA molecules is often masked by the silicon substrates and the probes. 

Here, an interferometric imaging biosensor is presented to confirm DNA monolayer films with 

attogram sensitivity and detect single point mutation. Compared with other interferometric 

imaging biosensors, the fundamental differences lie in three aspects. First, the inherent tilt 

properties of double-strand DNA molecules were exploited to generate thicker monolayer films 

and enhance the detection sensitivity. Next, weighted spectrum analysis method was presented to 

extract the interferometric signal of DNA molecules and measure the thickness variation 

accurately. Moreover, combined with specific DNA ligation, single nucleotide mismatch could be 

pointed out firstly with interferometric imaging biosensors. With these strategies, an integrated 

microarray biosensor and supporting optical setup was proposed. The proposed biosensor 

possesses several advantages over current interferometric imaging biosensors, including 

measurement precision, detection sensitivity, and strong response for single nucleotide mismatch, 

making it an appealing solution for disease diagnosis, mutation screening, virus detection, medical 

examination, etc. [5-9,14]. A mutation experiment for lung cancer detection proved the high 

selectivity and accurate analysis capability of the presented biosensor. 

2. MATERIALS AND METHODS 

In the experimental part, we designed and conducted four experiments. First, the weighted 

spectrum analysis algorithm was compared with three current methods, proving the proposed 
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algorithm more accurate in thickness variation detection. Then, sensitivity of the biosensor was 

determined on microarray platforms. Next, differences of the label free biosensor vs. FRET were 

demonstrated. Finally, combined with specific DNA ligation, a mutation experiment for lung 

cancer detection was presented. 

2.1 Chemicals and equipment 

All oligonucleotides were synthesized by basic phosphoramidite chemistry and purified by 

high-performance liquid chromatography (Sangon Biotech, China). The details of all of the 

oligonucleotides are provided in Table S1 of the supplementary information. Other main 

chemicals included phosphate buffered saline containing Tween (PBST, 0.05% Tween 20 in 

phosphate buffered saline) and sodium borohydride solution (1 g sodium borohydride dissolved in 

300 mL phosphate buffered saline and 90 mL ethyl alcohol). The spotting buffer, hybridization 

solution, microarray cleaning liquids I (0.2% SDS in 2× SSC solution) and II (0.2× SSC solution) 

were all offered by CapitalBio Corporation (China). 

The used equipment included a microarray spotter, SmartArrayer-48 (CapitalBio, China), a 

halogen light, 71PT250 (Saifan, China), a spectrograph, Maya 2000 Pro (Ocean Optics, USA), a 

2D nanoscale scanning stage (Physik Instrumente, China) and a three-channel confocal scanner, 

LuxScan HT24 (CapitalBio, China). Besides, the hybridization box and oven were offered by 

CapitalBio Corporation (China). 

2.2 The interferometric imaging biosensor 

The substrate of the DNA chip used in this work was a silica-silicon material. A silica layer on a 

monocrystalline silicon substrate was modified with aldehyde groups and amino-modified DNA 

probes fixed on the chip through a Schiff base reaction.  
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The silicon-silica chip was cut into 4 mm × 4 mm pieces and cleaned in chloroform for 30 min in 

the dark. Then, the chip was steeped in 0.1 M hydrochloric acid for 30 min and then placed in a 10% 

HF solution for 1 min. Next, it was immersed in a 1:1:5 (v/v) solution of ammonium hydroxide, 

hydrogen peroxide, and ultrapure water for 30 min. A 1:1:5 (v/v) solution of hydrochloric acid, 

hydrogen peroxide, and ultrapure water was used to steep the chip for another 30 min. Then, the 

chip was steeped in a 2% 3-aminopropyltriethoxysilane solution on a shaking table (220 r/min) for 

6 h at 37
o
C to achieve silanization modification. Finally, a 1% glutaraldehyde solution was used to 

steep the chip for another 6 h to accomplish the aldehyde modification. 

Amino-modified probes were diluted in DNA spotting buffer to fabricate the microarray platforms. 

The microarrays were spotted using a SmartArrayer-48 microarray spotter, and the spotting 

diameter was 100 μm with the interval between the spots being 150 μm. After the spotting process, 

the chip was dried at room temperature for 12 h and immersed in a sodium borohydride solution 

for 5 min. Then, another wash step was performed with PBST and ultrapure water. Probes were 

fixed on the chip at one end through the reaction between the amino and aldehyde groups. The 

schematic of the surface functionalization and probe immobilization is shown in Fig. 1A. In this 

figure, Fig. 1A-1 and Fig. 1A-2 show the chip after silanization and aldehyde modification, 

respectively. The sketch of the connection between the surface and the probes is shown in Fig. 

1A-3. The postures of the double-stranded DNA molecules and single-stranded probes are shown 

in Fig. 1A-4. 

According to existing research, when double-stranded DNA molecules are fixed at one end, the 

screw axis forms an approximately 50
o
 angle between the substrate, thus generating a thickness 

increase [15]. However, single-stranded DNA molecules do not possess rigid structure or 
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electrostatic interaction between two complementary strands, so their thickness variation is much 

less than the length of the molecules [16]. When complementary target single-stranded DNA 

molecules match the probes, the double strand DNA molecules angle upward on the substrate 

[17,18]. Therefore, a DNA monolayer film forms and generates a thickness increase. 

The light reflected by the top surface of the sample layer and the silica-silicon interface results in 

an interference phenomenon. The interference spectrum can discriminate the thickness variation 

between the two reflectance layers and then reveal if the DNA hybridization proceed successfully. 

The simulated spectrums of double-stranded DNA molecules and single-stranded probes are 

shown in Fig. 1B. In this figure, the green curve represents the simulative spectrums of 

single-stranded probes, and the blue curve represents the simulative spectrums of double-stranded 

DNA molecules. It is apparent that the whole interference spectrum red shifts after the 

hybridization process, indicating a double-stranded structure has formed [8]. To demonstrate the 

small size of the proposed biosensor, an actual biosensor is shown with a scale label in Fig. 1C. 

Insert Figure 1 here. 

2.3 Optical setup and data acquisition  

To acquire the interference signal of the reflectance spectrum, a detection instrument was designed. 

A halogen light provided the light source, ranging from 400-1000 nm. An optical system was used 

to transfer the interference signal to the fiber. A collimated lens helped to generate an alignment 

beam, which lights the chip through a beam splitter and an objective lens. With a converging lens 

and an aperture, the spectrum of a microscale spot can be collected by a fiber-spectrometer system. 

The chip was placed on a 2D nanoscale scanning stage, and thus, the interference spectrum of 

every pixel could be recorded. Taking the diffraction phenomenon into consideration, the scanning 



8 
 

step was set to 500 nm to guarantee accurate imaging results, and the exposure time was 10 ms. 

The spectral data were stored and analyzed by a computer. Real-time data processing software was 

employed to calculate the thickness variation, and a reconstructed image can be exhibited on a 

screen. The shematic diagram of the setup is shown in Fig. 2. 

Insert Figure 2 here. 

2.4 DNA hybridization 

The complementary target DNA samples were dissolved with hybridization solution. A coverglass 

was designed with a sample addition hole and a 1.5 mm × 1.5 mm × 1 mm hybridization cavity. 

The prepared chip was covered by the coverglass and placed in the hybridization box. Before the 

hybridization process, the hybridization box was heated to 92
o
C for 2 min. Then, the hybridization 

box was place in the hybridization oven for 2 h at 60
o
C. After the hybridization process, the chip 

was cleaned with microarray cleaning liquids I and II, and then dried with nitrogen gas. 

In the experiments, we conducted a series of compliance tests to determine the accuracy and 

sensitivity of the proposed biosensor. For the accuracy testing, we compared the proposed 

algorithm with three current methods, including Fast Fourier Transform (FFT) method, spectrum 

shift method and phase analysis [19-21]. Probes of 8-mer, 16-mer, 32-mer and 64-mer (Cap1, 

Cap2, Cap3 and Cap4, respectively) were spotted and hybridized with perfectly complementary 

targets (Tar1, Tar2, Tar3 and Tar4, respectively).The hybridization concentrations were all 1 μM. 

Four spectrum analysis methods were then applied to measure the thickness variations. All these 

experiments were repeated 20 times. To prove the accuracy of the measurement results, theoretical 

values base on discretized worm-like chain model [15] were also calculated.  

For the sensitivity testing, 18-mer (Cap6) probes were spotted in a 6 × 6 pattern on the prepared 
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chip with the spotting concentration of 10 μM. Then, hybridization processes with perfectly 

complementary targets (Tar6) were performed with the hybridization concentrations of 0.125, 0.25 

and 0.5 μM. Another hybridization experiment was employed for the sake of mass sensitivity 

testing. Probes of 16-mer, 17-mer and 18-mer (Cap2, Cap5 and Cap6, respectively) lengths were 

spotted in a 6 × 6 pattern and hybridized with perfectly complementary targets (Tar2, Tar5 and 

Tar6, respectively) at a 0.25 μM concentration. All these experiments were repeated 20 times. 

2.5 Weighted spectrum analysis algorithm 

Similar to traditional interferometric reflectance imaging biosensors, the thickness variation can be 

resolved from the equation below [20]: 

( ) ( / ) ( ) t{ 2 cos[2 ( )]}r s r sI k e S k k R R R R nk x x        (1) 

( )I k  is the intensity for every wave number of the interference spectrum, k  is the wave number, 

  is the detector responsivity, e  is the electronic charge, ( )S k  is the source power density 

function, k is the spectral resolution of the spectrometer, t  is the integral time to acquire an 

interference spectrum of every pixel, rR  and sR  are the reflectivities of the samples’ top 

surface and the silicon-silica interface, n is the average refractive index of two layers, x denotes 

the thickness of the layer on the silicon substrate before hybridization, and x accounts for the 

thickness increase after hybridization. In this work, the refractive index was assumed to be 1.46 

according to the related researches [8], and x was measured with the method of Wang et al. [21]. 

To simplify the mathematical expression, we defined two variables in following functions: 

 ( ) ( / ) ( ) t r sC k e S k k R R    (2) 

 ( ) (2 / ) ( ) t r sM k e S k k R R    (3) 

In this paper, the interference spectrum is treated as an additivity result by a weighted linear model. 
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Every pixel is regarded as two parts: the silica part and the double-stranded DNA part. Thus, the 

interference spectrum can be corrected as below abstractly: 

 

 

 

ilica( ) ( )+ 1- ( )

{ ( ) ( )cos[2n ( )]} 1- { ( ) ( )cos[2n ( )]}

= ( ) ( ){ 1- cos[2n ( )] cos[2n ( )]}

DNA SI k rI k r I k

r C k M k k x x r C k M k k x

C k M k r k x r k x x







      

    

(4) 

Where ( )DNAI k is the interference signal of the DNA part and ilica ( )SI k  is the interference 

signal of the silica part. x  is the thickness increase due to the double-stranded DNA portions 

and r is the spectrum proportion of the double-stranded DNA portions. With this strategy, the chip 

is separated into two parts and only the thickness increase caused by the double-stranded DNA 

molecules is helpful to reconstruct the image. Different from the current algorithms, the thickness 

variations are free to the interference of the substrate and the probes, thus the detection will be 

more accurate and sensitive. 

After the hybridization process, a scanning task was performed to record ( )I k  and determine r  

and x . The problem can be solved by finding the optimal parameters that make the 

minimum integrated squared error. The two parameters were determined by the traversal method 

to satisfy the formula below: 

 
2

( , )

arg min ( ) ( ) ( ){ 1- cos[2n ( )] cos[2n ( )]}
r x k

I k C k M k r k x r k x x


      (5) 

Equation 5 is a defined formula, where the operator of “arg min” means to determine r  and x  

to make the minimum sum of the squared error above. ( )I k  is the real interference spectrum of 

each pixel. Since all the parameters are determined before the hybridization except r  and x . We 

can traverse r  from zero to one with a step of 0.001 and traverse x from zero to 20 with a step 

of 0.01. The two parameters are confirmed when the sum of the squared error is the lowest value. 

Then, the image reconstruction can be conducted based on the value of x  at every pixel. Please 
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note that all the imaging results were disposed with median filtering to get rid of detection noises. 

2.6 Fluorescence resonance energy transfer (FRET)  

FRET is a classical measurement approach to detect the interval between two fluorophores. In this 

paper, FRET tests were exploited to verify the effectiveness and accuracy of the proposed 

biosensor. The fluorophores were Cy3 and Cy5 labels, so the interval was the height of the DNA 

molecules above the substrate, which is the same value as the thickness variation caused by the 

double-stranded DNA molecules. The sequences of the probes and targets used in the 

interferometric detection and FRET detection were both same. The only difference was that the 

probes were Cy3-modified at their 5’ termini, and the targets were Cy5-attached at their 5’ termini 

in the FRET verification experiments.  

The FRET efficiency reveals the interval between the fluorophores via the formula below [22]:  

6

0

1
=

1+( )

E
R

R

(6) 

E  is the FRET efficiency, R  is the interval to be measured, and 0R  is the distance at which 

energy transfer is 50% efficient. In this work, 0R  was treated as a constant equal to 6.0 nm, 

which was determined in previous research [23].  

To measure the FRET efficiency, a three-channel image scanner was used. The image offers three 

types of data: the donor data, the acceptor data, and the FRET data.  

FRET efficiency can be calculated from the formula below [22]: 

-
= DA DD AA

DA DD AA DD

I dI aI
E

I dI aI GI



  
(7) 

Where DDI  is the donor data of the chip, AAI  is the acceptor data, and DAI  is the FRET 

data. ,d a , and G  are compensation coefficients. Before the FRET detection tests, the three 
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coefficients were acquired with the method of Zhu et al. [24]. In the following experiments, d  

was set to 0.058, a  was set to 0.056, and G  was set to 0.33. 

In 3.3, we compared the proposed method with FRET. Probes of 16-mer (Cap2) were spotted and 

hybridized with perfectly complementary targets (Taq2). The spotting concentrations ranged from 

0.25-2 μM with a step of 0.25 μM and the hybridization concentrations were all 0.25 μM. Then 

probes of 8-mer, 16-mer, 17-mer, 18-mer, 24-mer, 32-mer and 64-mer (Cap1, Cap2, Cap5, Cap6, 

Cap3, Cap4 and Cap7, respectively)were spotted and hybridized with perfectly complementary 

targets (Tar1, Tar2, Tar5, Tar6,Tar3, Tar4 and Tar7, respectively). The spotting concentrations and 

hybridization concentrations were all 0.25μM. To quantitate the thickness variations with FRET, 

hybridization experiments were conducted with the same DNA sequences and concentrations but 

the probes were Cy3 labeled and the targets were Cy5 labeled. 

2.7 Hybridization procedure for lung cancer gene point mutation 

The target DNA sequences were synthesized, which were designed according to the three types of 

predominant mutations (CGT → CAT, CGT → CTT, and CGT → CCT) at codon 273 of p53 in 

lung cancer patients, to detect with the proposed biosensor
 
[25]. The concentrations were all 

0.25μM so the samples can be easily extracted from the blood sample using a commercial kit 

(CapitalBio, China). To obtain specific hybridization results, we exploited the biochemical activity 

of the Taq DNA ligase enzyme [26]. The spotted probe will only be lengthened by the reporter 

sequence if the probe accurately matches the target DNA. In this experiment, four types of 

synthesized DNA sequences (Tar8-11) served as the targets. They orderly represented the normal 

wild genotype and the three mutant genotypes. Four types of probes (Cap8-11) were spotted in a 

6 × 6 pattern, and the sequences were perfectly complementary to one of the four targets. We 
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prepared four biosensors in total, and each target DNA was added to only one biosensor with the 

report DNA (Rep) and Taq DNA ligase enzyme to conduct the hybridization process. Then, the 

biosensor was incubated in 0.01 M NaOH for 5 min to remove the unligated DNA molecules and 

cleaned with 10% PBST and deionized water twice at 92
o
C. Next, the hybridization strand (Tar12) 

was added to the chip and another hybridization process was performed to form a double-stranded 

structure with the probes. The concentrations of the reporter DNA and the target DNA were both 

0.25 μM. 

3. RESULTS 

3.1 Accuracy testing of the weighted spectrum analysis 

Here we compared the weighted spectrum analysis algorithm with the current methods to evaluate 

the accuracy. The experiment procedures were introduced in the second paragraph of 2.4. The 

statistical data with different algorithms and theoretical values were listed in Table 1. According to 

the theoretical values, the relative errors of FFT method, spectrum shift method, phase analysis 

and weighted spectrum analysis were 100%, 89.96%, 88.94% and 4.15% respectively. In addition, 

the relative standard deviation (RSD) of weighted spectrum analysis was 0.0487, proving the 

reliability of the method. According to discretized worm-like chain model, the average tilt angle of 

DNA molecules was 57.3
o
 theoretically [15]. The mean tilt angle was 54.44

o
 in this work, which 

was extremely close to the theoretical value. 

Insert Table 1 here. 

3.2 Sensitivity testing on DNA microarray platforms 
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Here we conducted a series of experiments to determine the detection sensitivity. The experiment 

procedures were introduced in the third paragraph of 2.4 and the detection results were shown in 

Fig. 3.  

Insert Figure 3 here. 

In Fig. 3A, imaging results with the hybridization concentrations of 0.125, 0.25 and 0.5 μM 

(A-1,A-2 and A-3 orderly) were presented. Only the experiment with 0.125 μM cannot bring 

about a qualified result. So, it can be concluded that the least hybridization to be detected occurred 

at 0.25 μM. 

In Fig. 3B, imaging results with the hybridization length of 16-mer, 17-mer and 18-mer (B-1, B-2 

and B-3 orderly) at 0.25 μM were shown. The mean thickness variations for the 16-mer, 17-mer 

and 18-mer probes were 4.36 nm, 4.59 nm and 4.89 nm. The mean thickness variations of an 

n-mer and an (n+1)-mer can be told apart clearly from the results. 

3.3 Comparison of the interferometric method and FRET 

FRET is a conventional method to measure the distance of two fluorophores and widely used in 

DNA monolayer detection [22-24]. In order to compare the proposed biosensor with conventional 

fluorescence methods, a series of experiments based on FRET were conducted. The experiment 

procedures were introduced in the last paragraph of Section 2.6. In Fig. 4, we demonstrated the 

thicknesses of the monolayers measured by the two methods and the theoretical values with 

different spotting concentrations and DNA lengths. The thickness of the monolayers measured by 

the two methods and the theoretical values with different spotting concentrations were shown in 

Fig. 4A and the thickness of the monolayers measured by the two methods and the theoretical 

values with different DNA lengths were shown in Fig. 4B. The bars were the standard deviations. 
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According to Fig. 4A, the spotting concentrations had slight influences on the proposed biosensor 

but affected fluorescent results seriously. For the interferometric method, the relative errors of the 

detection results were all less than 2% and changed unremarkably with the changes in spotting 

concentration. But the relative errors of the FRET method rose from 0.46% to 3.69%.  

In Fig. 4B, compared with FRET, the results of the presented methods were more coincident to the 

theoretical values. The relative errors of the interferometric detection results were all less than 5%. 

Similarly, for the FRET methods, the relative errors of 8-mer, 16-mer, 17-mer, 18-mer, 24-mer, 

32-mer and 64-mer were 11.06%, 0.46%, 2.82%, 1.23%, 4.45%, 11.51% and 43.33%, respectively. 

In the supplementary information, the detailed relative errors in Fig. 4 were shown in Table S2. 

Insert Figure 4 here. 

3.4 Test for lung cancer gene point mutation 

Due to the sensitive thickness sensing capability, single nucleotide mismatch could be pointed out 

combined with specific DNA ligation. To demonstrate the potential application of the proposed 

biosensor, a single nucleotide mismatch test for a lung cancer gene point mutation was developed. 

The hybridization procedure was shown in Section 2.7. 

Insert Figure 5 here. 

Fig. 5A presented the hybridization steps and Fig. 5B presented the spotting pattern. The c1 spots 

are for the normal wildtype genotype, while the c2, c3, and c4 spots represent the CGT → CAT, 

CGT → CTT, and CGT → CCT mutant genotypes. The final detection results are shown in Fig. 

5C-F. For Fig. 5C, the complementary sequence of the normal wildtype genotype (Tar8) was 

added. For Fig. 5D-F, the complementary sequence of the CGT → CAT mutation (Tar9), CGT → 

CTT mutation (Tar10) and CGT → CCT mutation (Tar11) was added respectively.  
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The average thickness increases of the double-stranded DNA molecules (red spots) in Fig. 5C-F 

were 7.69 nm, 7.59 nm, 7.61 nm and 7.52 nm respectively, while the average thickness increases 

of the blue spots were 0.91 nm, 0.83nm, 0.93 nm and 0.87 nm respectively. From the experiment 

results, thicker spots and thinner spots could be distinguished clearly. The thicker DNA 

monolayers indicated that the spotted probes accurately matched the targets, and thus, single point 

mutations could be detected. 

4. DISCUSSION 

According to Section 3.1, it is obvious that weighted spectrum analysis algorithm is much more 

accurate than the other three methods. The main reason is that the chip is treated as two parts in 

the proposed algorithm. Only the thickness increase caused by the double-stranded DNA 

molecules is helpful to reconstruct the image. For the other three algorithms, the phase analysis 

and spectrum shift method both assume the surface of the exposure area is totally flat [19,20]. In 

this context, the thickness of the double-stranded DNA molecules is averaged by the substrate and 

the probes, so the detection result is less accurate at low concentrations. The FFT method 

considers the peak location after Fast Fourier transformation [21]. However, the noise interference 

signal exists in the transformation results, so the peak due to the double-stranded DNA molecules 

was hidden by the noise and cannot be obtained clearly when the concentration is too low. 

Therefore, in the four label-free detection algorithms, only the proposed method performed well 

with low concentrations. 

Generally, the molecular mass of the target DNA was approximately 324.5 g/mol for each 

nucleotide [27]. In this work, every pixel of the reconstructed images represented a 500 nm × 500 
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nm area of the biosensor and the thickness of the hybridization cavity was 1 mm, so the detection 

limit could be calculated with the formula below: 

-9 -9 -3 3 3 -6500 10 m 500 10 m 10 m 10 L/m 0.25 10 mol/L 324.5g/mol 20.28125ag 20 ag          (8) 

Also, we could conclude that the sample consumption per unit area of the target DNA content was 

only 62.5 zm, with the volume of 0.25 pL. 

Here we chose mass sensitivity to assess the detection limit because this parameter indicated the 

concentration, reaction volume and the DNA length concurrently. Compared with conventional 

interferometric DNA biosensors, the proposed method improved the detection limit in 

concentration from 20 μM to 0.25 μM. Moreover, the hybridization process could be conducted in 

a cavity with 0.25 pL per pixel. Thus the sample consumption was reduced significantly. In 

addition, the proposed biosensor could tell the difference between an n-mer and an (n+1)-mer, 

which proves the accurate and sensitive thickness detection.  

In Fig. 4, as the spotting concentration increased, redundant intermolecular FRET phenomenon 

occurred since the probes were more than the targets. The intermolecular FRET enhanced the 

energy transfer between the double strands and increased the FRET efficiency. So the thickness 

variations were decreased inevitably [22]. However, due to the weighted spectrum analysis 

strategy, the interferometric method considered the mixed reflected spectrum theoretically thus 

could point out the accurate thickness variation. So the veracity was not affected by the 

concentrations. In Table 2, the relative error of 8-mer was much larger than the interferometric 

method. This is because the theoretical distance between the two strands was only 2.17 nm and the 

FRET efficiency was more than 96% [28]. The sensitivity was limited since the efficiency was too 

close to one hundred percent. Moreover, the relative errors of 32-mer and 64-mer were 11.5% and 
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43.3%. The reason is that FRET can be used as an optical ruler to measure distances less than 10 

nm [29]. Since the thicknesses of the monolayers were too large (close to or more than 10 nm), the 

range limitation of FRET led to coarse detection results. For the interferometric method, the 

detection range depended on the coherent scope, which was more than 1 μm according to pertinent 

literatures [21]. 

5. CONCLUSIONS 

In conclusion, a strategy to enhance the sensitivity of interferometric imaging biosensors has been 

described by providing a weighted spectrum analysis method to detect the nanoscale thickness 

variations caused by double-strand DNA molecules, thus producing a biosensor that is able to 

detect very low amounts of target DNA (20 ag). The relative error of thickness detection is merely 

4.15%. The hybridization detection can be achieved with even single base pair distinction in 

length. The high precision and sensitivity demonstrate potential application for gene sequencing 

and single nucleotide polymorphisms. Compared with the conventional FRET method, the 

proposed biosensor was more stable, accurate and had wider detection range. A single nucleotide 

mismatch experiment for lung cancer detection proved the practicality, specificity, and multiplex 

ability of the device. The biosensor is highly sensitive and consumes minimal sample, making it 

beneficial for medical purposes and suitable for qualitative detection in medical or clinical 

examinations. 
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Fig. 1. The schematic (A), simulated spectrums (B) and actual photo of the biosensor (C).  

Fig. 2. Schematic diagram of the sensor setup. 

Fig. 3. Sensitivity testing results on DNA microarray platforms.  

Fig. 4. Comparison of the interferometric method and FRET with different spotting 

concentrations (A) and different DNA lengths (B). 

Fig. 5. Sketch (A), spot pattern (B) and detection results (C-F) of the single point mutation 

test.  

 

Table 1.Different analysis methods to detect the average thickness variations. 

 

Method 

DNA 

length (nm) 

FFT 

method 

Spectrum shift 

method 

Phase 

analysis 

Weighted 

spectrum 

analysis 

Theoretical 

value 

8-mer 0 0 0.22 0.33 0.25 0.32 2.26 0.11 2.17 

16-mer 0 0 0.59 0.41 0.64 0.36 4.36 0.12 4.34 

24-mer 0 0 0.82 0.64 0.93 0.38 6.65 0.14 6.52 

32-mer 0 0 1.34 0.72 1.41 0.47 8.77 0.22 8.69 

 



23 
 

 

 



24 
 

 

 



25 
 

 

 

Highlights 

 A weighted interferometric biosensor is presented to confirm DNA monolayer films. 

 The relative error of thickness detection was reduced from 88.94% to merely 4.15%. 

 The mass sensitivity per unit area of the proposed biosensor reached 20 attograms. 

 The measurement veracity is free to the changes in spotting concentration and DNA length. 

 Single nucleotide mismatch could be pointed out with the biosensor. 

 

 

 




