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Abstract 
Being able to restore the surface of biosensors to their initial material-free state after immobilization of the biological 
target can facilitate biosensor development and reduce measurement costs. Thermal ablation has been recently proposed as 
a new method to conveniently accomplish this using high temperature heating with a hot plate. Key variables related to 
chip heating are characterized to optimize the effectiveness of thermal ablation. Testing was performed using Poly-L- 
Lysine-functionalized silicon-on-insulator chips and E. coli. An analysis based on image processing demonstrates that the 
maximum temperature reached by the chip and the length of time the chip is held at the maximum temperature 
significantly affect cell removal, while the heat rate at which the chip goes from room temperature to the maximum 
temperature does not affect cell removal. It was found that nearly all cells can be removed by heating the chip at 425°C for 
10 s or by heating the chip at 375°C for 100 s. 
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1 Introduction 
Many biosensors rely on the interaction between a biological target and a bioreceptor immobilized to a sensing surface in 
order to generate a quantifiable signal [1, 2]. Examples of such biosensors include static and dynamic cantilever  
biosensors [3, 4], amperometric and piezoresistive biosensors [5], and micro-Raman spectroscopy biosensors [6]. After one or 
many measurements, most of the bioreceptor sites become occupied by the biological target and the sensing surface 
becomes covered by the biological target or contaminants. When this occurs, fewer new biological targets may bind to the 
sensing surface and the biosensor becomes less effective [7]. To perform new measurements, a new biosensor with a clean 
sensing surface and a new layer of bioreceptors must be used, or the used biosensor must be regenerated in order to restore 
the sensing surface and the bioreceptors to their original state. Being able to conveniently regenerate the biosensor is 
valuable because it can facilitate the development of biosensors and reduce the cost of each measurement in end-user 
applications [5]. 

Several methods exist to regenerate biosensors by overcoming the attractive forces between the bioreceptor and the 
analyte, as shown in a recent review by Goode et al. [1]. The most popular method is chemical regeneration, where the 



h

d
o
e
b

a
b

I
b
t
t
r
t
i
i

T
a
c
b
g
m

T

http://jbei.sciedu

110

solvent enviro
denature the bi
or by using gly
elevated in or
bioreceptor [1].
specific chemi
are ultrasonic c
biological targ

In previous wo
biosensor [10]. T
them to a high
temperatures th
removes 82% 
temperature he
including the A
improved by h

The purpose o
ablation. A bet
cell removal an
by using imag
general and is
medical equipm

Figure 1. Im

2 Mater

2.1 Expe
Thermal ablat
SOIMUMPs [1

upress.com         

onment is alter
ioreceptor and 
ycine to encour
rder to increas
. Both of these
cals and delica
cleaning and m

get and they can

ork by our gro
The motivation
h temperature, b
han biological 
of bound E. 

eating did not a
Aluminum Nitr
heating the chip

of this study is 
tter understand
nd minimize h

ge processing i
 applicable to 
ment. 

age of the expe

rials and

rimental
tion tests wer
11], a Corning 

                           

       

red chemically
change the ion
age separation

se the kinetic 
e methods are 
ate and comple
mechanical clea
n damage the m

oup, a new me
n behind this m
because silicon
material. Prev
coli cells base

affect the frequ
ride piezoelect
p at a higher tem

to characterize
ding of the effe
eating time and
instead of mea
all surfaces to

erimental setup

d metho

setup 
re conducted 
PC-400D hot 

                        J

                        

y. This is achie
nic strength of t
. Another meth
energy of mo
useful becaus
x procedures.  
aning. These m
microstructure 

ethod using the
method was that

n, silicon deriv
vious results sh
ed on the reso
uency response 
tric film, was n
mperature, hea

e how the vari
ect of these var
d temperature. 
asuring the res
o which cells 

p 

ods 

using 1 mm
plate, E. coli

Journal of Biome

                          

eved by apply
the environmen
hod is thermal r
olecules and o
e their leave th
Other methods

methods are lim
of biosensors.

ermal ablation 
t silicon biosen
vatives, and oth
howed that ther
onant frequenc

of the cantilev
not damaged. T
ating it for a lon

ables related to
riables is valua
In this study, t

sonant frequen
are attached, i

m × 1 mm s
bacteria, deio

edical Engineerin

                         

ying high- or lo
nt [8, 9], by using
regeneration, w

overcome bind
he bioreceptor
s that do not ne

mited because th

was presented
nsors could be c
her heavy meta
rmal ablation a
cy shifts of a 
ver over hundre
The results also
nger time, and

o chip heating
able for optimi
the effectivene

ncy shifts of a 
including biose

ilicon-on-insul
onized water, a

ng and Informat

         ISSN 2377-

ow-pH buffers
g detergents to 
where the temp
ding forces wit
r intact. Howev
ecessarily leav
hey may not ef

d to regenerate
conveniently re
als are much m

at 370°C for 10
cantilever bios
eds of tests, ind
o suggested tha
d heating it up f

g affect the effe
izing thermal a
ess of thermal a
cantilever. Th

ensors, surgica

lator chips m
and Poly-L-Ly

tics, 2016, Vol. 2

-9381   E-ISSN 23

s to the biosen
encourage solu
erature is suffi
thout denaturi
ver, they can r
e the biosensor
ffectively remo

e a silicon can
egenerated by h
more resistant t
0 min with a ho
sensor [10]. Th
dicating that th
at cell removal 
faster.  

ectiveness of th
ablation to max
ablation is qua
his approach is
al devices, and

 

micro-machined
ysine (see Figu

2, No. 2 

77-939X 

nsor to 
ubility, 
ciently 
ing the 
require 
r intact 
ove the 

ntilever 
heating 
to high 
ot plate 
he high 
he chip, 

can be 

hermal 
ximize 

antified 
s more 
d other 

d with  
ure 1). 



http://jbei.sc

Published by

Thermocou
the center o
at higher te
thermally i
aluminum b

Figure 2
surface an
used 

The temper
the enclosu
higher than
this steady 
profile of b
chip has a h
expected to
temperatur

Table 1. T

Variable 

Maximum 

Time at ma

Heat rate 

2.2 Tes
Three varia
chip; 2) the

ciedupress.com  

y Sciedu Press   

uple measurem
of the hot plate
emperatures [1

insulated enclo
base and the co

. Temperature 
nd the chip surf

rature profile o
ure, the chip rea
n the temperatu

state temperat
both the hot pla
high thermal co
o respond to te
e of the hot pla

esting scheme 

temperature 

aximum tempera

sting sch
ables that affec
e length of tim

                           

                         

ments showed th
e and the hot pl
0], the maximu

osure on top of 
over consists o

profile of the
face when an en

of the hot plate 
aches a steady 
ure reached wi
ture was deem
ate surface and
onductivity [14
emperature ch
ate instantaneo

Maxim

275 
325 
375 
425 

ature 

275 

325 

275 

425 

heme 
ct the effectiven

me the chip is m

                         

                          

hat the chip sur
late is set to its
um temperatur
f the hot plate (
of a 25-cent pie

e hot plate 
nclosure is 

surface and the
state temperatu

ithout using the
med high enoug
d the chip surfa
49 W/ (m·K)], i
anges quickly.

ously in the tem

mum temperatu

ness of thermal
maintained at th

     Journal of Bi

                         

rface reaches a
s highest tempe
re of the chip s
(see Figure 1). 
ece. 

e chip surface w
ure of 425°C af
e enclosure. B

gh for the study
ace are nearly t
it has an area o
. Based on the

mperature range

re (°C) T

10

10
10
1
10
10
1

0

l ablation were
he maximum te

iomedical Engin

                          

a maximum tem
erature. Since t
surface was in
The base of th

when an enclos
fter about 600 
ased on prelim
y. Moreover, a
the same, indic
f 1 mm2, and a

ese results, it w
e of interest.

Time at maximu

0 

0 
00 
,000 
0 
00 
,000 

 

e studied: 1) the
emperature; 3)

neering and Infor

                          

mperature of 37
thermal ablatio
ncreased by pl
he enclosure co

sure is used is s
s. The steady s

minary results c
as shown in the
cating that the 
a thin thickness
was assumed t

um temperature

e maximum tem
) the heat rate f

rmatics, 2016, V

                         

70°C when it is
on may be more
acing the chip
onsists of a 25-

shown in Figur
state temperatu
concerning cel
e figure, the te
chip heats very

s of 400 µm [12]

that the chip re

e (s) Heat ra

Step 

Step 

Step 
Ramp
Step 
Ramp

mperature reac
for the chip to 

Vol. 2, No. 2 

                         111

s placed at 
e effective 

p inside an 
-mm-thick 

 

re 2. Using 
ure is 55°C 
ll removal, 
emperature 
y fast. The 
. Thus it is 
eaches the 

ate 

hed by the 
heat from 



http://jbei.sciedupress.com                                                            Journal of Biomedical Engineering and Informatics, 2016, Vol. 2, No. 2 

                                                                                            ISSN 2377-9381   E-ISSN 2377-939X 112

room temperature to the maximum temperature. A testing scheme (see Table 1) was prepared to determine the effect of 
each variable. In the testing scheme, the value of one variable was changed while the value of the two other variables was 
held constant. The maximum temperature ranged from 275°C to 425°C, the time at maximum temperature ranged from 0 
to 1,000 s, and the heat rate was either a step increase or a ramp increase. This testing scheme provides results for a 
practical range of values. 

For the heat rate with a step increase, the chip was placed on the hot plate when the chip was at room temperature and the 
hot plate had settled at the maximum temperature, giving a very high heat rate (nearly instantaneous). For the heat rate with 
a ramp increase, the chip was placed on the hot plate when both the chip and the hot plate were at room temperature, and 
then the hot plate was set to the desired temperature. For a maximum temperature of 425°C, the ramp heat rate is roughly 
1.2°C/s (see Figure 2), and for a maximum temperature of 275°C, the ramp heat rate is slightly lower. 

2.3 Testing procedure 
Three previously used chips were taken for testing. Before running any tests, the chips were restored to a reference 
condition by heating them on the hot plate at 425°C for 15 min and letting them cool to room temperature. This seemed to 
remove all cells from the chip. 

In a typical test, the chip was first functionalized by letting a 100 µl droplet of Poly-L-Lysine solution (0.1% w/v H2O) 
from Sigma-Aldrich sit on its surface for 5 min. The chip was lifted with tweezers and was rinsed with deionized water for 
20 s and allowed to dry in air at room temperature. During rinsing, the chip was tilted and the water flowed from the top of 
the chip to the bottom of it to minimize the attachment of contaminants. The first image of the chip was recorded. A Motic 
PSM-1000 microscope at 10× magnification with a SONY XCD-V60CR camera with 640 × 480 pixels was used to record 
the image. Then a 100 µl droplet of an E. coli K-12 sample with a concentration of 2.33 × 108 cells/ml was placed on its 
surface using a 10 µl pipette and the droplet remained there for 5 min. This size of droplet ensured that the entire surface of 
the chip was in contact with the sample, and the concentration was high enough to allow significant cell immobilization in 
a short period. The chip was again rinsed in the same manner previously described and allowed to dry. The second image 
of the chip was recorded. Then the chip was heated on the hot plate according to the testing scheme (see Table 1) and 
allowed to cool to room temperature. The third image of the chip was recorded. This procedure provided three images of 
the chip: one image when it was clean (see Figure 3A), one image after cells where immobilized (see Figure 3B), and one 
image after thermal ablation (see Figure 3C). These images are referred to as raw images. A total of 35 experiments were 
conducted following this procedure. 

2.4 Image processing 
The raw images were processed to quantify the effectiveness of thermal ablation. As an example, Figure 3 shows the raw 
and processed images for one test where the maximum temperature was 425°C, the time at maximum temperature was  
10 s, and the heat rate was a step increase. 

In the top row of the figure, the raw images are shown. In Image A, the surface of the chip is clean. A contaminant, 
possibly a dust particle, is identified with a red square. A gold landing pad is also observed in the left side of the image. In 

Image B, the chip is speckled with immobilized cells, which appear as small dark dots. One particularly large cell (≈5 µm 

long) is identified with a red circle. Most of the other cells seem to be about 1-3 µm long, which agrees with the length of 
E. coli reported in the literature. The contaminant is again identified with the red square. In Image C, the surface of the chip 
is clean again, and no cells are observed. The contaminant is still observed and is again identified. The contaminant seems 
to be resistant to high temperature heating and rinsing. Another contaminant, possibly a large dust particle, is also 
identified with a red triangle. 

In the bottom row of the figure, the processed images are shown. The processed images were obtained with GIMP and 
MATLAB using the following image processing procedure. First, the raw images were aligned using an image registration 
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Quantifying the relationship between cell removal and the heat rate is more challenging, because the heat rate and the time 
at maximum temperature are related. As shown in Figure 6, cell removal increases significantly, even at lower 
temperatures, when the time at maximum temperature is increased. Therefore, with a lower heat rate, cell removal is 
expected to increase, regardless of the effect of heat rate, since the time near the maximum temperature increases. This 
highlights the importance of dissociating the effect of the time at maximum temperature from the effect of the heat rate in 
this analysis. 

Table 2. Relationship between cell removal and heat rate under different conditions. The cell removal percentage 
represents the average value for three tests with a 95% confidence interval 

Heat rate Maximum temperature (°C) Time at maximum temperature (s) Cell removal (%) 

Ramp (< 1.2°C/s) 
275 0 20.1 ± 11.9 
275 660 88.8 ± 1.9 

Step 275 10 10.7 ± 7.7 
Ramp ( 1.2°C/s) 425 300 96.8 ± 2.8 
Step 425 100 90.0 ± 9.7 

Table 2 shows the average cell removal percentages for different heat rate tests. These tests are similar to those planned in 
the testing scheme in Table 2, and they provide useful data for analyzing the effect of the heat rate. At 275°C, the cell 
removal percentage is low for ramp heating when the time at maximum temperature is 0 s. When step heating is used and 
the time at maximum temperature is nearly the same (10 s), the cell removal percentage is still low and within the same 
range considering the confidence intervals. This suggests that the heat rate has little effect on cell removal, since extreme 
changes in heat rate led to insignificant changes in cell removal percentages. However, when ramp heating is used, and the 
time at maximum temperature is extended to 660 s, the cell removal increases significantly. This suggests that the time at 
maximum temperature has a much more important effect than heat rate. Finally, when comparing ramp heating and step 
heating at 425°C for similar times at maximum temperature (within 200 s), insignificant changes in cell removal are 
observed. 

The results found in this study are in good agreement in general with the results found in a previous publication [10], where 
the resonant frequency shifts of a cantilever biosensor were measured after thermal ablation. The resonant frequency shifts 
showed that heating the biosensor at 370°C with ramp heating in 10 min intervals led to insignificant increases in cell 
removal. Similarly, here it was demonstrated that the heating time has little influence on cell removal at a temperature of 
375°C. The resonant frequency shifts also suggested that increasing the temperature beyond 370°C increases cell removal, 
and here is was shown that increasing the temperature to 425°C does indeed increase cell removal. Finally, the resonant 
frequency shifts (three trials) suggested that at 370°C step heating provides higher cell removal than ramp heating. Here it 
was demonstrated that this is not the case. Many trials using image processing showed that the heat rate does not 
significantly affect cell removal. Ultimately, the analysis using resonant frequency shifts provided useful trends in cell 
removal, but the analysis here using image processing provided a much more in-depth picture of thermal ablation. 

4 Conclusions 
In this study, three key variables that determine the effectiveness of the thermal ablation of biosensors were characterized 
using image processing. Image processing is a simple method to rapidly and accurately quantify cell removal. Results 
disclosed that the maximum temperature reached by the chip and the length of time the chip is maintained at the maximum 
temperature significantly affect the cell removal percentage. The results also revealed that the rate at which the chip is 
heated from room temperature to the maximum temperature (either a step or a ramp increase) has an insignificant effect on 
the cell removal percentage. It was found that nearly all cells can be removed by heating the chip at 425°C for 10 s or by 
heating the chip at 375°C for 100 s. The results are applicable for a range of chip material and biological material and can 
be used to optimize the thermal ablation of biosensing surfaces based on the application. Future work involves the 
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integration of a thermal ablation system onto a biosensor, thus removing the need to use a hot plate. Future work could also 
investigate whether this regeneration method is effective when the chip is covered by antibodies or non-biological 
chemicals. 
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