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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 ' *. Examples of such biosensors include static and dynamic cantilever

13-4 amperometric and piezoresistive biosensors !, and micro-Raman spectroscopy biosensors “. After one or

biosensors
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 ). 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 ).

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. !'!. The most popular method is chemical regeneration, where the
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solvent environment is altered chemically. This is achieved by applying high- or low-pH buffers to the biosensor to
denature the bioreceptor and change the ionic strength of the environment™ °, by using detergents to encourage solubility,
or by using glycine to encourage separation. Another method is thermal regeneration, where the temperature is sufficiently
elevated in order to increase the kinetic energy of molecules and overcome binding forces without denaturing the
bioreceptor . Both of these methods are useful because their leave the bioreceptor intact. However, they can require
specific chemicals and delicate and complex procedures. Other methods that do not necessarily leave the biosensor intact
are ultrasonic cleaning and mechanical cleaning. These methods are limited because they may not effectively remove the
biological target and they can damage the microstructure of biosensors.

In previous work by our group, a new method using thermal ablation was presented to regenerate a silicon cantilever
biosensor ', The motivation behind this method was that silicon biosensors could be conveniently regenerated by heating
them to a high temperature, because silicon, silicon derivatives, and other heavy metals are much more resistant to high
temperatures than biological material. Previous results showed that thermal ablation at 370°C for 10 min with a hot plate
removes 82% of bound E. coli cells based on the resonant frequency shifts of a cantilever biosensor "%, The high
temperature heating did not affect the frequency response of the cantilever over hundreds of tests, indicating that the chip,
including the Aluminum Nitride piezoelectric film, was not damaged. The results also suggested that cell removal can be
improved by heating the chip at a higher temperature, heating it for a longer time, and heating it up faster.

The purpose of this study is to characterize how the variables related to chip heating affect the effectiveness of thermal
ablation. A better understanding of the effect of these variables is valuable for optimizing thermal ablation to maximize
cell removal and minimize heating time and temperature. In this study, the effectiveness of thermal ablation is quantified
by using image processing instead of measuring the resonant frequency shifts of a cantilever. This approach is more
general and is applicable to all surfaces to which cells are attached, including biosensors, surgical devices, and other
medical equipment.

Enclosure
cover

Figure 1. Image of the experimental setup

2 Materials and methods

2.1 Experimental setup

Thermal ablation tests were conducted using 1 mm X 1 mm silicon-on-insulator chips micro-machined with
SOIMUMPs " a Corning PC-400D hot plate, E. coli bacteria, deionized water, and Poly-L-Lysine (see Figure 1).
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Thermocouple measurements showed that the chip surface reaches a maximum temperature of 370°C when it is placed at
the center of the hot plate and the hot plate is set to its highest temperature. Since thermal ablation may be more effective
at higher temperatures ', the maximum temperature of the chip surface was increased by placing the chip inside an
thermally insulated enclosure on top of the hot plate (see Figure 1). The base of the enclosure consists of a 25-mm-thick
aluminum base and the cover consists of a 25-cent piece.
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The temperature profile of the hot plate surface and the chip surface when an enclosure is used is shown in Figure 2. Using
the enclosure, the chip reaches a steady state temperature of 425°C after about 600 s. The steady state temperature is 55°C
higher than the temperature reached without using the enclosure. Based on preliminary results concerning cell removal,
this steady state temperature was deemed high enough for the study. Moreover, as shown in the figure, the temperature
profile of both the hot plate surface and the chip surface are nearly the same, indicating that the chip heats very fast. The
chip has a high thermal conductivity [149 W/ (m'K)], it has an area of 1 mm?, and a thin thickness of 400 um ""*. Thus it is
expected to respond to temperature changes quickly. Based on these results, it was assumed that the chip reaches the
temperature of the hot plate instantaneously in the temperature range of interest.

Table 1. Testing scheme

Variable Maximum temperature (°C) Time at maximum temperature (s) Heat rate
275
. 325
Maximum temperature 10 Step
375
425
10
275 100
. . 1,000
Time at maximum temperature 10 Step
325 100
1,000
t
275 ;;fl
Heat rate 0 St P
425 P
Ramp

2.2 Testing scheme

Three variables that affect the effectiveness of thermal ablation were studied: 1) the maximum temperature reached by the
chip; 2) the length of time the chip is maintained at the maximum temperature; 3) the heat rate for the chip to heat from
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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 pl droplet of Poly-L-Lysine solution (0.1% w/v H,0)
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 10x magnification with a SONY XCD-V60CR camera with 640 x 480 pixels was used to record
the image. Then a 100 pl droplet of an E. coli K-12 sample with a concentration of 2.33 x 108 cells/ml was placed on its
surface using a 10 pl 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 pm
long) is identified with a red circle. Most of the other cells seem to be about 1-3 um long, which agrees with the length of
E. colireported 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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plugin for GIMP and then they were converted from RBG to grayscale. Then two new images were produced by
performing the subtractions (see Figure 3, B-A) and (see Figure 3, C-B). These subtractions were used instead of the
subtraction (see Figure 3, C-A) because they provide a measure of the effectiveness of thermal ablation that is independent
of the number of added cells, while (see Figure 3, C-A) does not. The new images were converted to black and white using
a threshold of 0.12, and they were cropped to remove inconsistent areas such as the gold pad. During processing, the
brightness did not need to be adjusted because all images had the same brightness. No moving average filter was required
either, because the images had very little Gaussian or impulsive noises. From this procedure, two black and white images
were produced. One image shows the cells that were added (see Figure 3, B-A), and the other image shows the cells that
were removed (see Figure 3, C-B). Encircled in both images is the same large cell that was encircled in Image B, indicating
that this cell was first added to the chip, and then it was removed. The contaminant identified with the red square in Images
A, B and C does not appear in Image B-A or Image C-B because it does not change states. The contaminant identified with
a red triangle in Image C does not appear in Image C-B because it was located in a section of the image that was cropped
out during processing.

Cells added Cells removed

Figure 3. Raw image taken before cell immobilization (A), after cell immobilization (B), and after thermal ablation (C).
Processed image showing the pixels that changed when cells were added (B-A) and when cells were removed (C-B). Key
areas are enclosed in red.

2.5 Cell removal calculation

The percentage of white pixels was calculated for each of the processed images. The variable w (5 ») is the percentage of
white pixels in Figure 3 (B-A), and it represents the percentage of the chip area where cells were added. The variable w(c.g)
is the percentage of white pixels in Figure 3 (C-B), and it represents the percentage of the chip area where cells were
removed. Finally, the ratio wc./W 5.a) Was calculated. This ratio represents the percentage of cells that were removed
relative to the percentage of cells that were added. This ratio was used to quantify the effectiveness of thermal ablation, and
it is from here on referred to as cell removal. In Figure 3, the percentage of cells added is w 5.4) = 1.437%, the percentage
of cells removed is w(c.g) = 1.430%, and the cell removal percentage is W(c.g)/ W s-a) = 99.5%.

3 Results and discussions

3.1 Raw images

Select raw images of the chips after thermal ablation under different heating conditions are shown in Figure 4. Each image
is equivalent to Image C in Figure 3 for one test. It should be noted that in the images here, as in Image C in Figure 3,
various large spots appear. These spots are clearly too large to be E. coli cells and they are therefore considered to be
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contaminants. These contaminants were not removed after thermal ablation. However, in this study, we are interested in
the removal of cells, and these images provide a good understanding of how the heating parameters affect cell removal.

325°C 375°C
46.2 % 88.9 %

10s 100's 1000 s
6.6 % 353% 82.7%

Ramp heating Step heating
96.1% 92.1%

Figure 4. Raw images after thermal ablation under different heating conditions and corresponding cell removal percentage
obtained from image processing

In the top row, the maximum temperature varies, while the time at maximum temperature is 10 s and the heat rate is a step
increase. With a maximum temperature of 275°C, few cells are removed from the chip (6.6%), and the remaining cells
appear as dark spots. With a maximum temperature of 325°C, nearly half the cells are removed, and the remaining cells
appear as faint spots. The remaining cells appear fainter because part of their cellular content has been removed. With a
maximum temperature of 375°C, nearly all the cells seemed to be removed. These images show that an increase in
maximum temperature between the range of 275°C-375°C leads to an increase in cell removal when the time at maximum
temperature is 10 s and the heat rate is a step increase.

In the middle row, the time at maximum temperature varies, while the maximum temperature is 275°C and the heat rate is
a step increase. With a time of 10 s, few cells are removed from the chip, and the cells appear as dark spots. With a time of
100 s, more cells are removed, but many still remain on the chip, and they appear as dark spots. With a time of 1,000 s,
most of the cells are removed, and the few remaining cells appear as faint spots. These images show that an increase in
time at the maximum temperature between the range of 10 s - 100 s leads to an increase in cell removal when the
temperature is 275°C and the heat rate is a step increase.

In the bottom row, one image is shown for ramp heating and another is shown for step heating, for a maximum temperature
0f425°C and a time at maximum temperature of 10 s. In both images, no cells are observed. This suggests that that the heat
rate does not have an important effect on cell removal when the maximum temperature is 425°C. When the maximum
temperature is lower, perhaps the heat rate has more of an effect.

3.2 Analysis of processed images

Observations made from the raw images led to the following conclusions: cell removal increases with the maximum
temperature and with the time at maximum temperature, but cell removal does not change significantly with the heat rate.
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To further validate these conclusions, the processed images for all the tests based on the testing scheme (see Table 1) were
analyzed. The relationship between the cell removal percentage and each of the three variables of interest was obtained.
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Figure 5 shows that cell removal increases with the maximum temperature for a given time at maximum temperature of
10 s. The cell removal percentage is below 20% at 275°C. Above this temperature, it seems to increase non-linearly, and
then it saturates at 425°C. At each temperature, the cell removal percentage varies by approximately 10%. These variations
are attributable to slight differences in rotational and translational alignment in the images during processing and the
attachment or removal of contaminants during testing. Considering this variations, it can be concluded that nearly all the
cells are removed at 425°C. At 320°C, there is one data point that is significantly lower than the others. This can be
explained by the fact that the images used to obtain this data point had larger alignment errors.

100

o
o o
o o
80 & ° °
g 60
©
3
=
g
3 40
o
Figure 6. Relationship between cell removal and
the time at maximum temperature when the heat 20 S —=c
rate is a step increase. No data points were ° 325°C
. . © o o 375°C
obtained at 1,000 s for 375°C, because it was clear 0
10* 10° 10°
that the cell removal percentage saturates. Time at maximum temperature (s)

Figure 6 shows that cell removal increases with the time at maximum temperature, and that this effect is more significant at
lower temperatures than at higher temperatures. At 275°C, the cell removal percentage is below 20% when the time at
maximum temperature is 10 s, but the cell removal percentage increases to about 90% when the time at maximum
temperature is 1,000 s. At 325°C, a similar yet more gradual increase in cell removal percentage is observed, with
seemingly no increase in cell removal at 1,000 s. At 375°C, the trend is still slightly apparent. However, at this temperature
the time at maximum temperature seems to have little effect on cell removal since most of the cells are already removed at
10 s. The linear trends in the semi-log graph suggest an exponential relationship between cell removal and the time at
maximum temperature. It can be concluded that nearly all the cells are removed at 375°C when the time at maximum
temperature is above 100 s.
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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 (%)
275 0 20.1+11.9
R <1.2°
amp (< 1.2°CF5) 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.

[10], where

The results found in this study are in good agreement in general with the results found in a previous publication
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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