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ABSTRACT

My doctoral research has focused on the characterization of dynamic response of
atomic force microscope (AFM) cantilevers for thermofluidic and biophysical sensors, a
novel scanning thermal microscopy technique development using a tipless
microcantilever to investigate micro/nanoscale transport properties in liquid, and the
characterization of the surface nanomechanical properties of biocompatible
polyelectrolyte hydrogels with AFM for biomedical applications.

The temperature effects on Sader’s viscous model for multilayered
microcantilevers immersed in an aqueous medium were experimentally verified as a
preliminary work. Next, temperature dependence of the near-wall oscillation of
microcantilevers submerged in an aqueous medium was investigated to explore the
possibility of a near-wall thermometry sensor. By correlating the frequency response of a
microcantilever immersed in an aqueous medium near a solid surface (within the width
of a microcantilever) with the surrounding liquid temperature, the near-wall region
microscale temperature distributions at the probing site were successfully determined.
For biological applications, this work has been extended to examine the effect of
adsorption-induced surface stress change on the stiffness of a microcantilever immersed
in saline solution with varying salt concentrations. It was found that adsorption-induced
surface stress change increased the stiffness of a microcantilever in saline solution with
increasing salt concentration ranging from 0 to 2 molality.

The surface nanomechanical properties of 2-hydroxyethyl methacrylate (HEMA)
and 2-methacryloxyethyl trimethyl ammonium chloride (MAETAC) copolymer

hydrogels were probed using AFM. The HEMA-MAETAC polyelectrolyte hydrogels

iv



with increasing positive charge concentrations ranging from 0 to 400 mM in increments
of 40 mM, were fabricated using different proportions of HEMA and MAETAC
monomers. Increasing proportions of positively charged MAETAC monomers produced
hydrogels with increasingly swollen states and correspondingly decreasing measures of
surface elasticity, or Young’s modulus. The attachment of porcine pulmonary artery
endothelial cells (PPAECs) increased with increasing prepared hydrogel charge

concentration and subsequently decreasing surface elasticity.

Keywords: Atomic Force Microscope (AFM), Microcantilever, Thermofluidic sensor,

Hydrogel, Surface elasticity
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CHAPTER 1

Introduction

1.1 Atomic Force Microscope (AFM)

An atomic force microscope, developed by Binnig, Gerber, and Quate in 1986 [1]
, Is a kind of scanning probe microscope using a sharp physical probe that scans across
a specimen to mainly get the surface nanotopography by monitoring interatomic forces
between probe and specimen. The interatomic forces between probe and specimen are
detected via the deflection or the resonance frequency shift of a microcantilever which is
fabricated with a very sharp probe tip. These forces, then, are used to control the
cantilever z-position to record surface nanotopography or to probe surface
nanomechanical characteristics of samples. Comparing to conventional optical
microscopes, AFM dramatically improved spatial resolutions in surface topographical
imaging of conducting and non-conducting objects to sub nanometer scale resolution [2].
In addition, AFM also allowed local intermolecular force detection below the
picoNewton level with a high resolution, thus opened new realm of force spectroscopy of
biological surfaces [3].

A general AFM system consists of a microcantilever with a sharp probe tip which
works as a force sensor, a piezoelectric scanner which controls the x-y-z movements of a
sample with sub nanometer accuracy, a laser and a position sensitive detector which
measures the deflection of a cantilever, feedback electronics which control z-position of a

sample, and a computer which controls system and performs data acquisition, display,



and analysis. Figure 1.1 illustrates the schematic of a typical AFM setup. The deflection

4 quadrant
photo detector

Cantilever
deflection
measurement

Figure 1.1: A schematic drawing of the typical AFM setup [4].



or the frequency response of a microcantilever with a sharp probe tip is measured by
reflecting a laser beam off the backside of the cantilever and acquiring optical signals
with a position sensitive detector while a sharp probe tip is scanning over the surface of
the sample. These collected optical signals are converted to electrical signals for feedback
electronics to maintain constant cantilever deflection (constant-force mode AFM
imaging) or constant cantilever vibration amplitude (non-contact mode AFM imaging) by
changing z distance between tip and sample. Then, images are generated and displayed

from the piezoelectric scanner's X-y-z motions.

1.2 Microcantilever Sensors

A microcantilever is a micrometer-sized single clamped suspended beam. Typical
dimensions of microcantilevers are order of 100 um long, 10 um wide and 1 pm thick.
Advanced microfabrication techniques made it possible to fabricate very precise and
reliable microcantilevers at low cost. Especially, the development of microcantilevers for
AFM has been a major driving force for the fabrication of precise and reliable
microcantilevers in various shapes and sizes. These microcantilevers have been used for
various scanning probe microscopes (SPM) and diverse microelectromechanical systems
(MEMS), including sensors and actuators, for over two decades [5-9]. They have been
exploited as mechanical transducers for biological, chemical, and physical sensing
applications in previous studies [10-12]. The dynamic frequency responses and the static
deflection of a microcantilever are two main transduction mechanisms for
microcantilever sensors. The operation modes of microcantilever sensors are classified

with these two transduction mechanisms. In dynamic mode, the frequency responses of a
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microcantilever-peak resonance response frequency, quality factor, amplitude, and phase-
need to be simultaneously measured and in static mode, the deflection of a
microcantilever need to be precisely measured for sensing applications. These frequency
responses and deflection of a microcantilever can be measured by various readout
techniques including optical lever, piezoresistive, piezoelectric, capacitance, or electron
tunneling methods with sufficient precision [13]. Two most important figures of merit of
microcantilever sensors are sensitivity and specificity. Usually by miniaturization and
optimization, high sensitivity is achieved and by coating some material on top of a
microcantilever, specificity is realized for a certain type of physical, biological or

chemical sensing applications [14].

1.3 Motivation and Objectives

Microcantilever sensors are recognized as a versatile platform for the next
generation physical, biological and chemical sensors. It is anticipated that microcantilever
sensors provide real-time, in situ measurements of physical, biological, and chemical
properties of fluids. In order to understand micro/nanoscale fluidics and energy transport
phenomena, it is essential to detect micro/nanoscale transport properties such as viscosity,
density, temperature, and concentration in liquid without being disturbed by any foreign
labels. Foreign materials can affect or alter transport properties of liquid and cause
measurement inaccuracy. Therefore, a microcantilever is employed as a sensing platform
for micro/nanoscale liquid property detection and dynamic frequency responses of a
microcantilever in liquid is investigated. This study aims to reveal the fundamental

physical understandings of temperature and concentration effects on dynamic responses
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of a microcantilever in liquid and provide a novel near-wall scanning thermal microscopy
technique in liquid.

In addition, AFM cantilever sensor application is extended to biophysics area. The
development of AFM and the subsequent development of atomic force spectroscopy
(AFS) [15] have made it possible to probe the surface mechanical properties of materials
at a submicron scale. This is potentially significant because the surface hanomechanical
properties of natural and synthetic hydrogels play a critical role in their use as
biomaterials. As a result, the application of AFS technology to soft hydrogel biomaterials
has a number of important applications in medicine and biomedical engineering. The
mechanical properties of synthetic hydrogels reflect the complicated combination of the
neutral and charged monomer concentrations, the solvent quality, the chemical
dissociation effects, and many other factors [16-21]. These competing and non-linear
effects make it challenging to predict and understand the mechanical properties of these
materials. In particular, the incorporation of charged monomers into an otherwise neutral
and inert background has been exploited in a number of studies to promote cell adhesion
and proliferation [22-25]. Thus, this study also aims to precisely characterize the surface
nanomechanical properties of polyelectrolyte hydrogels in liquid medium and reveal the

biophysical implication of these properties on cell-substrate interactions.

1.4 Organization of the Study
This study consists of two fundamental investigations of dynamic responses of a
microcantilever in liquid mediums and two practical applications of AFM cantilevers for

thermofluidic and biophysical sensors. Chapter 2 presents a study of temperature effects
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on the frequency response of a microcantilever in aqueous medium, which includes the
extension of Sader’s viscous model and thermal experiments designed to elucidate the
roles of liquid viscosity, liquid density, elasticity of a microcantilever, and separation
distance between a cantilever and a solid surface on the frequency response of a
microcantilever by precisely controlling surrounding liquid temperature and separation
distance. Chapter 3 presents a study of salt concentration effects on the frequency
response of a microcantilever in saline solution, which includes the extension of Sader’s
viscous model and experiments designed to elucidate the roles of NaCl concentration on
the stiffness of a microcantilever and subsequent frequency response of a microcantilever
in saline solution by precisely controlling salt concentration. Chapter 4 shows a practical
application of AFM cantilever sensor in the form of scanning thermal microscopy
(SThM) technique in liquid medium. By measuring microscale temperature distribution
in aqueous medium and comparing it with numerical calculation, a novel SThM concept
was successfully proved and validated. Chapter 5 discusses atomic force spectroscopy for
the surface nanomechanical property measurements of polyelectrolyte hydrogels. The
surface elasticities of polyelectrolyte hydrogels in liquid medium are characterized and
cellular attachment experiment was performed to investigate the biophysical implication
of these properties on cell-substrate interactions. Chapter 6 presents the conclusions

derived from this study and provides recommendations for further research.



CHAPTER 2

Temperature effects on the frequency response of a microcantilever

Immersed in aqueous medium

2.1 Introduction

Microcantilevers have been used for atomic force microscope (AFM) and diverse
microelectromechanical systems (MEMS), including sensors and actuators, for over two
decades and have been exploited as mechanical transducers for biological, chemical, and
physical sensing applications in previous studies [26-33]. The peak resonance response
frequency shift and the deflection of a microcantilever are two main transduction
mechanisms for microcantilever sensors. Especially, the peak resonance response
frequency and the quality factor of a microcantilever are two main dynamic
characteristics that are very sensitive to density and viscosity of the surrounding fluid and
the proximity of a microcantilever to a solid surface [34]. Various sensors based on these
mechanisms have been developed for detection in gaseous environments. However, for
liquid environments, the development of microcantilever sensors has suffered from
several drawbacks including a low quality factor, its generally narrow dynamic range,
parasitic deflection, and long-term drift [35].

The potentially extensive needs of microcantilever sensors in biological and
chemical applications make it essential to overcome these complications occurring in
liquid environments. Although several research groups have published progressive results
for the enhancement of the quality factor [35-37] and for the improvement of the

deflection transduction techniques [38], the dependence of the peak resonance response
7



frequency shift on the surrounding temperature changes in liquid environments has not
been systematically examined. In addition, the dependence of the peak resonance
response frequency shift of a microcantilever near a solid surface on the surrounding
temperature changes in liquid environments has not been systematically examined.
Almost all published theoretical and experimental studies of microcantilever sensors

immersed in liquid have assumed or specified a constant temperature condition.

2.2 Theoretical Background

Sader and Green and Sader presented theoretical models [39, 40] to predict
thermally-driven resonance frequencies of a microcantilever immersed in different
viscous fluids. Their models showed acceptable agreement with experiments for the case
of a constant temperature for microcantilevers with aspect ratios (AR = cantilever
length/cantilever width) ranging from 4 to 14 [41]. They also reported feasibility of a
simultaneous fluid viscosity and density determination sensor using a single rectangular
microcantilever in a constant temperature condition [42]. Recently, Green and Sader
modified their previous theoretical models to predict thermally driven resonance
frequencies of a microcantilever immersed in a fluid near a solid surface [43]. Their
model includes both inertial and dissipative effects in fluid to account for variations of
frequency responses observed when a cantilever is brought close to a solid surface. This
study elucidated the basic mechanisms of the broadening of the resonance peaks and the
peak resonance response frequency shifts to lower frequencies as the microcantilever
beam/surface separation distance decreased.

In order to comprehensively examine the temperature effect on the frequency
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response of a microcantilever immersed in a fluid near or far away from a solid surface,
the Sader’s model is extended to individually account for the liquid viscosity 7(T),
density po(T), and the Young’s modulus of microcantilever E(T) as functional forms of
temperature. For de-ionized water, the functional forms of the corresponding properties

are given as [44]

77(T) =7 e71.7 0453086+7.00%
=1, ,

(1)
z= %3 17, =1.788x107° kgm™s™
p(T)=1000-0.0178T - 273" "kgm™?, @)

The thermal dependence of Young’s modulus dE/dT of silicon remains nearly
constant as -8.7 MPaK™ for the tested water temperature range from 10 to 70 °C. In other
words, the Young’s modulus E decreases linearly with increasing temperature. The
coefficient of thermal expansion « of silicon is invariant as 2.6x10° K™ [45-47]. The
thermal dependence of Young’s modulus dE/dT of the coated gold layer is given as -24.0
MPaK™ and o of gold is given as 14.2x10° K™ [48].

Based on the thermal sensitivity equation for a single layer cantilever [48], the

fundamental resonant frequency in vacuum . is formulated as:

ET)+ET-T)
O (T) = 0 (Ty) dT ez ", 3)
vac vac 0 E(TO)

where T is the surrounding medium temperature in which the cantilever is submerged and
To is the reference temperature. The fundamental resonant frequency at the reference
temperature aac(To) is provided by the Sader’s Simple Harmonic Oscillator (SHO)

model using the readily measured peak resonance response frequency and the Q-factor in
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air [41]. As a reference point, Young’s modulus E(To) of silicon is given as 167 GPa at Ty
= 20 °C [46].

For a two-layered cantilever, such as a gold-coated silicon substrate neglecting the
chromium adhesion layer, the fundamental resonance frequency myac1 IS given by the

Reuss model as [48]

E.(T)p,
(E.(M)+XE,(T))(o, +Xp,)

a)vac,l(T) :a)vac (T)(1+X)2\/ (4)

where anqc(T) is the fundamental resonance frequency of the uncoated or single-layered
cantilever at T in vacuum as given in Eq. (3), the thickness ratio x = t,/ts with t, being the
gold coating thickness and ts being the substrate thickness. Es(T) and E,(T) represent the
Young’s modulus of the cantilever substrate (Si) and the coated material (Au),
respectively. ps and p, are the mass density of the substrate (Si) and the coated (Au)
material, respectively.

Therefore, for the case of a single-layered cantilever, the extended Sader’s viscous
model constitutes Eqgs. (1) to (3), and for the case of a double-layered cantilever the
model constitutes Eqgs. (1) to (4). Taking all of these equations into consideration along
with the original Sader’s model equations [39, 43] gives a closed form solution for the
resonance frequency spectra as a function of temperature. A detailed mathematical

derivation of the extended Sader’s viscous model is given in Appendix.

2.3 Experimental Methods
First, well-controlled thermal experiments were performed to systematically

validate the temperature effects on the existing theory primarily developed by the Sader’s
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group. For a microcantilever immersed in aqueous medium far away from a solid surface
(distance between a microcantilever and a solid surface is larger than the width of a
microcantilever), a wide range of temperatures from 10 to 70 °C is tested to observe
changes in the viscosity and density of de-ionized water as well as the stiffness of a
microcantilever.

Experiments are conducted to measure the flexural vibration frequency response
for three different microcantilevers immersed in de-ionized water at different
temperatures. In particular, three cantilevers, with AR < 4, are tested to explore the lower
limit of AR validating the Sader’s viscous model in which an infinitely long cantilever
was assumed. Three different tipless silicon microcantilevers are selected for testing and

their physical layouts, material properties, and fundamental resonance frequencies in air
at 20 °C are shown in Table 2.1. The plan view dimensions (Length L and width b) are

measured using a calibrated optical microscope by the author. The manufacturers
provided the thicknesses (h) data showing 20% variations from the nominal value for TL-
NCH1 and 15% variations for NSC12 series microcantilevers. TL-NCH1 is a single-
layered cantilever of an aspect ratio of approximately 3.0, with the highest spring
constant k among the three. 400-nm and 100-nm thick gold layers are additionally coated
on NSC12-B and NSC12-C1 single-layered silicon cantilevers, respectively, using an e-
beam evaporator facility at the University of Tennessee, Knoxville. A calibrated quartz
crystal microbalance (QCM) sensor inside the e-beam evaporator measures the layer
thicknesses with one angstrom accuracy. Direct scanning of AFM also verifies the
thickness measurement accuracy. Note that the aspect ratio of NSC12-B is 2.25 versus

3.08 of NSC12-C1 and the former is shorter with a thicker gold layer showing larger k
11



Table 2.1. Physical dimensions and properties of three different tested tipless

microcantilevers.

Dimensions Physical properties
Cantilever L b h L/b  Material D k' fair Manufacturer
(pm)  (um)  (um) (kgm?) (Nm™) (kH2)
TL-NCH1 124 42 4.7 2.95 Si 2320 79.9 381.9  Nanosensors Inc.
NSC12-B 81 36 2 2.25 Si 2320 22.9 256.5  MikroMasch Inc.
0.015 Cr 7140 (The Cr-Au layers were
04 Au 19300 coated at the University
of Tennessee)

NSC12-C1 120 39 2 3.08 Si 2320 6.87 151.3  MikroMasch Inc.
0.015 Cr 7140 (The Cr-Au layers were
0.1 Au 19300 coated at the University

of Tennessee)

"Spring constants are calculated for a given temperature using the Sader’s method and the listed

numbers represent the reference spring constants calculated at T, = 20 °C

12



while the relatively longer latter one with a thinner gold layer showing smaller k value.
For each microcantilever, the spring constant is calibrated from the Sader’s method [49]
using the cantilever planar dimensions, the resonance frequency and Q-factor measured
in the air.

The tested microcantilevers are mounted on the solution-compatible cantilever
holder attached to the head unit of the MFP-3D-BIO™ AFM (Asylum Research Inc.,

Santa Barbara, CA). In order to provide a uniform temperature environment, a fluid cell
of 24 mm diameter and 5 mm deep is machined on the top surface of a 85 x 50 mm

copper block. The copper block contains built-in serpentine coolant passages extending to

and from a temperature-controllable thermal bath (Model 1156D, VWR International
Inc., West Chester, PA). A Type T thermocouple probe (better than +0.1 °C readout

uncertainty) is placed next to the cantilever to monitor the surrounding liquid
temperature. Once a steady thermal environment is ensured, measurements are made for
the thermal noise spectrum, the peak resonance response frequency, and the quality factor
of each cantilever.

Second, well-controlled thermal experiments were performed to systematically
investigate the temperature effects on the frequency response of a microcantilever
immersed in aqueous medium near a solid surface (distance between a microcantilever
and a solid surface is smaller than the width of a microcantilever). A moderate range of
temperatures, from 30 to 70 °C, is tested to observe changes in both inertial and viscous
dissipative effects of hydrodynamic loading in liquid.

Experiments are conducted to measure the flexural vibration frequency response

13



for microcantilevers immersed in de-ionized water near a glass substrate surface. Three

different tipless silicon microcantilevers are selected for testing, and their physical
layouts, material properties, and fundamental resonance frequencies in air at 20 °C are

summarized in Table 2.2. The plan view dimensions (Length L and width b) are measured
using a calibrated optical microscope by the author. The manufacturers provided the
thicknesses (h) data showing 20% variations from the nominal value for TL-NCH2 and
15% variations for NSC12 series microcantilevers. TL-NCH2 is a short single-layered
cantilever with the highest fundamental resonance frequency among the three. NSC12-C2
is a double side-coated cantilever with 20-nm-thick chromium and 30-nm-thick gold
layers. Finally, NSC12-F is a long single-layered cantilever. All three cantilevers are
intentionally selected to have approximately the same cantilever widths. For each
cantilever, the spring constant is calibrated from Sader’s method [49]. The tested
microcantilevers are mounted on the solution-compatible cantilever holder attached to the
head unit of the MFP-3D-BIO™ model AFM (Asylum Research Inc., Santa Barbara,
CA). In order to provide a uniform temperature environment, a closed fluid cell is used
with the BioHeater™ System (also manufactured by Asylum Research Inc.) providing
uniformity within +0.1 °C. Measurements are made for the thermal noise spectrum, the
peak resonance response frequency, and the quality factor of each cantilever at a specified
distance between cantilever and glass substrate surface. Separation distance up to 15 pm
is controlled by force spectroscopy function of MFP-3D-BIO™ AFM with accuracy +

0.1 pm.
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Table 2.2. Physical dimensions and properties of three different tested tipless

microcantilevers.
Dimensions Physical properties
Cantilever L b h h/L>  Material Do k' fair Manufacturer
(um) (um)  (um) (m?) (kgm?) (Nm™) (kH2)

2320 58.6 352.6 Nanosensors Inc.

TL-NCH2 125 39.2 4.3 275 Si

NSC12-C2 122 33 2 141 Si 2320 6.47 165.4  MikroMasch Inc.
0.02 Cr 7140
0.03 Au 19300

NSC12-F 240 344 2 34.7 Si 2320 0.63 40.95 MikroMasch Inc.

"Spring constants are calculated for a given temperature using Sader’s method, and the listed
numbers represent the reference spring constants calculated at T, = 20 °C
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2.4 Results and Discussion

Figure 2.1 shows predictions (Figs. 2.1-a and b) from the extended Sader’s
viscous model and experimental verifications (Figs. 2.1-c and d) for the case of NSC12-
C1 cantilever immersed in de-ionized water. Although not shown, the corresponding
results for the two remaining cantilevers are found qualitatively similar to those of
NSC12-C1.

Figure 2.1-a shows the peak resonance response frequency shifts from the

resonance frequency taken at the lowest 10 °C with increasing temperature. The net

frequency shifts Af = Af, +Af +Af. with the individual contributions due to the liquid
viscosity Af, , to the liquid density Af , and to the Young’s modulus of cantilever Af.

The dissipative effect due to the liquid viscosity, Af , is the dominating factor for the net

frequency shifts of the entire range of tested temperatures. The inertial effect due to the

liquid density, Af , gradually increases with temperature, but its maximum at 70 °C (or

AT = 60 °C) is approximately 15% of the net shift. For relatively larger cantilevers with
few millimeter length scales, the inertial effect of the liquid is known to dominate in
determining the resonance frequency shifts [50]. For the present microscale cantilevers,
however, it is shown that the dissipative effect dominates in determining the resonance
frequency shifts. The frequency shifts due to the Young’s modulus changes, Af., are
negative because the cantilever stiffness decreases with increasing temperature. However,
the effect is minimal compared to the previous two effects.

Figures 2.1-b and 2.1-c, respectively, show the predicted and measured power

spectral density (PSD) distributions of the slope of the cantilever immersed in de-ionized
16
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Figure 2.1-a: Theoretical predictions and experimental verifications of the thermally
induced resonance frequency spectra and the Q-factor for NSC12-C1 cantilever
immersed in de-ionized water: (a) Predictions based on the extended Sader’s viscous

model for individual contributions to the net peak resonance response frequency shifts

(Af = Af, + Af | + Af) from the lower-end frequency at 10 °C due to the decrease in the

liquid viscosity, Af, , the decrease in the liquid density, Af , and the slight decrease of

Young’s modulus of cantilever, Af., with increasing liquid temperature
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Figure 2.1-b: Continued. (b) Calculated power spectral density (PSD) of the slope of the
cantilever immersed in de-ionized water at three selected temperatures of 10, 40 and 70

°C
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Figure 2.1-c: Continued. (c) Measured power spectral density (PSD) of the slope of the
cantilever immersed in de-ionized water at three selected temperatures of 10, 40 and 70

°C
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indicate 95% confidence intervals of measured data.
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water at three selected temperature conditions: 10, 40 and 70 °C. The calculated peak
resonance response frequencies are approximately 10% underestimation from the
measured values, for all three temperatures. Additionally, the findings from the other two
cantilevers displayed similar results, which is in accordance with the Sader’s original
findings where the models were derived for an infinite aspect ratio (AR). In practice,
cantilevers with finite AR’s are expected to have higher resonance frequencies.

Figure 2.1-d shows the measured peak resonance response frequencies and the Q-
factors of the NSC12-C1 cantilever. The increase of the resonance frequency with
increasing temperature verifies the dominant effects of the liquid viscosity and density as
shown with predictions in Fig. 2.1-a. The higher Q-factor at higher temperature indicates
that both dissipative and inertial effect decrease with increasing temperature. Note that
the Q-factor shows strong dependence on liquid temperature and varies by a factor of
two, approximately from 4 to 8, for the tested temperature range from 10 to 70 °C.

Figure 2.2 shows the peak resonance response frequency shifts from the lower-
end frequency at 10 °C as functions of temperature for the three tested cantilevers. Each
symbol represents the averaged frequency shifts from ten (10) measurements, with the
error bar corresponding to 95% confidence interval. The three curves show calculated
frequency shifts based on the aforementioned extended Sader’s viscous model. While
both the single-layered TL-NCH1 (AR = 2.95) and the double-layered NSC12-C1 (AR =
3.08) cantilevers agree with the extended Sader’s viscous model and the present
experimental results, the shorter and double-layered NSC12-B (AR = 2.25) cantilever
deviates from the theory with increasing temperature. This deviation can logically be

attributed to the small aspect ratio that does not constitute the basic assumption of the
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Figure 2.2: Magnitudes of the peak resonance response frequency shifts as functions of
the temperature differential from the lower-end 10 °C for the three tested TL-NCHL1,

NSC12-B, and NSC12-C1 cantilevers. The curves represent theoretical predictions by the
extended Sader’s viscous model and the symbols represent the averaged shifts of the peak
resonance response frequencies with the error bars showing 95% confidence intervals of

measured data.
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Sader’s model, which basically adopts an infinite aspect ratio.

Figure 2.3 shows theoretical predictions from the extended Sader’s viscous model
for a microcantilever immersed in de-ionized water near a solid surface. In this case, TL-
NCH2 cantilever parallel to a solid surface is assumed. The dimensionless distance
parameter, H, is the ratio of the separation distance of the cantilever beam from the
surface, ho, to the width of the cantilever beam, b. With increasing temperature, for both
cases of H=0.1 and 1.0, the liquid viscosity decreases, and the magnitude of the resonant
frequency increases because of the reduced viscous dissipation. At a constant
temperature, the resonant frequency at H = 0.1 is lower than that of H = 1.0 because of

increased viscous dissipation as the wall is approached. However, the resonance

frequency shift Af "~**, for a given temperature differential AT | is much greater than
§ H=LO
the frequency shift . This implies that the thermal response of the resonance
Af [AT

frequency, namely , IS more sensitive as the cantilever approaches the wall.

The net frequency shift, Af =Af +Af +Af., consists of the individual
contributions due to the liquid viscosity Af , liquid density Af ,and Young’s modulus

of cantilever Af.. The dissipative effect due to the liquid viscosity Af is the

dominating factor in determining the net frequency shifts for both H = 0.1 and 1.0, and
the dominance increases noticeably with decreasing separation distance. At 70 °C (AT =

40 °C), for example, AR, [ AT increases from 0.73 at H = 1.0 to 0.92 at H = 0.1.

Therefore, when a cantilever approaches the wall, the temperature effect represented by

the viscous dissipation becomes more pronounced. This effect accounts for the more
23
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Figure 2.3: Theoretical predictions of the thermally induced resonance frequency shifts
for TL-NCH2 cantilever immersed in de-ionized water near a solid surface. Predictions

based on modification of Sader’s model for individual contributions to the net peak

resonance response frequency shifts (Af = Af, +Af +Af.), the decrease in dissipative
effect by the liquid viscosity Af, , the decrease in inertial effect by the liquid density

Af , and the slight decrease of Young’s modulus of cantilever Afg, with increasing

liquid temperature at different normalized separation distances H = 0.1 and 1.0.
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rapid increase in AF for H = 0.1 than for H = 1.0.

The inertial effect due to the liquid density Af gradually increases with

Af, /Af shows a decrease from 0.32 to 0.11 when H decreases from

temperature, but
1.0 to 0.1. For macroscale cantilevers with length scales of a few millimeters, the inertial
effect of the liquid is known to dominate in determining the resonance frequency shifts
[50]. For the present microscale cantilevers, however, it is shown that the dissipative
effect dominates in determining the resonance frequency shifts. The frequency shifts due
to Young’s modulus changes Af_ are negative because the cantilever stiffness decreases
with increasing temperature and is unaffected by proximity to a surface. Moreover, the
effect is minimal compared to the previous two effects. Although not shown, the
corresponding results for the other two cantilevers (NSC12-C2 and NSC12-F) are found
qualitatively similar to those of TL-NCH2.

Figure 2.4 shows the predicted and measured peak resonance response frequency
shifts as functions of temperature differential from 30 °C, for the case of TL-NCH2
cantilever. The curves represent theoretical predictions by the modified Sader’s viscous
model, and each symbol represents the averaged frequency shifts from ten measurements,
with the error bar corresponding to a 95% confidence interval. While generally enhanced
thermal sensitivities (Af/AT) are observed in the near-wall region due to the additional
hydrodynamic loading effects as previously discussed in association with Fig. 2.3, large
discrepancies are also identified between the predictions and measurements. This is
believed to be attributed to the definition of the separation distance H.

The theory assumes a parallel cantilever to the wall, but the measurements use a
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Figure 2.4: Calculated and measured peak resonance response frequency shifts from the
lower-end frequency at 30 °C as functions of temperature for TL-NCH2 cantilever

immersed in de-ionized water at different separation distances. The curves represent
theoretical predictions by the modified Sader’s model, and the symbols represent the
averaged shifts of the peak resonance response frequencies with the error bar showing
95% confidence intervals of measured data. Note that the separation distance H is defined
based on the tip-to-wall distance, while the practical cantilever is inclined at a small angle

from the horizon.
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tilted cantilever at an angle of 11° from the horizon. Nevertheless, the nominal separation
distance for the tilted cantilever is defined based on the tip-to-wall distance, i.e., the
shortest distance. A recently published model by Clarke et al. supports this argument and
demonstrates the striking sensitivity of thermal noise spectra to the tilted cantilever angle
[51]. Thus, if this extended Sader’s viscous model near a solid surface is properly
modified to consider the inclination of the practical cantilevers, agreement is expected to
exist between the predictions and measurements.

Figure 2.5 shows calculated near-wall thermal sensitivity, Af/AT, for the case of
silicon cantilevers as functions of h/L? for three different widths of 20, 30, and 40 pm.

The fundamental resonant frequency of a microcantilever in vacuum is given

fac = 21 =Co nst— / (LZ’ j
as 7 Pe Pe/ | i.e., the fundamental resonant frequency

increases with increasing h/L? (a thicker or a shorter cantilever) as well as increasing

Elp. (a stiffer cantilever). | believe that these two parameters, h/L® and Elp.

, more
comprehensively describe the microcantilever resonance characteristics than the
conventional choice of the aspect ratio (L/b). The temperature differential is set to 40 °C
according to our experimental condition, and the nominal cantilever height is set to H =
0.5. The sensitivities predicted at different heights (H), though not shown, show
qualitatively similar behaviors. The thermal sensitivity increases with increasing h/L?,
which is consistent with the finding that the fundamental resonance frequency increases

with h/L% This is attributed to the fact that, at higher resonance frequencies, the viscous

dissipative loading effect is more pronounced in determining the thermal sensitivity [52].
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Figure 2.5: Calculated near-wall thermal sensitivity A44T at H = 0.5 of microcantilevers

made of silicon as functions of h/L? for three different widths b = 20, 30, and 40 um.

28



Furthermore, once h/L? is fixed, the sensitivity increases with a narrower cantilever
(smaller b) with a lower spring constant k, which is more susceptible to the thermal
property changes of the surrounding liquid. Therefore, the cantilever sensitivity, as near-
wall thermometry, increases with increasing thickness, decreasing length, and decreasing
width when the cantilever material is specified.

Figure 2.6 shows the peak resonance response frequency shifts as functions of

AT for the three tested cantilevers. Note that the widths of the three selected cantilevers
are approximately the same within +10%. Each symbol represents the averaged

frequency shifts of ten (10) individual measurements, and the three types of symbols
(triangles, squares, and circles) represent the data taken at H = 0.1, 0.3, and 1.0,
respectively. The three curves show calculated frequency shifts for the case of H = 1.0
based on the extended Sader’s viscous model near a solid surface. The cantilevers with
relatively large h/L? and high fundamental resonance frequencies (TL-NCH2 and NSC12-
C2) show distinctions in the measured frequency shifts depending on H at each specified
temperature differential, while the cantilever with smaller h/L> (NSC12-F) shows
diminished dependence on H. This is consistent with the previous findings that the near-
wall viscous dissipation to temperature increase for a thicker or shorter cantilever is more

pronounced in comparison with that of a thinner and longer cantilever.
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Figure 2.6: Magnitudes of the peak resonance response frequency shifts as functions of
the temperature differential from the lower-end 30 °C for the three tested TL-NCH2,
NSC12-C2, and NSC12-F cantilevers. The curves represent theoretical predictions at H =
1.0, and the three families of symbols (triangles, squares, and circles) represent the
average shifts of the peak resonance response frequencies measured at three different

separation distances H = 0.1, 0.3, and 1.0, respectively.
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2.5 Conclusion

Experimental verification of the extended Sader’s model has been attempted for
thermally induced shifts of the peak resonance response frequencies and the Q-factors of
three different microcantilevers immersed in de-ionized water at controlled temperatures
ranging from 10 to 70 °C. The peak resonance response frequency shifts are dominated
by the temperature effects associated with the viscosity and density of de-ionized water,
and the effect associated with the cantilever elasticity variation with temperature is far
less substantial. Measured data for both single- and multi-layered cantilevers with ARs of
2.95 and 3.08, respectively, agree with the extended Sader’s model, while a cantilever
with a smaller AR of 2.25 shows increasing deviations with increasing temperature.

Experimental investigation of the extended Sader’s viscous model near a solid
surface has been attempted for thermally induced shifts of the peak resonance response
frequencies of three different microcantilevers immersed in de-ionized water near a solid
surface at controlled temperatures ranging from 30 to 70 °C. The peak resonance
response frequency shifts are dominated by the temperature effects associated with the
viscous dissipative and inertial effect of de-ionized water, and the effect associated with
the cantilever elasticity variation with temperature is far less substantial. Discrepancies of
the predictions based on the extended Sader’s viscous model near a solid surface, which
assumes a parallel cantilever, are identified from the present measurements using inclined

microcantilevers. The near-wall temperature sensitivities of the resonance frequency

shifts increase with increasing h/L? (a thicker and shorter cantilever), increasing Elp. (a
stiffer cantilever), and decreasing cantilever width b. Therefore, shorter and thicker

cantilevers made of identical materials of silicon with approximately the same width are
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expected to provide higher thermal sensitivity, particularly in the near-wall region.
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CHAPTER 3

Effect of adsorption-induced surface stress change on the frequency

response of a microcantilever immersed in saline solution

3.1 Introduction

Microcantilevers have been utilized as biological, chemical, and physical sensor
platforms for a decade. The resonance frequency shift and the deflection of a
microcantilever are two main transduction mechanisms for microcantilever sensors and
vary as a function of analytes adsorption [53-55]. Various sensors based on these
mechanisms have been successfully developed for analytes detection in gaseous
environments. In addition, many models have been proposed to explain adsorption-
induced surface stress change and its resultant resonance frequency shift or deflection of
a microcantilever in vacuum or in gaseous environment [56-59]. However, for liquid
environments, the development of microcantilever sensors has suffered from several
drawbacks, including a low quality factor, its generally narrow dynamic range, parasitic
deflection, and long-term drift. Only few studies have examined the effect of adsorption-
induced surface stress change on the microcantilever transduction mechanisms in liquid
environment [60, 61].

The potentially extensive needs of microcantilever sensors in biological and
chemical applications in liquid environments make it essential to elucidate the effect of
adsorption-induced surface stress change on the resonance frequency shift of a
microcantilever for correct interpretation of measured data. Although a few research

groups have published quantitative experimental and theoretical results for this effect [32,

33



60, 61], their analysis based on simple approximate equation still needs some refinement.

3.2 Theoretical Background

Recently, Sader [39] and Green and Sader [40] presented theoretical models to
predict thermally driven resonance frequencies of a microcantilever immersed in different
viscous fluids. Their model was examined by the author’s own experimental validation
conducted at different temperatures yielding different viscosities and densities for the
case of an aqueous medium [62, 63]. Indeed these previous studies showed feasibility of
using a microcantilever as a thermometry tool. In order to examine the frequency
response of a microcantilever as a salinity detection sensor, the adsorbed mass of ions om
and the spring constant change Jk should be additionally accounted for a microcantilever
with possible surface adsorption and stiffness changes.

Assuming evenly distributed adsorption of sodium and/or chloride ions on
microcantilever surface, the governing equation for the dynamic deflection function
w(x,t) of the cantilever is modified to:

o'w(x,1) o°W(x,1)
c¢R~LY 51) S0 E(xot
v + (u+op) e (x1) "

(El + &El)
where E is Young’s modulus, | is the moment of inertia of the cantilever, JEI is the
bending moment change of the cantilever due to adsorption-induced surface stress
change, u is the mass per unit length of the cantilever, du is the adsorbed mass of ions per
unit length of the cantilever, F is the external applied force per unit length, x is the spatial

coordinate along the length of the cantilever, and t is time.

Although recently the relationship between surface stress and cantilever stiffness in
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vacuum is successfully established using finite element analysis [64], the origin of this
bending moment change of a microcantilever in saline solution is still not well
understood. While effects of surface elasticity have been proposed to explain this bending
moment change, the determination of a surface elastic modulus remains elusive [65].

The fundamental resonance frequency mac2 Of @ microcantilever of mass mc in
vacuum accounting for the adsorbed mass of ions m and the spring constant change Jk is

given as:

K+ ok m
a)vac,Z (T) = a)vac,l(T)\/ k \/m _:d,n

)

where ayqc 1 1S the fundamental resonance frequency in vacuum without mass adsorption
and adsorption induced spring constant change, T is the surrounding medium temperature
in which the cantilever is submerged, k is the calibrated reference spring constant with the
Sader’s method [49].

The adsorbed mass of sodium ions can be estimated using the Gibbs adsorption

equation together with the concentration dependence of surface stress change of a gold
coated silicon nitride cantilever as d(ds)/dC =0.43Nm™M™ [60]. Table 3.1 shows the

adsorbed mass of sodium ions om calculated for different microcantilevers with various
physical dimensions (Table 3.2).

The spring constant change Jk can be iteratively determined until the predicted
peak resonance response frequency shift Afineo in @ specific saline concentration using Eq.
(2) converges to the measured peak resonance response frequency shift Afey, under the

identical conditions.
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Table 3.1. The adsorbed mass of sodium ions of the four tested cantilevers for the
different NaCl concentrations.

NaCl concentration ORC8-A ORCS8-B ORC8-C ORC8-D
C (mol/kg) om (kg) om (kg) om (kg) om (kg)

0.5 0.8x10-14 1.6x10-14 0.4x10-14 0.8x10-14

1.0 1.6x10-14 3.2x10-14 0.8x10-14 1.6x10-14

1.5 2.4x10-14 4.8x10-14 1.2x10-14 2.4x10-14

2.0 3.2x1014 6.4%10-14 1.6x10-14 3.2x10-14
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Table 3.2. Physical

microcantilevers.

dimensions and properties of four different tested

Dimensions Physical properties
Cantilever L b h w2 L/b Material P Kt Tair Manufacturer
(um)  (um)  (um) (kgm=®)  (Nm7)  (kHz)
0.015 Cr 7140
0.06 Au 19300
0.015 Cr 7140
0.06 Au 19300
ORCS-C 100 20 0831 906 5  SkNe 3100 0483 80407  \eoco Inc.
0.015 Cr 7140
0.06 Au 19300
ORCS8-D 200 20 0.831 227 10 SisNa 3100 0.075 22.333 Veeco Inc.
0.015 Cr 7140
0.06 Au 19300

TSpring constants are calculated for a given temperature using the Sader’s method and the

listed numbers represent the reference spring constants calculated at T, = 25 °C
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3.3 Experimental Methods

This study also presents well-controlled experiments to systematically investigate
the effect of adsorption-induced surface stress change on the resonance frequency shift of
a microcantilever immersed in saline solution. A wide range of sodium chloride (NaCl)
concentrations up to 2.0 molality (116.88g of NaCl per kg of water) is tested to observe
changes in the resonance frequency of a microcantilever.

Experiments are conducted to measure the flexural vibration frequency response

for four different microcantilevers immersed in saline solution with varying salt
concentrations at 25 °C. Four different rectangular silicon nitride microcantilevers with

different aspect ratios (L/b = 2.5, 5, 5, and 10, respectively) are selected for testing and

their physical layouts, material properties, and fundamental resonance frequencies in air
at 25 °C are shown in Table 3.2. The thicknesses of microcantilevers are measured using

a scanning electron microscope. The manufacturers provided the coating thicknesses data.
For each cantilever, the reference spring constant is calibrated from the Sader’s method.
The tested microcantilevers are mounted on the solution-compatible cantilever holder
attached to the head unit of the MFP-3D-BIO™ AFM (Asylum Research Inc., Santa
Barbara, CA). In order to provide a uniform temperature environment, a closed fluid cell
is used with the BioHeater™ System (also manufactured by Asylum Research Inc.)
providing uniformity within £0.1 °C. Measurements are made for the thermal noise
spectrum, the peak resonance response frequency, and the quality factor of each

cantilever.
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3.4 Results and Discussion

Figure 3.1 shows the peak resonance response frequency shifts from the reference
frequency in de-ionized water as functions of NaCl concentration for the four tested
cantilevers. Each symbol represents the averaged frequency shifts from ten (10)
measurements, with the error bar corresponding to 95% confidence interval. The four
curves show calculated frequency shifts based on the Sader’s viscous model that assumes
both 6k and om are zero. Although not shown, the resonance frequency shifts of each
cantilever with and without the adsorbed mass of sodium ions ém from the reference
frequency in de-ionized water are found virtually same. Thus the deviation between the
experimental and theoretical frequency shifts must be mainly due to the spring constant
change Jk as the adsorbed mass of ions is negligibly small.

The spring constant change ok in different NaCl concentrations are determined
with experimental fitting as described previously and the results are shown in Table 3.3.
The tested cantilevers tend to be stiffer with increasing NaCl concentration and maximum
percentile change of spring constant is 1.47% increase from the reference spring constant.
This stiffening trend of cantilevers is attributed to the electrostatic repulsive interaction
between the adsorbate ions which increases total surface stress and bending moment.

Figure 3.2 shows measured NaCl concentration detection sensitivity, Af/AC, in
symbols for the four tested cantilevers as functions of h/L? and predictions in curves
assuming both Jk and om to be zero. The detection sensitivity increases with increasing
h/L?, which is consistent with our previous finding [63] that the fundamental resonance

frequency increases with h/L% This is attributed to the fact that, at higher resonant

39



frequencies, the viscous dissipative loading effect is more pronounced in determining the
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Figure 3.1: Theoretical predictions and experimental measurements of the resonance
frequency shifts in saline solution from the reference frequency in de-ionized water as
functions of NaCl concentration for the four tested cantilevers. The four curves show
calculated frequency shifts by the Sader’s viscous model assuming both dk and om are
zero and each symbol represents the averaged frequency shifts from ten (10)
measurements, with the error bar corresponding to 95% confidence interval of measured

data.
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Table 3.3. The spring constant changes of the tested microcantilevers for the
different NaCl concentrations.

NaCl concentration ORCS8-A ORCS8-B ORC8-C ORCS8-D
C (mol/kg) ok (Nm™) ok (Nm™) Sk (Nm™) Sk (Nm™)

0.5 2.7x10° 1.4x10° 2.1x10° -0.3x10°

1.0 3.2x10° 1.1x10® 2.4x10° 0.2x10°

1.5 3.8x10° 1.9x10° 3.0x10° 0.3x107

2.0 2.5x10° 2.1x10° 4.3x10° 0.6x10°
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Figure 3.2: Measured and predicted NaCl concentration detection sensitivity, Af/4C, for
the four tested cantilevers as functions of h/L? assuming both ok and om are zero in

theoretical calculation.
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resonance frequency in liquid. Furthermore, once h/L? is fixed, the sensitivity increases
with a narrower cantilever (smaller b) with a lower spring constant k, which is more
susceptible to the hydrodynamic property changes of the surrounding liquid. Therefore,
the cantilever sensitivity, as a salinity detection sensor, increases with increasing
thickness, decreasing length, and decreasing width when the cantilever material is
specified. However, we should note that the stiffening of a microcantilever in saline
solution diminishes the absolute value of sensitivity and causes deviation between

measurement and theoretical prediction.
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3.5 Conclusion

Theoretical modification of the governing equation for the dynamic deflection
function of the cantilever in saline solution as a salinity detection sensor has been
attempted to accommodate the adsorbed mass and the spring constant change of a
microcantilever resulting from the effect of adsorption-induced surface stress change. In
addition to the hydrodynamic loadings associated with the viscosity and density change
of saline solution, the spring constant change due to adsorption-induced surface stress
change also influences the resonance frequency shifts and the effect associated with the
adsorbed mass of ions is negligible. We determine the spring constant changes of our four
different microcantilevers in saline solution with our model and measured experimental
data, and identify the stiffness of our microcantilevers in saline solution tends to increase
with increasing salt concentration and the absolute value of concentration detection

sensitivity of our microcantilevers decreases due to the stiffening of cantilevers.
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CHAPTER 4

Scanning thermal microscopy (SThM) technique in liquid medium

4.1 Introduction

Various approaches to micro- and nano-scale thermometry techniques have been
tried for over a decade as researchers have attempted to explore the limits of spatial and
temporal measurement resolution. Among them, scanning thermal microscopy (SThM)
using a microfabricated thermocouple probe tip seems to be the best for achieving
submicron spatial measurement resolutions for the case of solid surfaces exposed in
ambient air environments [66-70]. In the case of aqueous media, however, the SThM
probe has not been reported to be successful to date. Only recently, one research group
demonstrated the potential of SThM as a thermometry tool in an aqueous medium but
was not able to show any real temperature measurement data, which would be necessary
to validate the probe’s accuracy and resolutions capability [71]. Another group tried to
measure cellular thermal responses in a culture medium with micro-thermocouple probe
built on a glass micropipette, but no meaningful temperature signal was obtained [72].

On the other hand, several nonintrusive optical techniques have been developed to
measure microscale temperature distribution in agueous medium. The ratiometric laser-
induced fluorescence (LIF) technique using fluorescent dye molecules achieved
microscale spatial measurement resolution, but the measurement uncertainties were
excessive particularly in the near-wall or near-meniscus region because of the interfacial

interference of the fluorescent emission light [73]. Similarly, the optical serial sectioning
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microscopy (OSSM) technique showed good potential as a microscale thermometry
system for nanoparticle suspension fluids, but suffered from large measurement
uncertainty [74]. In addition to the excessive measurement uncertainties of these optical
thermometry techniques, the presence of dye molecules or dye-coated nanospheres may
alter the thermal characteristics of an aqueous medium. To lessen these shortcomings that
are associated with the foreign trace particles, a label-free, real-time, full-field surface
plasmon resonance (SPR) reflectance sensing technique has been exploited to map
microscale temperature distribution in the aqueous medium [75]. However, the detection
range of this technique is confined in the near-wall region to less than 1-um from the
solid surface, thus it is hard to extend the measurement field out of the near-wall region.
Here | describe a near-field microscale thermometry sensor in an aqueous medium
using a tipless microcantilever. The peak resonance response frequency and the quality
factor of a microcantilever are two important dynamic characteristics that are extremely
sensitive to the density and viscosity of the surrounding fluid and to the proximity of the
cantilever to the solid surface [34]. Thus, these dynamic characteristics of microcantilever
vibration can be calibrated to yield quantitative measurements for the fluid properties at a
certain separation distance between a solid surface and a microcantilever [50]. | have
verified that the dissipative effect due to liquid viscosity is the dominating factor for the
resonance frequency shifts of a microcantilever. In my previous publication, |
successfully correlated temperature effects on liquid properties with the thermal
resonance of a microcantilever in aqueous medium in the region away from a solid
surface where the no-slip wall effect is negligible [62]. Then | investigated the

temperature dependence of the near-wall vibration of microcantilevers that suffer
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interference from the presence of the nearby solid wall. | successfully demonstrated the
concept of near-wall corrected scanning thermal microscopy working in aqueous medium
[63]. However, for the concept to be more valuable as a working thermometry sensor, it
will be necessary to validate the concept by experimental measurements of specified
temperature fields and comparison of the data with known predictions.

This study presents well-controlled thermal experiments that validate the concept
of scanning thermal microscopy (SThM) working as a near-field microscale thermometry

sensor in an aqueous medium by measuring microscale temperature distributions.

4.2 Methods and Materials

In my previous study [63], | tested the near-wall thermal sensitivities of various
cantilever geometries and found that the TL-NCH cantilever (length L = 135 um, width b
= 39 pm, and thickness h = 4.5 pum, Nanosensors Inc.) showed the highest near-wall
thermal sensitivities among those tested. The selected microcantilever was mounted on a
solution-compatible cantilever holder attached to the head unit of the MFP-3D-BIO AFM
(Asylum Research Inc.) and calibrated at four specified separation distances z= 5, 10, 20,
and 40 pum, which are measured between the lower end of the cantilever and the glass
substrate surface. The experiments were carried out with the BioHeater™ system

(Asylum Research Inc.) providing a uniform fluid temperature environment within
+0.1 °C in a steady state. Figure 4.1 shows the first peak resonance response frequencies

of the TL-NCH cantilever immersed in de-ionized water as functions of specified
temperatures at different separation distances. The inset schematic illustrates the

experiment setup using the BioHeater™™ system. Each symbol represents the averaged
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Figure 4.1: Experimental near-wall correlation of the microcantilever peak resonance
response frequency with aqueous medium temperature at four different separation
distances (z=5, 10, 20, and 40 um) between the lower end of the cantilever and the glass

substrate surface.
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resonance frequencies from ten measurements with the error bar of a 95% confidence
interval. The cantilever vibration frequencies, quenched due to the nearby no-slip solid
wall interference, should be taken into consideration in order to correlate the measured
resonance frequency to the agqueous medium temperature. The corresponding power-
fitting curves fairly well correlate with the measured data.

To validate the accuracy of the thermometry, a carefully designed experiment was
performed to measure steady-state temperature fields in a controlled microscale thermal
environment. Figure 4.2 shows the schematic of a microscale line heater working also as
a temperature sensor based on the resistance-temperature relation of a thin gold film [76].
The micro-line heater consists of a vapor-deposited gold line which is 38 mm long, 100
pm wide, and 0.5 pm thick and two 3-mm-square and 0.5 pm-thick soldering pads (Fig.
4.2-a). A 500-nm-thick gold layer is deposited with a 10-nm-thick chromium adhesion
layer by e-beam evaporation on the Borofloat glass substrate. The microheater patterns
are deposited on the glass substrate by a lift-off technique. To physically protect and
electrically insulate the micro-line heater, the top layer is coated with SU8-2002
(MicroChem Inc.) except for the soldering pads. The coating thickness is uniform at 2
pm; a 1.5 pum coating on top of the 0.5 um heater line (Fig. 4.2-b). A feedback circuit
based on the constant-temperature hot wire anemometer [77-79] is connected to provide a
control for the microheater power for a constant temperature environment.

Figure 4.3 illustrates the near-field micro-thermometry sensor working for both
the near-field and far-field regions in the aqueous medium. The near—field corresponds to
the region that is one cantilever width from the solid interface, where the no-slip

hydrodynamic boundary conditions effectively quench the thermal vibration frequencies
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of the microcantilever. Far-field thermometry has been extensively examined by means of
the experimental validation in my previous publication [62], and thus the present study
focuses only on the near-field thermometry. The inset photograph shows the TL-NCH
cantilever aligned parallel to the 100-um wide gold line heater shown as a thick
horizontal white line. The separation distance zis controlled with 100-nm resolution by
the piezoelectric actuator attached to the AFM head. The peak resonance response
frequencies are measured and the data are reduced by the use of a thermal frequency
fitting function, available from the MFP-3D-BIO AFM data acquisition software.

It is essential that a microcantilever of AFM be aligned at a small angle of
inclination to the horizon for efficient and effective surface imaging and detection
purposes. The present cantilever has an inclination angle 8 of 11° and the probing site is
widened to Lsinf. Assuming a linear temperature variation along the probing site, the
modified separation distance z' = z + 0.5Lsiné is taken to the midpoint of the cantilever.
Note that the modified distance z' is used to calculate the temperature distributions while
the nominal separation distance z is measured from the lower end of the cantilever.

Figure 4.4 presents a calculated temperature field for the two-dimensional
computational domain that is consistent with the cross-section of the test medium. This
two-dimensional grid was generated with CFD-GEOM software (CFD Research
Corporation) and temperature field was calculated with CFD-ACE software (CFD
Research Corporation). A room temperature (20°C) is imposed for all outer boundary
conditions, and a constant temperature condition (50°C) is specified for the gold heater
surface. The computational domain to solve for the heat conduction/convection equation

consists of the microcantilever holder (k = 1.38 W/m-K), the silicon cantilever chip
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Figure 4.4: Two-dimensional computational simulation domain of the microscale thermal

environment and the detailed prediction of the temperature distribution.

54



(k = 124 W/m-K), the aqueous medium (k = 0.613 W/m-K), SU8-2002 (k = 0.17 W/m-K),
and the glass substrate (k = 1.2 W/m-K). All other thermophysical properties are assumed
constant at 27°C whereas the thermophysical properties (viscosity, density, thermal
conductivity, and specific heat) of water are formulated using polynomial functions of the
temperature.

The temperature field shown in false color in Figure 4.4 represents the steady
thermal field established in the aqueous medium over the micro-line heater when the
microcantilever is separated by 40 um from the glass substrate. The presence of the
silicon microcantilever chip acts as a nontrivial heat sink because of the high thermal
conductivity of silicon. Therefore, the medium temperature decreases rapidly with

increasing z from the heater surface to the chip surface.

4.3 Results and Discussion

4.3.1 Transient temperature measurements

Figure 4.5 shows transient temperature measurements at z = 40 um when the
microheater temperature Ty, is maintained at 50 °C, 70 °C, or 90 °C, respectively. In
approximately 10 minutes after the heater is turned on, the test field temperature reaches
the steady state for each of the three cases and agrees well with the corresponding
calculated steady-state temperature shown by the three horizontal lines. The measured
steady-state temperature remains constant for a sufficiently long period under the

feedback circuit control to ensure steady thermal conditions.
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Figure 4.5: Transient temperature measurements at z = 40 um while the microheater

temperature T was maintained at 50 °C, 70 °C, or 90 °C.
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4.3.2 Steady-state temperature measurements

Figure 4.6 shows the measured and predicted temperature profiles in the vicinity
of the microheater surface at four different z-locations (5, 10, 20, and 40 pum) for each of
three different heater temperatures (50, 70, or 90 °C). Each symbol represents the average
of ten data realization measurements, and the three curves show the calculated
temperature profiles based on the two-dimensional CFD calculations, accounting for the
modified separation distance (z'). The measurements correlate well with the predictions,
implying that the modification of the separation distance is acceptable for the cantilever
midpoint.

The spatial resolution of the sensor depends on the dimensions and the inclination
angle of the microcantilever. By sufficiently reducing the dimensions and the inclination
angle, I expect to enhance the spatial resolution by up to one or two orders of magnitude.
The measurement uncertainties can be dramatically reduced by employing the so-called
quality factor enhancement scheme [80]. In addition, my theoretical predictions, based on
an extended Sader’s viscous model [62, 63], suggest higher thermal sensitivity is
achieved when the cantilever material has a positive thermal dependence of Young’s
modulus dE/dT and its dimensions are reduced. Both silicon and silicon nitride have a
negative thermal dependence of Young’s modulus in this temperature range, however,
silicon dioxide has a positive thermal dependence of Young’s modulus. Therefore, for
highly sensitive thermal sensor, silicon dioxide cantilever is recommended. Figure 4.7
shows calculated near-field thermal sensitivity Af/AT for the case of silicon cantilevers as
functions of h/L? for three different widths of 20, 30, and 40 pum [63]. The temperature

differential is set to 40 °C and the normalized cantilever separation distance H (z/b) is set
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to 0.5. The thermal sensitivity increases with increasing h/L?, which is consistent with the
finding that the fundamental resonance frequency increases with h/L2. Furthermore, once
h/L? is fixed, the sensitivity increases with a narrower cantilever (smaller b) with a lower
spring constant k, which is more susceptible to the thermal property changes of the
surrounding liquid. Therefore, from the theoretical point of view, the cantilever’s thermal
sensitivity, in its role as a near-field thermometry sensor, increases with increasing
thickness, decreasing length, and decreasing width when the cantilever material is

specified.

4.4 Conclusion

A new concept of a near-field thermometry sensor using a tipless microcantilever
in aqueous medium is experimentally validated by conducting careful thermal field
measurements. The experimental calibration, accounting for the near-wall hydrodynamic
interference effect, is utilized to correlate the resonance frequency of a microcantilever
with the aqueous medium’s temperature. The microscale temperature measurements
using this sensor agree well with the calculated predictions. To improve spatial resolution
and thermal sensitivity of this sensor, use of a shorter, thicker, and narrower
microcantilever is recommended based on my theoretical predictions. The
microcantilever sensor can also lessen the complexity and mitigate the high cost
associated with existing microfabricated thermocouples or thermoresistive sensors. It is
noted that this microcantilever sensor requires relatively slow temporal resolution of an
order of one second to determine the resonance frequency of a microcantilever with

thermal frequency scanning, averaging, and fitting. It is expected that successful
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implementation of self-excitation detection schemes to provide quasi-real time and highly
accurate detection of the microcantilever resonance frequency will be essential to further
develop microcantilever thermometry for real-time response to highly transient thermal

fields.
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CHAPTER 5

Atomic Force Spectroscopy (AFS) for the surface nanomechanical

property measurements of polyelectrolyte hydrogels

5.1 Introduction

The development of atomic force microscopy (AFM) [1] and the subsequent
development of atomic force spectroscopy (AFS) [15] have made it possible to probe the
surface and mechanical properties of materials at a submicron scale. This is potentially
significant because the surface nanomechanical properties of natural and synthetic
hydrogels play a critical role in their use as biomaterials. As a result, the application of
AFM technology to soft hydrogel biomaterials has a number of important applications in
medicine and biomedical engineering.

Hydrogel substrate compliance has been identified as one of the key physical
factors in the response of many cell types [81]. For example, both fibroblast cell
locomotion and focal adhesions have been shown to be regulated by substrate compliance
[82]. Aortic smooth muscle cells have been found to spread and organize their
cytoskeletons and focal adhesions to a greater extent on stiff gels than on soft gels [83].
In addition, vascular smooth-muscle-cell migration has been shown to be controlled and
directed by gradients in substrate compliance [84]. Further, morphotype and the
expression of the focal adhesion plaque proteins of endothelial cells are also modulated
by substrate elasticity [85]. Even, native mesenchymal stem cells have been shown to

specify lineage and commit to phenotypes with extreme sensitivity according to substrate
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elasticity [86]. Thus, the surface mechanical properties of synthetic hydrogels are
emerging as an important factor in the adhesion and biological response of cells that are
in contact with these materials.

The mechanical properties of synthetic hydrogels reflect the complicated
combination of the neutral and charged monomer concentrations, the solvent quality, the
chemical dissociation effects, and many other factors [16-21]. These competing and non-
linear effects make it challenging to predict and understand the mechanical properties of
these materials. In particular, the incorporation of charged monomers into an otherwise
neutral and inert background has been exploited in a number of studies to promote cell
adhesion and proliferation [22-25].

Atomic force microscopy is becoming an important tool for testing these complex
materials, having been used both to image the surface nanotopography and to measure the
surface elasticity of hydrogels in liquid solution [87-92]. The vast majority of studies that
have used AFM to probe hydrogels and other biomaterials, however, have only
considered isolated and random samples. By fabricating a sequence of hydrogels with
systematically varying charged monomer compositions, the mechanical phase states can
be more easily appreciated and understood.

This study examines the surface elasticity and charge effects on endothelial cell
seeding of a sequence copolymer polyelectrolyte hydrogels. A neutral monomer, 2-
hydroxyethyl methacrylate (HEMA), was copolymerized with varying proportions of the
basic monomer 2-methacryloxyethyl trimethyl ammonium chloride (MAETAC).
Hydrogels were prepared with increasing positive charge concentrations ranging from 0

to 400 mM. The equilibrium swelling behavior was measured as a function of the
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monomer composition or the equivalently positive charge concentration, and was
compared with AFM measurements of the surface elasticity. The effect of these
parameters on endothelial cell attachment was demonstrated by seeding these hydrogels

with porcine pulmonary artery endothelial cells (PPAECS).

5.2 Methods and Materials

5.2.1 Hydrogel preparation

A series of copolymer hydrogels, with increasing proportions of positively
charged monomers, was synthesized using the neutral monomer 2-hydroxyethyl
methacrylate (HEMA) and the basic monomer 2-methacryloxyethyl trimethyl ammonium
chloride (MAETAC). Specifically, 1.54M HEMA (Polysciences) and 1.14 M HEMA /0.4
M MAETAC (Polysciences) monomer stock solutions containing 40% ethylene glycol
(solvent) and 20.2 mM ethyleneglycol dimethacrylate (EGDMA) (Aldrich) were initially
prepared. By mixing relative proportions of the neutral HEMA and basic MAETAC stock
solutions together, pregel solutions containing a total 1.54 M monomer concentration, but
with MAETAC concentrations ranging from 0 to 400 mM, were prepared at 40mM
increments. Stock solutions of 4 wt% initiator ammonium persulfate (APS) (Aldrich) and
15 wt% accelerator sodium metabisulfite (SMBS) (Aldrich) were also prepared. To start
the polymerization reaction, 200 uL of the 4 wt% APS initiator stock solutions and 200
pL of the 15 wt% SMBS accelerator stock solutions were added to 10mL of the pregel
monomer mixtures. After the monomer solutions were mixed, they were filtered with a

0.2 um filter and injected between two glass plates separated by a 400 um Teflon spacer

64



and allowed to polymerize for 24 hours at room temperature. After polymerization, the
copolymer hydrogel membranes were removed from their molds and allowed to
equilibrate in 154mM of NaCl solutions for several days. The NaCl bath solutions were

replaced everyday to ensure equilibration.

5.2.2 Hydrogel shrinking/swelling experimental measurements

After polymerization and washing, the copolymer hydrogels were cut into circular
discs for use in the AFM measurements. For the measurements of hydrogel equilibrium
swelling behavior measurements, the hydrogels polymerized in their molds were cut out
using a cork borer with 16.46 mm inner diameter, Dy, and washed in a 154 mM NaCl
solution for several days. The shrinking/swelling behavior was recorded by measuring the
hydrogel disc diameters, D, using an electronic digital caliper. The relative
shrinking/swelling ratio, (D-Dg)/Do, was evaluated after equilibration in solution relative

to the inner diameter of the borer, Dy, that was used to cut the hydrogel.

5.2.3 AFM measurements

Surface imaging and force spectroscopy measurements were performed using an
MFP-3D-BIO™ AFM (Asylum Research Inc., Santa Barbara, CA). All non-contact mode
surface imaging was performed with an Olympus BioLever A cantilever (Olympus,
Japan) in 154 mM of NaCl solution. The scanning size was 10 pum by 10 um. In order to
provide a physiological temperature environment, a closed fluid cell was used with the
BioHeater™ System (Asylum Research Inc., Santa Barbara, CA). Force spectroscopy

measurments were performed with a 6 um polystyrene microsphere affixed to a V-shaped
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silicon nitride cantilever (Bioforce Nanoscience, Ames, IA), which allowed force-
displacement curve measurements under indentation without puncturing the soft gel

surface. The nominal spring constant of the cantilever was 0.06 N/m. All measurements
were made at 37+0.1 °C.

The position-sensitive detector signal of the AFM was calibrated by taking the
slope of the deflection voltage versus the z displacement curve measured using a
reference glass substrate surface in saline solution. Ten force-displacement curve
measurements at each of five different randomly selected locations were acquired with a
probing speed of 2 um/s and approach-retraction frequency in the ranging from 0.2 Hz to
1 Hz. The indentation depth, o, was controlled in the range from 60 nm to 600 nm, by
changing the trigger voltage of the force-displacement curve measurements in order to
satisfy the basic assumption of the spherical Hertz model [93, 94]. It will be recalled that
the slope of a force-displacement curve describes the elastic properties of a sample
qualitatively. The more elastic a sample, the steeper the slope of a force-displacement

curve will be. In the spherical Hertz model, the elastic modulus E is given by

Nk d
R/ W’ (1)

E=§(—v

where v is the Poisson ratio of the sample, k is the spring constant of the cantilever, R is
the radius of the polystyrene bead, d is the deflection of the cantilever, and ¢ is the sample
indentation depth. The indentation depth can be calculated by subtracting the cantilever
deflection d from the piezo displacement z [93, 94]. Evaluation of the indentation depth
and elastic modulus E were performed in the retracting part of the force-displacement

curves [95, 96]. Note that this Hertz model has the potential of overestimating by up to
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25 % of the true elastic modulus, since the model neglects the adhesive effects and tends

to underestimate the contact area [93-96].

5.2.4 Cell culture and imaging

Endothelial cells were isolated from porcine pulmonary arteries obtained from a
local abattoir. The endothelial cells were cultivated in an incubator at 37 °C and 5% CO,.
The cell culture media consisted of M199 (GibcoBRL) and 10% fetal bovine serum
(FBS) (Hyclone) supplemented with BME vitamins (Sigma), L-glutamine (GibcoBRL),
penicillin and streptomycin (GibcoBRL), and BME amino acids (Sigma). The culture
was maintained for approximately 1 week, at which point the cells reached confluence.
They were then regularly passaged once a week. For this study, passages between four
and ten were used for measurements. Trypsin-EDTA (1X, GibcoBRL) was used to detach
cells for passaging and hydrogel inoculation. Endothelial cells suspended in M199 were
inoculated directly onto a series of sterilized hydrogels and cultivated in an incubator for

20 hours. All optical images were taken using a phase contrast microscope.

5.3 Results and Discussion

The samples selected for this study were chosen for a number of important
reasons. The copolymer hydrogels exhibit a range of elasticity and these particular
materials have been successfully used as scaffolds for cellular systems. The copolymers
chosen for this study also have well defined thermodynamic properties.

Figure 5.1 summarizes the swelling transitions in HEMA-MAETAC copolymer

hydrogels. Increasing proportions of positively charged MAETAC monomers produce an
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overall trend toward increasing swelling in equilibrium. The hydrogels prepared at
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Figure 5.1: HEMA-MAETAC equilibrium swelling behavior as a function of copolymer
hydrogel charge with a fixed of 154 mM NaCl bath salt concentration. Adding increasing
proportions of positively charged monomers produces increasingly swollen states. Inset

scale bars =2 um.
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MAETAC concentrations less than or equal to 120 mM undergo collapsed transitions
when they are equilibrated at physiologic ion strengths (154mM NaCl). These hydrogels
that undergo collapse transitions initially show cloudy gels but subsequently become
transparent in time. The swollen hydrogels, for MAETAC concentrations higher than 120
mM, are transparent without cloudiness but become increasingly fragile with increasing
swelling.

The inset figures show the AFM surface nanotopography images for the neutral
HEMA (0 mM), basic HEMA-MAETAC hydrogels prepared with +40 mM and +80 mM
MAETAC concentrations, respectively. It was not possible to scan and image HEMA-
MAETAC hydrogel samples with charges of +120 mM or greater due to their excessively
low elastic moduli. The surface roughness of the HEMA-MAETAC hydrogels lessened
progressively with increasing MAETAC concentrations.

Figure 5.2-a, 5.2-b, and 5.2-c show representative force-versus-displacement
curves for a neutral HEMA hydrogel, a +200 mM HEMA-MAETAC copolymer hydrogel,
and a +400 mM HEMA-MAETAC copolymer hydrogel in a 154 mM NaCl bath ion
solution at 37 °C respectively. The inset sketches illustrate the 6-um-diameter beaded
probe before contact (z < 0), at the moment of contact with the gel surface (z = 0), and
when the probe has indented to the gel (z > 0). The maximum indentation force is limited
to 21 nN, which is equivalent to the maximum cantilever deflection and bead indentation
for a given hydrogel sample.

Increasing proportions of charged monomers produced approaching-retracting
curves with increasing hysteresis associated with the viscoelastic deformation and the

adhesive properties of the hydrogel surface. The initial cantilever deflection towards the

70



S0nbl - Neutral HE.MA
——— Approaching curve
= = = Retracting curve
154
=
=)
b =
g
=
B
5 =
A
A
A
0 L) L) L) T T L) L) 1
800nm 600 400 200 0 -200 400 -600 -800
z-displacement (nm}
20nN 4 HEMA-MAETAC 200mM
—— Approaching curve
154 = = = Retracting curve
=
E104 +7 l (
@
5
L3 [
0 — =7
-’
ot == ’
T T T T T L] T 1
800nm 600 400 200 0 200 400 600 800
z-displacement (nm)
)
20nN 4 HEMA-MAETAC 400mM
T —— Approaching curve
= = = Retracting curve
_ 10+
=
E 54
8
e o -
i T
5 .
’
m
10 4 Y i
- '
15 BTG,

T
1.0pm 0.5 0.0

z-displacement (um)

Figure 5.2: Force-displacement curves for a representative hydrogels in an approaching
and retracting cycle. (a) Neutral HEMA (b) +200 mM HEMA-MAETAC (c) +400mM
HEMA-MAETAC. The approach and retract curve hysteresis and the initial approach

curve deflection occur in association with increasing charged monomer concentration.
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hydrogel surface on approaching curves (“snap-in”) and the final cantilever deflection on
retracting curves (“snap-out”) also increased with increasing proportions of positively
charged MAETAC monomers. During snap-in and snap-out, a combination of van der
Waals and electrostatic forces attracted the 6-um polystyrene microsphere affixed to the
cantilever. The increased charge density of HEMA-MAETAC hydrogel seemed to
increase these attraction forces, resulting in a greater hysteresis.

When the maximum cantilever deflection was specified as a fixed value, the
corresponding maximum indentation depth, &, increased with increasing MAETAC
concentrations as a result of the decreasing surface elasticity. In the case of a maximum
cantilever deflection of 350 nm at 21 nN, Figure 5.3 shows eleven (11) different
hydrogels with a range of monomer concentrations up to 400 mM in a 154-mM NaCl
bath ion solution at 37 °C. Each symbol represents the averaged indentation depth, J,
from a total of fifty measurements at five different locations (ten at each location) with
the error bar of corresponding standard deviation. Measurement uncertainty increased
with more swollen hydrogels having corresponding lower surface elasticities.

Figure 5.4 shows the dependence of the Young’s modulus estimation on the
indentation depth based on retracting curves. Each symbol represents the averaged
Young’s modulus, E, from a total of fifty measurements at five different locations (ten at
each location) with the error bar of corresponding standard deviation. For the more
swollen hydrogels, Young’s modulus estimates obtained from the retracting curves were
more stable. In the analysis range, the Young’s modulus, E, is nearly independent of the
indentation depth. For the collapsed hydrogel (HEMA), which shows the highest surface

elasticity, however, estimation of the Young’s modulus was slightly increased with
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increasing indentation depth, and this is attributed to the fact that uncertainties of contact
z-point determination increased when the highly elastic surface allowed a relatively
shallower indentation depth. Note that the use of the approaching curves in determining
the Young’s modulus tends to result in a bias because of the stepwise probe contact
triggered by the van der Waals force interactions [95, 96].

Figure 5.5 summarizes the Young’s modulus versus initially prepared charged
monomer concentration based on the retracting force curve analysis. Each symbol
represents the averaged Young’s modulus, E, from a total of fifty measurements at five
different locations (ten at each location) with the error bar of corresponding standard
deviation. The four sets of data represent hydrogels that were equilibrated in physiologic
saline solution (154 mM NaCl), M199 with 10% FBS (culture medium with serum, but
no pH control), M199 without FBS containing 25 mM HEPES buffer (culture medium
without serum, but with pH control), and M199 with 10% FBS containing 25 mM
HEPES buffer (culture medium with serum and pH control). The temperature was kept at
37 °C in all cases.

Increasing the relative proportion of charged monomers produced a systematic
decrease in the Young’s modulus. Within the error tolerances, the Young’s modulus for
hydrogel equilibrated in physiologic saline is similar to those equilibrated in M199 media
with FBS. In the absence of FBS and a controlled CO, environment, a white precipitate
was observed in the solution and the errors associated with the corresponding Young’s
moduli were significantly larger. Including a HEPES buffer removed the precipitate and

reduced the errors associated with the measurements.
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Figure 5.5: HEMA-MAETAC force spectroscopy estimates of the surface elasticity.
Adding increasing proportions of positively charged monomers produces a decrease in
the surface elasticity. The error bars represent the standard deviation of a total fifty
measurements at five different locations (ten at each location) over the hydrogel surface.
The four sets of data represent hydrogels that were equilibrated in 154 mM NaCl, M199
media with FBS, M199 media without FBS but containing 25 mM HEPES buffer, and

M199 media with FBS containing 25 mM HEPES buffer.
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Figure 5.6 shows a series of photomicrographs of porcine pulmonary artery
endothelial cells (PPAECS) on the different hydrogels following 20 hours of growth. The
hydrogels prepared with 0, +40 and +80 mM of MAETAC monomers promoted very
little endothelial cell adhesion. In most cases the cells remained round and eventually
died. Hydrogels prepared with MAETAC concentrations of +120 mM and higher
promoted endothelial cell attachment with a “cobblestone” morphology. This agrees with
the hypothesis that HEMA copolymer hydrogels with higher MAETAC concentrations
and more positive surface charges allow enhanced cellular attachment.

Systematic changes in hydrogel monomer composition provide a valuable means
for understanding the phase behavior of these materials. In general, increasing
proportions of charged MAETAC monomers produce increasing swelling states at
physiologic ion strengths. A corresponding decrease in elastic moduli is also produced.
Most previous studies of this nature have only considered commercially available
hydrogel materials as model systems. The strength of the present study is the
correspondence between AFM measurements and well defined hydrogel thermodynamic
states. This can be used as a guide for the synthesis of predefined matrices for a number
of biotechnological applications.

Special considerations are noted on the elastic moduli estimation for different
indentation depths, and the determination of the elastic moduli using either retracting or
approaching force curve analysis. Estimates of the elastic moduli based on the retracting
curve are less prone to systematic errors. For a given cantilever deflection, the
indentation depth increases with increasing proportions of positively charged monomers.

The decrease in surface elasticity is associated with greater swelling states.
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Figure 5.6: Endothelial cell morphologies as a function of prepared hydrogel charge after
20 hours of growth. Hydrogels prepared with 0, +40 or +80 mM MAETAC resist cellular
attachment. Hydrogels prepared with charged monomer concentrations between +120 and

+400 mM promote cellular attachment. Scale bars = 100 pm.
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The lateral resolution in this study depends on the polystyrene bead used. If a
schematic of the polystyrene (PS) sphere bead indentation is drawn, it will be clear that

the indentation diameter ¢, which determines lateral resolution, depends on indentation

depth and radius of PS sphere. $=202R5-5" Thus, the lateral resolution for this
system is estimated to be in the order of a few microns.

The surface nanotopography of the HEMA-MAETAC hydrogels prepared with 0,
+40 and +80 mM MAETAC were imaged successfully with AFM system. It was,
however, not possible to image hydrogel samples with charges of +120 mM and greater.
The relatively small elastic moduli of more swollen samples made it impossible to obtain
stable surface image measurements. The surface nanotopography of the HEMA hydrogel
was rougher than that of the +40 and +80 mM hydrogels.

During the polymerization process, the HEMA hydrogels with smaller proportions
of charged MAETAC monomers became increasingly cloudy, indicating the presence of a
phase separation. When these cloudy hydrogels were washed, they underwent a collapse
transition to a denser transparent state. The surface roughness of the pure HEMA
hydrogel may, therefore, be the result of the quenched disorder that occurs during the
collapse transition following washing. Cloudiness was not observed in the HEMA-
MAETAC hydrogels with concentrations higher than 120 mM. The hydrogels in this
study were equilibrated in physiologic ion strengths for approximately one week in a
Petri dish laid inside the laminar hood. Very slow kinetics have been observed in these
materials [16]. In general, the swelling kinetics increase with the square of the hydrogel
dimensions.

High charge density hydrogels are subject to ion condensation effects and the
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restricted swelling produced by the finite polymer length. With increasing charge beyond
a threshold limit Manning condensation will limit the charge density even if more
charged monomers are added. In addition, the restricted polymer lengths will prevent
further swelling of the network. This could provide an explanation for the elastic moduli
observed at high charge densities. The highly swollen hydrogels are more likely to detach
from the substrate, and thus the swollen hydrogels can substantially bias the AFM
measurements to be unacceptable. The initial decrease in the swelling observed at +40
mM could be explained either by assuming that there are charged methacrylic acid
monomers in the HEMA stock or by the steric interactions.

Normal atmospheric levels of carbon dioxide (CO,) vary from 0.03% to 0.06%.
As a result, when cell culture media is removed from a 5% CO, atmosphere provided by
an incubator, there is a significant drop in the exposed CO; levels. When carbon dioxide
dissolves in a medium, it tends to lower the solution’s pH through the formation of
carbonic acid. Lowering the ambient atmospheric CO,, by removing a cell culture sample
from a 5% CO, atmosphere, therefore, tends to drive the pH up. In the absence of a CO,
atmosphere, the cell culture media used in this study formed precipitates. The presence of
calcium or magnesium in the cell culture media can potentially give rise to a number of
precipitates. In the absence of a 5% CO; environment the media pH can rise above 7.4.
This in turn can give rise to small increases in hydroxide, OH", and phosphate ion, PO,
concentrations. The solubility product constant, Ksp, of calcium phosphate, Cas(POa): is
2.07x10%, making calcium phosphate a likely candidate for a precipitate when the pH
increases slightly. Magnesium phosphate, with a Ky, of 1.04x10%*, is another strong

candidate.
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The ability to fabricate hydrogels with systematic changes in some physical
quality, such as surface charge and elasticity, has a number of important applications in
bioscience and engineering. In particular, the results of this study have important
implications for the application of hydrogel materials for cellular scaffolds. A number of
studies indicate that hydrogel surface charge and elasticity play an important role in
promoting cellular attachment and proliferation [22-25].

As Figure 5.1 shows, increasing proportions of charged monomers can produce
swelling transitions that reduce the equilibrium charge density compared to the prepared
charge density. This is an important consideration when one is attempting to separate the
effects of surface elasticity and charge density on cellular attachment. In addition to the
mechanical effects of surface elasticity and non-specific binding forces produced by
charge and van der Waals interactions, specific binding effects need to be considered.
Serum proteins can be absorbed into the hydrogel surface in a charge- and composition-
dependent manner. In general, increased surface charge densities produce increasing
serum protein absorption. Neutral hydrogels, such as poly L-lactic acid, are often
hydrolyzed in acid or base to produce charged carboxyl groups.

The results of this study have important implications for the recent interpretation
that stiffer hydrogels promote cellular attachment and growth more readily than softer
hydrogels. In this study, the softer, more flexible hydrogels clearly promote greater
endothelial cell attachment. The more charged hydrogels, in this case, will also likely
promote increased cellular adhesion through the absorption of adhesion ligands from the
cell-culture media and through the charge-charge interactions between the cell and the

hydrogel surface. The complex interaction between non-specific binding, specific binding,
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and surface elasticity must be, therefore, carefully reconsidered.

5.4 Conclusion

Increasing concentrations of positively charged MAETAC monomers produced
swelling transitions and decreasing surface elastic moduli when the total pregelation
monomer concentration was maintained at 1.54 M. The HEMA-MAETAC copolymer
hydrogels prepared with 0, +40 and +80 mM of MAETAC monomers promoted very
little endothelial cell adhesion. However, the hydrogels with MAETAC concentrations of

+120 mM and higher promoted endothelial cell attachment with cobblestone morphology.
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CHAPTER 6

Conclusion

In order to develop microscale thermofluidic and biophysical sensors,
characterization of dynamic responses of AFM cantilevers in liquid medium was
systematically performed and practical applications of microcantilever sensors for
thermofluidic and biophysical problems were provided.

Experimental verification of the Sader’s viscous model far-away from a surface
has been attempted for thermally induced shifts of the peak resonance response
frequencies and the Q-factors of three different microcantilevers immersed in de-ionized
water at controlled temperatures ranging from 10 to 70 °C. The peak resonance response
frequency shifts are dominated by the temperature effects associated with the viscosity
and density of de-ionized water, and the effect associated with the cantilever elasticity
variation with temperature is far less substantial. Experimental investigation of the
extended Sader’s viscous model near a solid surface has been attempted for thermally
induced shifts of the peak resonance response frequencies of three different
microcantilevers immersed in de-ionized water near a solid surface at controlled
temperatures ranging from 30 to 70 °C. The peak resonance response frequency shifts are
dominated by the temperature effects associated with the viscous dissipative and inertial
effect of de-ionized water, and the effect associated with the cantilever elasticity variation
with temperature is far less substantial. Discrepancies of the predictions based on the
extended Sader’s viscous model near a solid surface, which assumes a parallel cantilever,

are identified from the present measurements using inclined microcantilevers. The near-
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wall temperature sensitivities of the resonance frequency shifts increase with increasing

h/L> (a thicker and shorter cantilever), increasing Elp, (a stiffer cantilever), and
decreasing cantilever width b.

Theoretical modification of the extended Sader’s viscous model has been
attempted to accommodate the adsorbed mass and the spring constant change of a
microcantilever resulting from the effect of adsorption-induced surface stress change. The
peak resonance response frequency shifts of microcantilevers are dominated by the
hydrodynamic loadings associated with the viscosity and density change of saline
solution. The spring constant change due to adsorption-induced surface stress change also
influences the resonance frequency shifts and the effect associated with the adsorbed
mass of ions is negligible. The spring constant changes of four different microcantilevers
in saline solution were determined with the modified Sader’s model and measured
experimental data, and the stiffness of tested microcantilevers in saline solution tends to
increase with increasing salt concentration and the absolute value of concentration
detection sensitivity of tested microcantilevers decreases due to the stiffening of
cantilevers.

With these fundamental understanding of dynamic responses of AFM cantilevers
in liquid medium, a new concept of a near-wall thermometry sensor (a novel SThM)
using a tipless microcantilever in agueous medium has been experimentally validated by
conducting careful thermal field measurements. The experimental calibration, accounting
for the near-wall hydrodynamic interference effect, has been utilized to correlate the
resonance frequency of a microcantilever with the temperature of aqueous medium. The

microscale temperature measurements using this sensor agree well with the calculated
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predictions. To improve spatial resolution and thermal sensitivity of this sensor, use of a
shorter, thicker, and narrower microcantilever made of silicon dioxide is recommended
for further study based on theoretical predictions and experimental results. This
microcantilever sensor can also lessen the complexity and mitigate the high cost
associated with existing microfabricated thermocouples or thermoresistive sensors. It is
expected that successful implementation of self-excitation detection schemes to provide
quasi-real time and highly accurate detection of the microcantilever resonance frequency
will be essential to further develop microcantilever thermometry sensor for real-time
response to highly transient thermal fields.

Finally, surface nanomechanical property of polyelectrolyte hydrogels (HEMA-
MAETAC) has been probed using a micro bead-affixed microcantilever in liquid medium
to investigate the biophysical implication of this property on cell-substrate interactions.
Increasing concentrations of positively charged MAETAC monomers produced swelling
transitions of hydrogels and decreasing surface elastic moduli when the total pregelation
monomer concentration was maintained at 1.54 M. A comprehensive theoretical
investigation is recommended to explain the major factor inducing surface elasticity
change of polyelectrolyte hydrogels. The HEMA-MAETAC copolymer hydrogels
prepared with 0, +40 and +80 mM of MAETAC monomers promoted very little
endothelial cell adhesion and resist cell proliferation. However, the hydrogels with
MAETAC concentrations of +120 mM and higher promoted endothelial cell attachment

with cobblestone morphology.
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APPENDIX

Mathematical derivations for the extended Sader’s model

In this appendix, the formal derivation of the extended Sader’s model is presented
by modifying the original Sader’s viscous model [39]. The original Sader’s viscous
model which theoretically predicts the frequency response of cantilever beams immersed
in viscous fluid has several fundamental restrictions. These are the amplitude of vibration
must be small, the fluid must be incompressible, and the length of the beam must greatly
exceed its nominal width. Most AFM cantilever beams in viscous fluid satisfy these
restriction and the thermal frequency spectra of AFM cantilever beams in viscous fluid
can be successfully calculated by the original Sader’s viscous model.

The general assumptions and approximations implemented in the Sader’s viscous
models are (1) the cross section of the beam is uniform over its entire length; (2) The
length of the beam L greatly exceeds its nominal width b; (3) The beam is an isotropic
linearly elastic solid and internal frictional effects are negligible; (4) The amplitude of
vibration of the beam is far smaller than any length scale in the beam geometry. Since the
amplitude of vibration is small, all nonlinear convective inertial effects in the fluid can be
neglected, and the hydrodynamic loading on the beam will be a linear function of its
displacement. Also, the velocity field in the fluid will vary very slowly along the length
of the beam in comparison to chordwise variations across its width because of second
assumption. Therefore, the velocity field at any point along the beam is well

approximated by that of an infinitely long rigid beam executing transverse oscillations
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with the same amplitude. This approximation will be exploited to formulate the
hydrodynamic function I'(w) of cantilever beams that are circular and rectangular in cross
section and since the dominant length scale in the flow is the nominal width b, then the

appropriate Reynolds number Re for flow is given by

Re(T) = % (A1)

where T is temperature, po(T) and 7(T) are the density and viscosity of the fluid,

respectively, whereas o is a characteristic radial frequency of the vibration, that is 2xf.

The governing equation for the dynamic deflection function w(x,t) of the beam

[97] is given by

o*wi(x, t o*w(x, t
(4 )+,u (2 )

BT

=F(x,t) (A2)

where E is Young’s modulus, T is temperature, | is the moment of inertia of the
cantilever, u is the mass per unit length of the cantilever, F is the external applied force
per unit length, x is the spatial coordinate along the length of the cantilever, and t is time.
And the Young’s modulus of cantilever beam can be approximated [98] by
dE
E(T)=E(T)+—=(T-T,)
dT
(A3)
where T is temperature, Ty is the reference temperature, and dE/dT is the thermal

dependence of Young’s modulus. The boundary conditions for Eq. (A2) are the usual

101



clamped and free end conditions

[w(x,t):%} _{GW(X,'[)_(?W(X,'[)} 0 (Ad)

OX? ox°
where L is the length of the beam. Now scale the spatial variable x with the length of the

beam L and take the Fourier transform of Eq. (A2) to obtain

E(T)I d*W(Xo)
L* dx’

— po* W (X|w) = F (o), (A5)

where
X (o) = [X (o) dt (A6)

for any function of time X and for simplicity of notation, the spatial variable x in Eqg. (A5)
refers to its scaled quantity.

For a cantilever beam moving in a fluid, the external applied load can be
separated into two contributions:

I;(X‘a)) = lghydro (X|o) + Fd:ive(x‘a)). (A7)
where the first component in Eq. (A7) is a hydrodynamic loading component due to the
motion of the fluid around the beam, whereas the second term is a driving force that
excites the beam. To proceed with the analysis, the general form of first term is required.

Therefore, the Fourier transformed equations of motion for the fluid is examined.
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Vu=0, —VP+nVZu=—ipou, (A8)
where G is the velocity field, P isthe pressure. From Eq. (A8) the general from of

hydrodynamic loading component is given by
N B 7Z_ 2 2 N
F hydro (X‘a)) =2 po DT ()W (X‘a)), (A9)

where the “hydrodynamic function” I'(w) is dimensionless and is obtained from the
solution of Eq. (A8) for a rigid beam, with identical cross section to that of the cantilever
beam, undergoing transverse oscillatory motion. For a beam that is circular in cross

section, the exact analytical result for Igjrcuar(®) is well known [99], and is given by

4iK, (-iiRe)

| =1 ,
mrcular(w) +\/@KO(—|\/@) (A10)

where Re=pwb?®/(4n), as defined in Eq. (A1), whereas b is the diameter of the cylinder,
and the functions K and K; are modified Bessel functions of the third kind [100]. For a
beam that is rectangular in cross section, the hydrodynamic function is formulated with
an approximate empirical correction function for Eq. (A10) as

[ ectanguiar (@) = U ropar (@), (A11)
where Q(w) is the correction function. The real and imaginary parts of Q(w) is expressed

as
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Q. (r) = (0.91324- 0.48274¢ + 0.46842r2 — 0.12886¢°
+0.044055* —0.0035117° +0.00069085°)
/(1—0.56964r + 0.4869r2 — 0.134447° (Al22)
+0.045155* —0.0035862° + 0.00069085°),

Q. (r) = (~0.024134— 0.029256r +0.016294¢>
~0.0001096%° +0.00006457%*
—0.0000445%%) /(1—0.59702r +0.55182; (A12D)
~0.18357° +0.079156r* — 0.014369%° + 0.002836%°),

where t = logio(Re) and Q(w)= Qi (w)+i Qi(w). This approximate hydrodynamic function
Trectangular(®) is accurate to within 0.1% over the entire range Re<[10°,10.

For the case that the cantilever beam is excited by thermal Brownian motion of
the molecules in the fluid, it is clear that external driving force being applied to the beam

n n

is uncorrelated in position and is stochastic in nature. Thus, F.. (X|@) = Fy. (@) -

The expectation value of the potential energy for each mode of the beam must be
identically equal to the thermal energy 1/2kgT, where kg is Boltzmann’s constant and T is
absolute temperature. To evaluate the magnitudes of each of these driving forces, the
modes of the damped cantilever beam must be decomposed into the modes of the
undamped beam, since any damping will couple all modes. The undamped modes of a

cantilever beam are given by
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cosC, +coshC

X) = (cosC_x —coshC_x) +
$n () = ( " X) sinC_+sinhC

n

“(sinhC x—sinC Xx), (A13)

where C, is a solution of 1+cosC,coshC, = 0. The deflection function of the cantilever

beam can be expressed as

W (X0) =3 Fa(@)et, (@) (X).

where

B 2cosC, tanC,
C.(C.* - B*(@))(sinC, +sinhC_)’

an (a))

2

lén (@) 0037szT

]

* kG, [l (@) dev'
0

where subscript s refers to the spectral density, B(w) is given as

B(w)=C, |- £1+”pb2 F(a))J ,
a)vac,l 4,U

and spring constant of the beam k is given by

()~ ED!

>

(Al4)

(A15)

(A16)

(A17)

(A18)

For double layered cantilever beam, the fundamental resonance frequency @yac1 IS given

by the Reuss model as [48]
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— 2 Ea (T)ps
a)vac,l(T) - a)vac (T)(1+ X) \/(Ea (T) + XES(T))(,DS + X,Oa) ’ (Alg)

where ayac(T) is the fundamental resonance frequency of the uncoated or single-
layered cantilever at T in vacuum, the thickness ratio x = ta/ts with t; being the coating
thickness and ts being the substrate thickness. Es(T) and E,(T) represent the Young’s
modulus of the cantilever substrate and the coated material, respectively. ps and p, are the
mass density of the substrate and the coated material, respectively. By integrating both

sides of the thermal sensitivity equation for a single layer cantilever [48]

df _« N dE 720
fdT 2 2E(T)dT’ (A20)
the fundamental resonant frequency in vacuum a,c is formulated as
dE
E(To)+ﬁ(T —To) %0t
a)vac (T) = a)vac (TO) 2 ’ ' (A2 1)

E(T,)

where T is the surrounding medium temperature in which the cantilever is submerged and

To is the reference temperature. The fundamental resonant frequency at the reference

temperature anac(To) is provided by the Simple Harmonic Oscillator (SHO) model using

the readily measured peak resonance response frequency and the Q-factor in air [41].

Substituting Eq. (A16) into (A14) and noting that all modes are uncorrelated, the
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extended Sader’s viscous model is obtained as
M(x\w)

‘av?/ (o)
‘ OX

2

ST e (@)
° = c’ ﬂan (a)')‘zda)'
0

#7 (x), (A22a)

2

3T & @) (dg,(0))
k Z "J ) k dx * (A22Db)
: " C,* Jlety (@) do

0

Equation (A22a) gives the frequency response of the square of the magnitude of the
displacement function at all positions along the beam, whereas Eq. (A22b) gives the
corresponding result for the slope. It is noted that in AFM applications, the magnitude of
the slope is typically measured [i.e., square root of Eq. (A22b)], since deflections of the
beam are often obtained using optical detection systems. Equations (A22a) and (A22b)
then give the relationship between the frequency spectra of the displacement and slope of
the beam.

Recently, the original Sader’s viscous model was modified for the theoretical
prediction of the frequency response of cantilever beams immersed in viscous fluid near a
solid surface by Green and Sader [43]. In addition to the previous assumptions and
approximation, a cantilever beam lying parallel to an infinite planar surface is assumed

and the spectral density of the thermal driving force which should include the frequency
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dependence in the dissipative component of the hydrodynamic force, which was omitted
in the previous model, is successfully implemented.

For the important case where the cantilever beam is excited by thermal Brownian
motion of the fluid molecules, the frequency response of the magnitude squared of the

slope of the displacement function is given by

2

3k Tpb? & 2 dg, ()’
= kﬂwpb 2l (@) wFi(w)(z—x(X)), (A23)

‘GW(x\w)
‘ OX

vac, ] n=l
s

where kg is Boltzmann’s constant, T is absolute temperature, p is the density of fluid, k is

the normal spring constant of the cantilever beam, x is its mass per unit length, a1 IS

the radial resonant frequency of the fundamental mode of flexural vibration of a

cantilever beam in vacuum, and the subscripts s and n refer to the spectral density and

mode number, respectively. The fundamental resonance frequency a1 IS obtained by

substituting Eqg. (A21) into (A19). Note that the difference between Eq. (A22b) and Eqg.

(A23). Frequency response of a cantilever beam lying parallel to a solid surface is

directly calculated with one important modification: the hydrodynamic loading due to

motion through the fluid must now include the contribution due to the presence of the

solid surface.
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The hydrodynamic function I'(w) for flexural vibrations of a rectangular

cantilever beam is of the form
I'(o) =T, (o) +II; (o), (A24)

where

log,, T, (@) =a, +ar+a,r’ +a,r° +a,r" +a,r° +a,r° +a,7’

8 9 10 11 12 13 14
T T +87 +a,7 +anT +apT FaTt +ayr (A25a)
AT AT AT AT AT + AT,
log,, (@) =b, +br +b,r? + b, +b,r* +b,r° +br® + b7’
+b,7° +byr® + b ' + b 7 + b, + bt + b7 (A25h)

+b, " + b, r + b7t + bt + bt + b,

and 1t = logio(Re). The coefficients a, and b, for some specified separation distances are

provided in reference [43] Tables I and II.
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