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ABSTRACT: In biomaterials, a substantial amount of research has
been placed on the mechanical properties of biomolecules and
their interactions with body fluids. Bovine serum albumin (BSA) is
a widely studied model protein, while bovine submaxillary gland
mucin (BSM) is another cow-derived protein frequently employed
in research. Films were examined with contact resonance atomic
force microscopy (CR-AFM), and the results showed that the
mechanical characteristics of the films were affected by the relative
humidity. We quantitatively analyze the viscoelasticity of these
proteins after they have been subjected to humidity by measuring the resonance frequency and quality factor. The findings indicate
that prolonged humidity exposure has a different effect on the mechanical properties of BSA and BSM films. The results show that
after exposure to humidity, the resonance peaks of BSA shift to the left, indicating stiffness, while those of BSM shift to the right,
indicating hydration. Moreover, BSM’s hydration is caused by relative humidity, leading to a constant increase in resonance
frequency and material softness. Contrarily, BSA showed a decrease in contact resonance frequency due to ongoing strain-induced
deformation, indicating increased material stiffness. The findings have significance for the design and development of biomaterials
for a variety of applications, such as the delivery of drugs, the engineering of tissue, and the development of biosensors. Our research
demonstrates that CR-AFM has the potential to become a non-invasive and sensitive method that can be used to characterize the
mechanical characteristics of biomolecules and their interactions with bodily fluids.

■ INTRODUCTION
Biocompatibility is the ability of a material to carry out a
certain function while evoking the desired reaction from the
host. The material’s capacity to do this depends on how it
interacts with body fluids and tissues.1 As a result of their
adsorption properties, biological proteins’ shape and mechan-
ical attributes become important. The successful implantation
of prosthetic devices that come into touch with blood, fluids,
and tissues depends on these bioproteins.1 The mechanical
characteristics of protein changes in film mechanics, resonance
frequency, quality factor, and viscoelasticity tan(δ) under
humidity fluctuations from RH 0% to RH 98% are examined in
this work in two different types of films made of two
biomolecules, bovine submaxillary mucin (BSM), derived from
cows, and bovine serum albumin (BSA), a model protein used
in a lot of research.2 BSA protein has outstanding stability and
amazing binding properties.3−5 It is essential for transporting
and delivering diverse compounds like ions,6 surfactants, and
pharmaceuticals.7 It comprises a sizeable amount of plasma
proteins, fatty acids, and metabolites.8

Mucins are extensive extracellular glycoproteins with sizes
ranging from 0.5 to 20 MDa, with carbohydrates accounting
for 69% of the mass fraction.9 The shape and properties of

mucus depend on the interaction between the sugar chains of
the glycoprotein subunits.9 Salts, lipids, proteins, and water
comprise 95% of the mucus composition. However, the
glycoprotein mucin is the primary component that imparts its
viscoelastic properties.10 In biological systems, mucins are
commonly found as thin films encompassing moist tissues.
Hydrating the mucin films instead of the bulk material is the
primary method to prevent tissue dehydration. As a result,
lubricated surfaces experience reduced friction.11 The study
suggests mucin coatings can prevent microbial infections on
polymeric biomaterials.12 Despite the significant differences in
the adsorption characteristics of the two individual proteins
(BSA and BSM), BSA produced a thin and rigid layer.1,13 In
contrast, BSM formed a thick and diffuse layer that was highly
viscoelastic with varying relative humidity.10,14 BSM was
adsorbed on mica surfaces, creating soft and hydrated layers
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using the Surface Force Apparatus.12 BSMs with a high BSA
content exhibited increased stiffness and viscosity, leading to
higher friction than the layers composed of purified BSM.13

The ability of mucin to break hydrogen bonds, unfurl, and
partially denature was demonstrated by increasing the viscosity
of pure mucin and mucin-albumin combinations.15 The
considerable rise in mucin viscosity brought on by serum
proteins during synovial effusions may be to blame for the
stiffness and increased burden of arthritic joints.16 It is possible
to simultaneously detect changes in the characteristics of
proteins and the strength of each layer. There was no lateral
diffusion in BSA.17 A glass transition in mucins has been seen
in investigations using the Quartz Crystal Microbalance1,10 and
calorimetric analysis,18,19 at RH levels between 60 and
70%.10,20,21 Juglone (JL), a powerful anticancer medication
component, binds to more than 99.0% of serum albumin,
indicating a high affinity for this protein.22 When the RH of the
air changes, the mucous gel’s high water content causes a
delayed alteration in water activity.
The mucous gel dries and loses water in dry environments.14

This can happen in many diseases, such as cystic fibrosis,23,24

asthma,25 gastric cancer,26 primary Sjogren’s syndrome
(PSS),27 and rhinorrhea.28 Mucin maintains the epithelium
hydrated, prevents infections and hazardous toxins from
accessing it, and acts as a porous gel layer for gas and
nutritional exchange with the epithelium beneath.9,29 Accord-
ing to studies, mucin can form liquid crystalline phases, and its
phase behavior depends on how hydrated it is.30 The primary
objective of this research is to determine how the viscoelastic
properties of BSA and BSM change as relative humidity (RH)
increases.
The viscoelastic properties of materials are characterized by

the storage modulus (E′), which measures the stored energy or
elastic component, and the loss modulus (E″), which measures
the dissipated energy or viscous component. The ratio of
dissipated to stored energy is represented by the tangent of the
phase angle, or tan(δ), which is determined by the elastic and
viscous responses. The material’s contact resonance frequency
(ωn) and quality factor (Qn) can be used to calculate
tan(δ).31,32 The contact resonance atomic force microscopy
(CR-AFM) method is often utilized to study the viscoelasticity
of materials. The cantilever is excited by Brownian motion due
to mechanical contact with the sample.33,34

This study takes advantage of the low-total-force contact
resonance force microscopy (LTF-CRAFM) technique to
investigate the viscoelastic properties of cellulose nanofibrils,
which are stiff, nanoscale structures.35 This study used
Brownian motion excitation to minimize damage while
measuring polyurethane (PU) samples with CR-AFM. Analysis
of the shape of the resonance peak and the values of tan(δ)
revealed changes in the viscoelastic properties of PU films as
the relative humidity increased.36 By manipulating the
Brownian motion of the cantilever, we demonstrate the
feasibility of tracking the influence of relative humidity on
the material’s mechanical properties, as indicated by changes in
the resonance frequency and quality factor. Specifically, we aim
to investigate the hydration behavior of BSA and BSM at
different relative humidity levels, a study that has not yet been
conducted. Our research explores the mechanical responses of
BSA and BSM under varying relative humidity levels, using
cantilever oscillation damping as a measure of contact
resonance frequency and quality factor. This study is the first
attempt to understand how the level of humidity affects the

way biomolecules behaves mechanically. It could have
important implications for developing new biomaterials and
biomedical devices.

■ EXPERIMENTAL SECTION
In this research, biological coatings derived from bovine
submaxillary mucin (BSM) Type I-S, M3895, comprising
bound sialic acid (Sigma Aldrich) with a molecular weight
range of 0.4−4 MDa, and commercially available Bovine
Serum Albumin (BSA) (A9056-10G) were procured from
Sigma Aldrich. The sample preparations utilized BSA
concentrations of 0.6 and 1.2 mg/mL (denoted as BSA06
and BSA12, respectively) and BSM concentrations of 0.6 and
1.2 mg/mL (referred to as BSM06 and BSM12, respectively).
Solutions were prepared using ultrapure water (Milli-Q)
(Millipore, Milli-Q Plus system). The hydrophilic silica-coated
crystals were treated in accordance with a straightforward
procedure to produce hydrophobic surfaces.17 They were
washed with Milli-Q water and ethanol, and then dried with
nitrogen gas. Lastly, a plasma cleaner (Harrick Scientific Corp.,
model PDC-32 G, Ossining, NY) treated the surface using low-
pressure (200−600 mtorr) residual air via a glow discharge
unit for 10 min, which results in a water contact angle of
results.17

Drop Casting. Drop casting was employed as a deposition
technique for applying Bovine Serum Albumin (BSA) and
bovine submaxillary mucin (BSM) onto a silica surface with a
surface area of 100 mm2. The silica surface was cleaned using
the aforementioned method, after which 120 μg/mm2 of BSA
and BSM, along with 136 μg/mm2 of albumin and mucin, were
deposited on the sample surfaces using a micropipette. The
corresponding masses of the silica surface for these
concentrations were approximately 120 and 136 μg for BSA
and 120 and 136 μg for BSM. The volume, representing the
ratio between mass and density, was used to determine the
thickness measurement by utilizing the formula for the ratio
between volume and surface area. Consequently, the calculated
thicknesses were found to be 1200 nm and 1360 nm,
respectively.
Four samples were prepared using this procedure: BSA06,

BSA12, BSM06, and BSM12 films. The BSA/BSM drop covers
the entire surface; all calculations were performed for the entire
surface area. The samples were placed in a desiccator with
silica gel for 24 h to allow the evaporation of the solvent (T =
22 °C and RH = 30%).
Contact Thermal Noise AFM. In this AFM mode, we

studied how RH affected the biological coatings’ viscoelastic
properties. Specifically, we employed a method that analyzes
changes in the cantilever’s Brownian motion as it interacts with
the sample under investigation. This technique measures
alterations in the cantilever’s resonance frequency and quality
factor, as depicted in Figure 1. Previous studies have also
employed this method.33,34,37

A commercial atomic force microscope with a sealed liquid
cell (MultiMode 8 SPM with a NanoScope V control unit;
Bruker AXS, Santa Barbara, CA). RH was controlled by a flow
rate of nitrogen at 2 bar through a setup GenRH (Surface
Measurement System, Pragolab, Prague, Czech Republic)
while entering the liquid cell with a sealed compartment where
10 units gradually increased RH on the GenRH- Software and
particularly waiting for 10 min before the next 10 unit
increment. A nominal cantilever of Olympus, Japan (OMCL-
AC240TS); 2 N/m spring constant, length = 240 μm, and
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width = 40 μm was used for the measurements. Calibration in
AFM is usually performed using “Force versus Z” (F vs Z).
Curves F vs Z are initially in volts and cantilever vertical in
nanometers (Z). The photodiode registers the cantilever’s
deflection in these curves when the tip-sample distance is
lowered.38 Sometimes, the tip and sample collide (contact
point), and if we increase the force, the cantilever bends until
some preselected maximum deflection (set point).38,39 The
curve region between the contact point and the maximum
deflection is usually fitted to a straight line (while pressing the
AFM tip against a hard sapphire surface estimated the
photodetector signal slope).36 The slope of this line has
units V/nm. The inverse of this slope is the “deflection
sensitivity”. It lets us transform data taken in volts to nm
(deflection is taken in volts by the photodiode, then with the
deflection sensitivity, we can transform this deflection to nm,
representing how much the cantilever has bent).38 The
deflection sensitivity of the cantilever was measured as 30
nm/V with a deflection set point (contact force) of 0.5 V,
which indicates a threshold deflection of d = 15 nm, and the
calculated static applied force F during the measurements was
∼9 nN. In all experiments, the initial calibration is done with a
thermal tune,40 and the tip must be out of contact. At the same
time, the sample data acquire the vibration of the cantilever,
and the spectrum of the thermal noise should be first
determined to calibrate the elastic constant. Thus, this
spectrum measures the deflection (the normal force signal)
across a specific frequency range. The data collected
experimentally at a certain frequency and the power spectral
density (PSD) are then computed. For a damped harmonic
oscillator with a resonance frequency, the PSD equation near
the resonance frequency is given by eq 1.40 The spectral noise
measurement of the cantilever movement is fitted to the
Lorentzian function for analyzing the spring constant.40−42
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The second step for the calibration is Sader et al. method.
Sader’s method depends on the hydrodynamic properties of
the cantilever and the fluid in which it is submerged.43,44 The
cantilever’s width and length are the determining factors for

elastic constant (these are the source of error in this method).
However, the thermal noise spectrum should be first
determined to calibrate the elastic constant. This method is
independent of the thickness of the cantilever.44

Experimental Protocol. The initial step involved exposing
the sample to a nitrogen flow for 10 minutes in the sealed
compartment of the Gen-RH setup. Next, the thermal noise
spectra for the free lever were measured at a specific value of
relative humidity (RH). A complete humidity ramp from 0 to
98% RH in the adsorption direction was conducted, and the
thermal noise spectra for the specific value of 0−98% RH in
the adsorption direction were measured with the tip and
sample in contact. The contact resonance was verified to be
approximately equal to the expected value of the free
resonance *4.37. The measurements were performed at a
fixed point, and the AFM tips were plasma cleaned using a
glow discharge machine (PDC-32 G, Harrick Scientific Corp.,
Ossining, NY) at low pressure and residual air for 5 minutes
between each set of experiments. Only one cantilever was used
to collect the contact resonance data with a supported and
unsupported cantilever. The first resonance peak from the PSD
of the non-supported and supported cantilever was fitted as the
Lorentz function to estimate the frequency and quality
factor.36,45,46 The mean and standard deviation values of
frequencies and quality factors were calculated, and error bars
were plotted for 40 spectra. MATLAB was used for processing
the spectra, with the PSD generated via the Periodogram as the
initial step. The Periodogram is a data analysis technique that
examines a frequency-domain model of an equispaced time
series.47

Theoretical Analysis of Contact Resonance-AFM.
According to an Equipartition Theorem, every mode of
vibration does have a mean thermal energy equal to kBT, k T

1
2 B

in terms of its potential energy or
k T
1

2 B
for the kinetic energy,48

where k is the Boltzmann constant and T is the temperature of
the cantilever. One must first determine the flexural vibration
amplitudes for its cantilever to determine the vibration energy
before we can get the overall thermal deflection amplitude.
This is accomplished by modeling the rectangular cantilever
utilized for AFM with an Euler−Bernoulli beam in which an
equation controlled flexural vibrations.46,48,49
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where y(x, t) is the upward deflection of the cantilever with
longitudinal direction. y(x, t) can be split into their temporal
and spatial contributions; therefore,36,48 y(x, t) = y(x) cos(ωt

+ δ), where =K A
EI

4 2

, and eq 2 is the differential equation for
spatial contribution, as the temporal contribution can be solved
as a cosine function. The general solution should combine all
functions that, after four differentiation, remain the same
except for q. Normalize the coordinate y (along the length of
the cantilever), so it can only take values between 0 and 1, so
new variable ζ = x/L (L, length of the cantilever) where q =
KL

= + + +y S K L S K L S K L S

K L

( ) cos( ) sin( ) cosh( )

sinh( )
1 2 3 4
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Figure 1. Measuring resonance frequency at the end of the cantilever
when far from surface ωfar and quality factor Qfar, and the frequency in
contact with sample ωcont and Qcont quality factor. (a) When the
cantilever is far from a sample, no real damping is seen. (b) Cantilever
near the surface; the quality factor goes down.
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Equation 349 can all be calculated for every combination of
boundary conditions, which support a variety of possible
cantilever situations at the beam end where the first three of
the beam boundary conditions are similar. The fourth
boundary condition should be supplied to find the flexural
modes for36,40 free cantilever

+ =q q1 cos( ) cosh( ) 0 (4)

The result of numerically resolving this equation is48 qn =
1.88··· (n = 1, ···), which are the first wavenumber for the free
non-supported cantilever from equation.48 In the case of the
supported cantilever, the fourth boundary condition is

=q q q qsin( ) cosh( ) cos( ) sinh( ) 0 (5)

When the above equation is numerically solved, qn = 3.93···
(n = 1, ···). The fourth boundary condition should account for
the transition from the free, unsupported cantilever to the
supported cantilever. The forces exerted on a cantilever’s
unsupported end cause a corresponding amount of deflection
at the free end.36,50 AFM cantilever contact mechanically with
the viscoelastic surface; this relation is modeled as the Kelvin−
Voigt model.51 According to the model, the contact with the
free arm of the lever and the sample mainly comprises the
spring (a conservative part) plus the dissipative part (a
dashpot).36,52

A dashpot represents sample dissipation χ, and a spring K*
represents sample rigidity, as shown in Figure 2. Sample
stiffness affects the contact resonance, while sample dissipation
affects the contact resonance’s quality factor at constant
stiffness.

The wavenumber is the complex number qń (for each
flexural). The characteristic used for flexural vibration
becomes36,48,50,53
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Equation 646,50,54 defines the complex wavenumber qń = an +
ibn where the real part in vibration mode is associated with the

frequency = ( )a kn

1/2

f
n

f
and the complex wavenumber’s

imaginary component relates to energy loss known as
dissipation.
Equation 6 allows for the calculation of the complex

wavenumber qń = an + ibn. The real part of the complex
wavenumber is related to the frequency of the vibration mode.

Where the dissipation is associated with the imaginary portion
of the complex wavenumber. From eq 6 damping factor χn
represents the complex components at an eigenmode
frequency (ω = ωn) is = +n

b
af

4 n n

n
, defines viscoelastic

dissipation contact with a higher value of χf this dissipation is
from free fundamental eigenmode in air.36 If the cantilever
contacts with the viscoelastic sample, then the initial complex
wavenumber is computed using the relation of an, bn, and
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To estimate both normalized tip-sample contact toughness α
and dampening coefficient β, calculations are performed using
the real and imaginary components.36,45

+ =
[ + ]
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q q q

q q q q
i ( )
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cos( ) sinh( ) sin( ) cosh( )n
n n n

n n n n

2
3

(8)

Using eq 8,36,45 the sample’s storage and loss moduli can be
determined. Also of note is the fact that CR-AFM viscoelastic
characterization does not need precise details, such as tip
geometry, about the tip-sample area of contact.31 CR-AFM
quantifies the sample’s viscoelasticity in light of their loss
tangent.36,55

=
*k

tan n
n

(9)

Using the fundamental mode, the loss tangent was
estimated, and we derived the interacting elastic constant α
and the damping coefficient β. Using these coefficients, the loss
tangent of the sample was estimated and the above equation
could be rewritten.37,42,52

= qtan n
n

f
2

f (10)

It is verified that by experimentally measuring ωf, Qf, ωn, it is
possible to find tan δn. These contact and free values were used
in the protocol of the MATLAB code where the first
wavenumber for the free non-supported cantilever from (eq
4) q = 1.88 is used. The two components of the initial complex
wavenumber that are real and imaginary are calculated from
(eq 7). Now, calculations being made to derive that complex
wavenumber from the real as well as imaginary components by
qń = an + ibn, this is used in the right-hand side of (eq 8) from
which the values of β and θ are calculated. Eventually, the loss
tangent is calculated as in (eq 10) from the q, β, θ, ωn, ωf.36

■ RESULTS AND DISCUSSION
For free non-supported cantilever, the first resonance peaks are
detected at RH% varying from 0 to 98 RH%, shown in Figure
3. The first flexural eigenmode peaks for the free non-
supported cantilever were unaffected by RH%, which indicates
that this environmental parameter RH% induced water
adsorption had no significant effect on the freestanding
cantilever. The change in humidity from RH 0% to RH 20%
allowed the resonance peaks at higher frequencies to be
narrower resonance peaks for protein films.
The relative humidity (RH%) significantly impacted the

resonance peaks of protein films. Initially, the resonance peaks

Figure 2. Tip-sample forces of a viscous frequency elastic sample
having AFM contact with the tip are simulated using a linear spring-
dashpot system.
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for protein films with RH% 0 were centered and fell in lower
frequency ranges. As the RH% increased from 20 to 98% RH,
the resonance peaks became more spread.
Nonetheless, as the RH% increased from RH 20% to RH

98%, the resonance frequencies changed, and the peaks
became more spread out. Figures 4a,b and 5a,b clearly show
a shift in the resonance peaks for BSA and BSM, respectively.
Figure 4a,b illustrates a shift in the resonance peaks for

(BSA) at lower humidities, specifically RH 0%, where the
peaks appeared at lower frequencies. With increasing humidity
(i.e., RH 20%, RH 40%, and RH 60%), both BSA sample peaks
increase vibrational frequencies smoothly toward the left side
of the axis. At higher humidities (i.e., RH 80% and RH 98%),
the peaks shifted further to the left, as shown in Figure 4a,b.
This peak shift indicates that BSA adopts a flat, rigid
conformation at the lowest and highest humidity ranges. The
observed peak trend was confirmed for both BSA06 and
BSA12 thicknesses. The QCM-D experiment validated the
behavior of BSA, which was extracted from commercial mucin
BSM fractionation using an anion exchange step.
The introduction of BSA did not induce any change in

frequency, indicating that BSA acts as a barrier to prevent BSM
adsorption.1 This research further supports the role of BSA as a
blocking agent in the biochemical analysis of BSA, serving as

an initial step to hinder the nonspecific adsorption of
antibodies and other biomolecules.56,57 In analyzing the data
provided in Figure 5a,b, it is evident that the behaviour of BSM
(backscattering magnitude) has been impacted by deviations in
relative humidity (RH). Particularly since tracking the RH
range from RH0% to RH20%, which appears to have an
apparent centralised control of the RH dependence. When RH
rises, an even and consistent increase in frequencies becomes
apparent throughout the humidity interval of RH 30% to RH
98%. The boost in frequencies is followed by the appearance of
broader peaks that incrementally shift forward towards the
higher RH values across the axis.
BSM is a glycoprotein that is water-adsorbent, with a

carbohydrate content of approximately 61−69 wt % in
comparison to other mucins.14,58,59 BSM’s carbohydrate side
chains interact primarily with water molecules.14 Studies have
demonstrated that proteins absorb less water than carbohy-
drates. However, at relative humidity rates exceeding 77%,
BSM absorbs considerable water due to electrostatic repulsive
interactions between carbohydrate side chains.14,59 Sialic acid
accounts for approximately 32−36 wt % of BSM, a significantly
greater percentage. The sialic acid sections contribute to a
negative charge on the mucin molecule, attracting polar water
molecules.58−60 As the electrostatic repulsive forces of BSM
remain greater, its sorption capacity is enhanced at higher
relative humidity levels (RH77%). The QCM-D technique was
used to measure the water-stimulated isothermal glass
transition for mucin coatings. The glass transition can occur
at equivalent humidity levels of RH 60%−RH 80%, as
determined by sorption calorimetric measurements.14

The shifts in peak positions exhibit a comparable increment
in both thicknesses with an increase in humidity, particularly at
higher relative humidity levels of Rh 80% and Rh 98%. The
augmented stiffness of albumin BSA at higher humidity is not
attributed to capillary condensation but rather the intrinsic
stiffness of the sample.61 To investigate whether the RH-
dependent capillary forces between the AFM tips and samples
affect the contact resonance measurements, previous studies
have been conducted.36,61,62 As depicted in Figure 6a, the
decrease in resonance frequencies provides evidence for
changes in damping from the BSA, which further supports
the rigidity of the sample.
The surfaces are known to stiffen due to capillary

condensation, which causes an increase in contact resonance

Figure 3. Thermal noise signal for a freestanding cantilever
(unaffected by environmental factors).

Figure 4. Thermal resonance signals of a cantilever in mechanical contact with (a) BSA06 and (b) BSA12 coatings at various RH% levels.
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frequencies.36,61 However, the opposite effect is observed in
Figure 6a for BSA, where lower contact frequencies are seen in
both initial and higher RH ranges.54

In order to confirm whether the observed variations in
quality factors are related to sample damping and not modal
damping of the cantilever, the loss tangent for BSA with bare
silica substrate as a control is calculated. The rigid substrates
are not expected to exhibit real damping variation. As shown in
(Figure 7), sample damping is from the proteins.54

The loss tangent (δ) damping is calculated from
viscoelasticity/elasticity ratios, i.e., tan(δ) trend with a bare
silica surface from BSA06 and BSA12. It is important to
determine whether the increase of loss tangent with RH is
actually from BSA or is due to the adsorption of thin water
films onto surfaces. Under ambient circumstances, a water neck
forms around the AFM tip and substrate, and the hydro-
phobicity between both tip and sample, in addition to the
surrounding humidity, determines the attractive contact.38

Capillary condensation increases adhesion forces and the
surface’s effectiveness of hardening.61 These capillary forces
will increase the total contact force and thereby increase the
measured in-contact natural frequency of the system.
However, the decline in BSA contact resonance frequency

values is justified by the observed data. The decline in
resonance frequency leads to lower oscillation amplitude.63 It
would be of high interest to study viscoelastic creep.
Viscoelastic creep implies the time-dependent deformation

responses of a material when exposed to applied stress.64 When

a viscoelastic material experiences creep, as apparent from the
experimental results in Figure 6a, the contact resonance
frequency demonstrates a steady decline over time the material
receives deformation under constant strain, consequently
impacting the quality factor Figure 6b through a decrease.
The creep deformation is evident from the loss tangent

Figure 5. Recorded thermal spectrum for the bovine submaxillary mucin gland cantilever for two thicknesses: (a) BSM06 and (b) BSM12.

Figure 6. (a) Contact resonance frequency values and (b) the related Quality Factor values for BSA06 and BSA12.

Figure 7. Loss tangent (tan δ) from BSA both thickness of BSA06 and
BSA12 with damping comparison to the bare silica surface.
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increase in force−displacement ratio in Figure 7, supporting
the stiffening behavior for BSA.36

The resonance frequencies of BSM06 and BSM12 increased
with an increasing RH, as illustrated in Figure 8a. At lower
humidity levels (Rh 0%−Rh 20%), the quality factor increased,
resulting in a relative reduction in the loss factor (tan δ). The
higher quality factor in Figure 8b refers to lightly damped
oscillations at initial RH, whereas the low-quality factor at
higher RH refers to heavily damped oscillations.54 However,
both coatings were observed to exhibit RH dependence
throughout the observed range, indicating that they essentially
had comparable quantities of RH dependence in the 20−98%
RH range. When the RH was raised from 0 to 20% in
bioprotein coatings, tan(δ) remained largely unaffected as
shown in Figure 9, but it did increase when the RH was

ramped up from 20 to 98%. The AFM mechanical response of
the cantilever and the measured dependency of the loss
tangent on RH were then examined to determine whether the
RH effect was caused by the change in humidity or the AFM
cantilever. In Figure 3, it is evident that RH does not affect the
resonances of the cantilever when it is entirely free and
unsupported.

This finding hints that RH-triggered moisture absorption on
the cantilever did not significantly impact the reported
statistics. It is also crucial to discuss how RH-induced changes
in air viscosity affect the damping forces experienced by the
cantilever’s body when the tip and sample are in contact
mode.36 As RH increases, the air loses density and viscosity,
resulting in a reduction in damping forces exerted on the
cantilever.65

In our study, we observed the opposite effect in the humidity
range of 20−98% RH, where higher RH levels caused greater
damping of cantilever oscillations. This effect is attributed to
the dominance of RH’s impact on the sample’s viscoelasticity
over the cantilever itself. The variation in air viscosity between
0 and 20% RH can be neglected at ambient temperature.
The sample standard deviations derived from 40 registered

spectra are shown for each humidity value. There are several
uncertainties for each RH% value.
At ambient temperature, variation for air viscosity in the

initial RH range between (0−20RH%) may be disre-
garded.36,65 Thus, the impact of cantilever viscous damping
on the claimed RH dependence of coating mechanical
properties can be disregarded. It is worth noting that RH-
dependent capillary forces lead to an increase in contact
stiffness between the tip and the sample, resulting in higher
contact resonance frequencies.61 The role of viscous forces in
the tip-sample interaction at high-frequency regions is crucial,
as highlighted in prior research.66

Table 1 provides evidence of a reversal in the case of BSA at
higher RH values. It is observed that in the high RH range
(greater than Rh80%), the tangent loss values of BSA increased
more significantly than those of BSM, possibly due to the
action of BSA in preventing hydropsy. BSM, on the other
hand, showed a decrease in damping factor with a mass-based
hydration shift (from RH 0% to RH 98%) that is consistent
across the BSM06 and BSM12 samples. The validity of the
technique is supported by Figure 5a,b, which demonstrates the
RH-induced hydration change in parallel.

■ CONCLUSIONS
Contact resonance atomic force microscopy (CR-AFM) made
it possible to accurately measure the viscoelastic properties of
materials with sizes on the micro- and nanoscale. The main
objective of this investigation revolved around exploring how
humidity affects the viscoelastic properties of BSA and BSM
coatings.

Figure 8. (a) Contact resonance frequencies of BSM06 and BSM12 and (b) the corresponding quality factors.

Figure 9. Comparing the Loss Tangent (tan δ) values as a substrate
control with clean silica surface compared to thickness of both BSM06
and BSM12.
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BSM exhibited unique hydration behavior due to its stronger
attraction for water, while BSA consistently repelled water. The
CR-AFM technique’s accuracy was achieved by observing
changes in the vibrational frequency and quality factor for both
BSA and BSM coatings, instilling confidence in its capacity to
characterize viscoelastic properties effectively. Notably, the
hydration of BSM was significantly influenced by humidity
levels, signifying the sensitivity of CR-AFM in understanding
material responses to relative humidity. The drop in the
contact resonance frequency of BSA is attributed to its
deformation under continuous strain indicating material
stiffness.
Overall, this study demonstrates the significant potential of

CR-AFM as an effective tool for precisely characterizing
material viscoelasticity, particularly in the context of relative
humidity. Its application extends to diverse fields, encompass-
ing materials science, biotechnology, and more, revealing
exciting possibilities for further study.
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Sjögren’s Syndrome. Scand. J. Immunol. 2001, 54, 62−69.
(28) Sarin, S.; Undem, B.; Sanico, A.; Togias, A. The role of the
nervous system in rhinitis. J. Allergy Clin. Immunol. 2006, 118, 999−
1014.
(29) Neutra, M.; O’Malley, L.; Specian, R. Regulation of intestinal
goblet cell secretion. II. A survey of potential secretagogues. Am. J.
Physiol.: Gastrointest. Liver Physiol. 1982, 242, G380−G387.
(30) Viney, C. Mucus Liquid Crystallinity: is Function Related to
Microstructural Domain Size? Biorheology 1999, 36, 319−323.
(31) Killgore, J. P.; DelRio, F. W. Contact Resonance Force
Microscopy for Viscoelastic Property Measurements: From Funda-
mentals to State-of-the-Art Applications. Macromolecules 2018, 51,
6977−6996.
(32) Hurley, D. C.; Killgore, J. P. Dynamic Contact AFM Methods
for Nanomechanical Properties. In Scanning Probe Microscopy in
Industrial Applications; Yablon, D. G., Ed.; Nanomechanical
Characterization; Wiley, 2013; pp 115−149.
(33) Tung, R. C.; Killgore, J. P.; Hurley, D. C. Liquid Contact
Resonance Atomic Force Microscopy via Experimental Reconstruc-
tion of the Hydrodynamic Function. J. Appl. Phys. 2014, 115,
No. 224904.
(34) Yao, A.; Kobayashi, K.; Nosaka, S.; Kimura, K.; Yamada, H.
Visualization of Au Nanoparticles Buried in a Polymer Matrix by
Scanning Thermal Noise Microscopy. Sci. Rep. 2017, 7, No. 42718.
(35) Hess, K. M.; K Jason, P.; Ashutosh, M.; S Wil, V. Viscoelastic-
Mapping of Cellulose Nanofibrils Using Low-Total-Force Contact
Resonance Force Microscopy (LTF-CRFM). Cellulose 2022, 29,
5493−5509.
(36) Gonzalez-Martinez, J. F.; Kakar, E.; Erkselius, S.; Rehnberg, N.;
Sotres, J. Effect of Relative Humidity on the Viscoelasticity of Thin
Organic Films Studied by Contact Thermal Noise AFM. Langmuir
2019, 35, 6015−6023.
(37) Tung, R. C.; Killgore, J. P.; Hurley, D. C. Hydrodynamic
Corrections to Contact Resonance Atomic Force Microscopy

Measurements of Viscoelastic Loss Tangent. Rev. Sci. Instrum. 2013,
84, No. 073703.
(38) Butt, H.-J.; Cappella, B.; Kappl, M. Force Measurements with
the Atomic Force Microscope: Technique, Interpretation and
Applications. Surf. Sci. Rep. 2005, 59, 1−152.
(39) Voigtländer, B. Scanning Probe Microscopy: Atomic Force

Microscopy and Scanning Tunneling Microscopy; Springer, 2015.
(40) Butt, H. -J.; Jaschke, M. Calculation of Thermal Noise in
Atomic Force Microscopy. Nanotechnology 1995, 6, 1−7.
(41) Hutter, J. L.; Bechhoefer, J. Calibration of Atomic-Force
Microscope Tips. Rev. Sci. Instrum. 1993, 64, 1868−1873.
(42) Churnside, A. B.; Tung, R. C.; Killgore, J. P. Quantitative
Contact Resonance Force Microscopy for Viscoelastic Measurement
of Soft Materials at the Solid−Liquid Interface. Langmuir 2015, 31,
11143−11149.
(43) Sader, J. E.; Larson, I.; Mulvaney, P.; White, L. R. Method for
the Calibration of Atomic Force Microscope Cantilevers. Rev. Sci.
Instrum. 1995, 66, 3789−3798.
(44) Sader, J. E.; Chon, J. W. M.; Mulvaney, P. Calibration of
Rectangular Atomic Force Microscope Cantilevers. Rev. Sci. Instrum.
1999, 70, 3967−3969.
(45) Killgore, J. P.; Yablon, D. G.; Tsou, A. H.; Gannepalli, A.; Yuya,
P. A.; Turner, J. A.; Proksch, R.; Hurley, D. C. Viscoelastic Property
Mapping with Contact Resonance Force Microscopy. Langmuir 2011,
27, 13983−13987.
(46) Yuya, P. A.; Hurley, D. C.; Turner, J. A. Contact-Resonance
Atomic Force Microscopy for Viscoelasticity. J. Appl. Phys. 2008, 104,
No. 074916.
(47) PERIODOGRAM, Y., PERIODOGRAM Graphics Commands.
(48) Ma, C.; Zhou, C.; Peng, J.; Chen, Y.; Arnold, W.; Chu, J.
Thermal Noise in Contact Atomic Force Microscopy. J. Appl. Phys.
2021, 129, No. 234303.
(49) Stan, G.; King, S. W. Atomic Force Microscopy for Nanoscale
Mechanical Property Characterization. J. Vac. Sci. Technol., B:
Nanotechnol. Microelectron.: Mater., Process., Meas., Phenom. 2020,
38, No. 060801.
(50) Rabe, U.; Janser, K.; Arnold, W. Vibrations of Free and Surface-
Coupled Atomic Force Microscope Cantilevers: Theory and experi-
ment. Rev. Sci. Instrum. 1996, 67, 3281−3293.
(51) Efremov, Y. M.; Okajima, T.; Raman, A. Measuring
Viscoelasticity of Soft Biological Samples Using Atomic Force
Microscopy. Soft Matter 2020, 16, 64−81.
(52) Gonzalez-Martinez, J. F.; Kakar, E.; Erkselius, S.; Rehnberg, N.;
Sotres, J. The Role of Cross-Linking in the Scratch Resistance of
Organic Coatings: An Investigation Using Atomic Force Microscopy.
Wear 2019, 418−419, 151−159.
(53) Rabe, U.; Amelio, S.; Kester, E.; Scherer, V.; Hirsekorn, S.;
Arnold, W. Quantitative Determination of Contact Stiffness Using
Atomic Force Acoustic Microscopy. Ultrasonics 2000, 38, 430−437.
(54) Yuya, P. A.; Hurley, D.; Turner, J. Relationship Between Q-
factor and Sample Damping for Contact Resonance Atomic Force
Microscope Measurement of Viscoelastic Properties. J. Appl. Phys.
2011, 109, No. 113528.
(55) Asif, S. A. S.; Wahl, K. J.; Colton, R. J. Nanoindentation and
Contact Stiffness Measurement Using Force Modulation with a
Capacitive Load-Displacement Transducer. Rev. Sci. Instrum. 1999,
70, 2408−2413.
(56) Valle-Delgado; Molina-Bolivar, J. J.; Galisteo-Gonzalez, F.;
Gálvez-Ruiz, M. J.; Feilera, A.; Rutland, M. Interactions Between
Bovine Serum Albumin Layers Adsorbed on Different Substrates
Measured with An Atomic Force Microscope. Phys. Chem. Chem.
Phys. 2004, 6, 1482−1486.
(57) Péterfi, Z.; Kocsis, B. Comparison of Blocking Agents for an
ELISA for LPS. J. Immunoassay 2000, 21, 341−354.
(58) Bhavanandan, V. P.; Hegarty, J. Identification of the Mucin
Core Protein By Cell-Free Translation of Messenger RNA from
Bovine Submaxillary Glands. J. Biol. Chem. 1987, 262, 5913−5917.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03740
ACS Omega 2023, 8, 32765−32774

32773

https://doi.org/10.1021/la201673r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la201673r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la201673r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-6031(98)00275-5
https://doi.org/10.1016/S0040-6031(98)00275-5
https://doi.org/10.1016/S1995-7645(10)60110-1
https://doi.org/10.3109/10409239209082559
https://doi.org/10.1021/acs.langmuir.6b02057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b02057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b02057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b02057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpba.2017.03.036
https://doi.org/10.1016/j.jpba.2017.03.036
https://doi.org/10.1016/j.jpba.2017.03.036
https://doi.org/10.4187/aarc0427
https://doi.org/10.4187/aarc0427
https://doi.org/10.1126/science.288.5469.1251
https://doi.org/10.1126/science.288.5469.1251
https://doi.org/10.1126/science.288.5469.1251
https://doi.org/10.1146/annurev.physiol.70.113006.100702
https://doi.org/10.1146/annurev.physiol.70.113006.100702
https://doi.org/10.1007/s13258-010-0051-4
https://doi.org/10.1007/s13258-010-0051-4
https://doi.org/10.1007/s13258-010-0051-4
https://doi.org/10.1046/j.1365-3083.2001.00970.x
https://doi.org/10.1046/j.1365-3083.2001.00970.x
https://doi.org/10.1016/j.jaci.2006.09.013
https://doi.org/10.1016/j.jaci.2006.09.013
https://doi.org/10.1152/ajpgi.1982.242.4.G380
https://doi.org/10.1152/ajpgi.1982.242.4.G380
https://doi.org/10.1021/acs.macromol.8b01178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4882755
https://doi.org/10.1063/1.4882755
https://doi.org/10.1063/1.4882755
https://doi.org/10.1038/srep42718
https://doi.org/10.1038/srep42718
https://doi.org/10.1007/s10570-022-04603-9
https://doi.org/10.1007/s10570-022-04603-9
https://doi.org/10.1007/s10570-022-04603-9
https://doi.org/10.1021/acs.langmuir.8b04222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b04222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4812633
https://doi.org/10.1063/1.4812633
https://doi.org/10.1063/1.4812633
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1088/0957-4484/6/1/001
https://doi.org/10.1088/0957-4484/6/1/001
https://doi.org/10.1063/1.1143970
https://doi.org/10.1063/1.1143970
https://doi.org/10.1021/acs.langmuir.5b02860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b02860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b02860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1145439
https://doi.org/10.1063/1.1145439
https://doi.org/10.1063/1.1150021
https://doi.org/10.1063/1.1150021
https://doi.org/10.1021/la203434w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la203434w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2996259
https://doi.org/10.1063/1.2996259
https://doi.org/10.1063/5.0054256
https://doi.org/10.1116/6.0000544
https://doi.org/10.1116/6.0000544
https://doi.org/10.1063/1.1147409
https://doi.org/10.1063/1.1147409
https://doi.org/10.1063/1.1147409
https://doi.org/10.1039/C9SM01020C
https://doi.org/10.1039/C9SM01020C
https://doi.org/10.1039/C9SM01020C
https://doi.org/10.1016/j.wear.2018.11.027
https://doi.org/10.1016/j.wear.2018.11.027
https://doi.org/10.1016/S0041-624X(99)00207-3
https://doi.org/10.1016/S0041-624X(99)00207-3
https://doi.org/10.1063/1.3592966
https://doi.org/10.1063/1.3592966
https://doi.org/10.1063/1.3592966
https://doi.org/10.1063/1.1149769
https://doi.org/10.1063/1.1149769
https://doi.org/10.1063/1.1149769
https://doi.org/10.1039/B314060C
https://doi.org/10.1039/B314060C
https://doi.org/10.1039/B314060C
https://doi.org/10.1080/01971520009349541
https://doi.org/10.1080/01971520009349541
https://doi.org/10.1016/S0021-9258(18)45661-X
https://doi.org/10.1016/S0021-9258(18)45661-X
https://doi.org/10.1016/S0021-9258(18)45661-X
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(59) Scawen, M.; Allen, A. The Action of Proteolytic Enzymes On
The Glycoprotein from Pig Gastric Mucus. Biochem. J. 1977, 163,
363−368.
(60) Bettelheim, F. A.; Block, A. Water Vapor Sorption of Bovine
and Porcine Submaxillary Mucins. Biochim. Biophys. Acta, Gen. Subj.
1968, 165, 405−409.
(61) Hurley, D. C.; Turner, J. A. Humidity Effects on the
Determination of Elastic Properties by Atomic Force Acoustic
Microscopy. J. Appl. Phys. 2004, 95, 2403−2407.
(62) Hurley, D. C.; Kopycinska-Müller, M.; Julthongpiput, D.;
Fasolka, M. J. Influence of Surface Energy and Relative Humidity on
AFM Nanomechanical Contact Stiffness. Appl. Surf. Sci. 2006, 253,
1274−1281.
(63) Eslami, B.; Caputo, D. Effect of eigenmode frequency on loss
tangent atomic force microscopy measurements. Appl. Sci. 2021, 11,
6813.
(64) Em-Udom, J.; Pisutha-Arnond, N. Investigation of Viscoelastic-
Creep and Mechanical-Hysteresis Behaviors of Hydrostatically
Stressed Crystal Using the Phase Field Crystal Method. Adv. Math.
Phys. 2020, 2020, 1−20.
(65) Kestin, J.; Whitelaw, J. H. The Viscosity of Dry and Liquid
Humid Air. Int. J. Heat Mass Transfer 1964, 7, 1245−1255.
(66) Dinelli, F.; Biswas, S. K.; Briggs, G. A. D.; Kolosov, O. V.
Measurements of Stiff-Material Compliance on the Nanoscale Using
Ultrasonic Force Microscopy. Phys. Rev. B 2000, 61, 13995.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03740
ACS Omega 2023, 8, 32765−32774

32774

https://doi.org/10.1042/bj1630363
https://doi.org/10.1042/bj1630363
https://doi.org/10.1016/0304-4165(68)90219-5
https://doi.org/10.1016/0304-4165(68)90219-5
https://doi.org/10.1063/1.1646436
https://doi.org/10.1063/1.1646436
https://doi.org/10.1063/1.1646436
https://doi.org/10.1016/j.apsusc.2006.01.072
https://doi.org/10.1016/j.apsusc.2006.01.072
https://doi.org/10.3390/app11156813
https://doi.org/10.3390/app11156813
https://doi.org/10.1155/2020/2821402
https://doi.org/10.1155/2020/2821402
https://doi.org/10.1155/2020/2821402
https://doi.org/10.1016/0017-9310(64)90066-3
https://doi.org/10.1016/0017-9310(64)90066-3
https://doi.org/10.1103/PhysRevB.61.13995
https://doi.org/10.1103/PhysRevB.61.13995
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

