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a b s t r a c t
This study focuses on the humidity adsorption kinetics of an isopropanol-induced and pH-triggered
bovine pancreatic trypsin gel (BPTG). The BPTG was adsorbed on a gold coated Quartz Crystal Microbalance (QCM) substrate with a thickness of 376 nm. The morphology of the ﬁlm was characterized using
Atomic Force Microscopy (AFM). QCM was used to investigate the humidity sensing properties of the
BPTG ﬁlm. The response of the humidity sensor was explained using the Langmuir model. The average
values of adsorption and desorption rates between 11% RH (relative humidity) and 97% RH were calculated as 2482.5 M1 s1 and 0.02 s1, respectively. The equilibrium constant and average Gibbs Free
Energy of humidity adsorption and desorption cycles were obtained as 133,000 and 11.8 kJ/mol,
respectively.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Modiﬁcation of surface with natural polymers and proteins
using adsorption techniques [1] is a very important issue in materials science and technology for biocompatibility [2] of biomedical
devices [3], biosensor [4] and food manufacturing technologies
[5,6]. Other applications include coating of surfaces for protection
against corrosive processes [7] or adverse environmental effects
which appears to be important in food packaging [8] and other value-added biological. In all these applications, it is crucial to understand the functional behavior of bio-surfaces.
Protein gelation has been recognized as an outcome of heating
process in laboratory experiments and food systems [9]. However,
cold gelling systems have also been identiﬁed for globular protein
systems [10,11]. Hydration–dehydration behavior is one of the
most critical properties for functional and structural protein integrity; hence, in protein gelation, the way protein molecules interact
with water determines their operational properties, such as gelling
in foods [12]. In addition, it has been shown that reactional activity
of proteins is strongly inﬂuenced by the water content and composition of the environment surrounding of the protein molecules.
Therefore, it is important to consider the role and amount of water
in protein containing systems to use it in sensory and other
applications.
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In this work, we have studied the water adsorption–desorption
kinetics of a cold protein gel ﬁlm formed on a gold coated QCM
crystal surface. QCM technique has been used for the analysis of
the dynamic and equilibrium behavior of humidity adsorption–
desorption processes of the trypsin gel ﬁlm. QCM technique provides new opportunities to investigate the structural processes in
the formation of polymer and protein ﬁlm formation and their
physical properties under different environmental variations such
as humidity in combination with other experimental methods
[13–19]. In addition, AFM has been used to investigate the morphologic characterization of the ﬁlm formed.

2. Materials and methods
2.1. Preparation of protein-based thin gel ﬁlm
Bovine pancreatic trypsin (BioChemika, cat. number 93610),
which was selected as the model protein, is a small globular
protein with a molecular weight of about 24 kDa [20]. Trypsin
has 223 amino acid residues interconnected by six disulﬁde bonds
as shown in Fig. 1 [21]. Molecular images were produced using the
UCSF Chimera package from the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San
Francisco (supported by NIH P41 RR-01081) [22]. The trypsin thin
ﬁlm was prepared according to the following procedure: Trypsin
was dissolved in 1 mM HCl at a concentration of 50 mg/ml. Isopropanol was added to the protein solution as an inducer of gel formation [23] at a volumetric ratio of 1/1. Finally, 0.1 N NaOH was
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Fig. 1. Bovine pancreatic trypsin and disulﬁde bonds are depicted as balls
connected by sticks (o–o).

added to the protein–isopropanol mixture and applied to the
crystal surface. Upon the addition of NaOH, the gelation process
was triggered and completed in the ﬁrst 5 min, resulting in a
transparent and stable protein gel ﬁlm structure. Later, the gel
was treated with analytically pure ethanol along with a sonication
process for 5 min, leaving a visually observable adhesive layer on
the surface of a gold coated QCM electrode. The thickness of the
ﬁlm was measured as 376 nm with a Dektak Proﬁlometer (Veeco).
A Solver Pro AFM (NTMDT) was used to investigate the morphology of the trypsin gel ﬁlm surface.
2.2. Humidity measurements
The change in the resonance frequency of quartz crystals
between gold electrodes was measured with a time-resolved
research quartz crystal microbalance (RQCM, Maxtek. Inc.). The
system operates in a dual frequency range between 3.80–
6.06 MHz, and 5.10–10.00 MHz oscillation frequencies with a frequency resolution of 0.03 Hz at 6.00 MHz and mass resolution
smaller than 0.4 ng/cm2. Hence, 1 Hz change in frequency corresponds to a 10.2 ng change in mass. Cleaning of the gold coated
quartz crystal electrode was carried out in 15 min ultrasonic cleaning cycles with acetone, ethanol, isopropanol and with a ﬁnal rinse
in deionized water. Remaining ethanol and water was removed in
by argon gas ﬂow. Frequency readings were obtained after the
crystal was placed into its Teﬂon housing. Humidity standards
were provided in a closed box system partially ﬁlled with saturated
salts with various relative levels between 11% and 97% RH. The set
up used to observe the hydration–dehydration kinetics of the gel
layer using the standard salt solutions was described in details in
our previous work [24].
3. Results and discussion
QCM experiments were carried out to observe adsorption/
desorption kinetics for increasing and decreasing humidity values
between 11% and 97% RH. The RH is varied for equal time of intervals to investigate the kinetics of any residual adsorbed water mass
on the protein gel ﬁlm. The frequency response of the protein gel
covered QCM plate during adsorption–desorption cycles between
11% and 97% RH as a function of time is shown in Fig. 2a and b.
Fig. 2b shows an exponential dependence of QCM frequency
change on relative humidity change. The mass uptake obtained
from QCM resonance frequency shifts using Sauerbrey model for
adsorption between 11% and 84% RH values is shown in Fig. 2c.
According to Fig. 2b, adsorption and desorption processes seem
to be reversible and show an exponential dependence on relative
humidity change.

Fig. 2. Mass uptake obtained from QCM resonance frequency shifts using Sauerbrey
model for adsorption between 11% and 84% RH values (a), RH dependence of the
frequency changes for adsorption–desorption processes (b), least square ﬁt (dashed
line) of the adsorption to the Langmuir adsorption isotherm model given in Eq. (2) (c).

The Langmuir adsorption isotherm model was used to analyze
our adsorption data to explain the adsorption–desorption behavior
of gas molecules as given in Okur et al. [24]. Basically, the relationship between the surface adsorption rate and frequency shift (Df)
QCM can be expressed as

dDf
¼ ðDfmax  Df Þka C  kd Df
dt

ð1Þ

Ultimately, the time dependence of the change in the frequency
for adsorption can be expressed as

Df ðtÞ ¼ Df0 þ Dfmax K 0 ð1  ekobs t Þ

ð2Þ

The frequency shift is directly proportional to the change in the
absorbed mass in the ﬁlm according to the Sauerbrey relation


pﬃﬃﬃﬃﬃ
Dm ¼  A2fl2q Df ¼ ð10:2 ng=HzÞDf [25]. The change in the mass
0

due to humidity adsorption can be ﬁtted to the Langmuir adsorption isotherm model. The time dependence of the amount of water
molecules on the ﬁlm surface Dm can be deﬁned as,
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Fig. 3. (a) 2D AFM view and (b) 3D AFM view of the trypsin gel ﬁlm on a gold coated QCM electrode.

Dmt ¼ Dm0 þ Dm1 ð1  et=s Þ

ð3Þ

and

s1 ¼ ka ½molar concentration of water vapor molecules þ kd
where s is the relaxation time, and m1 is the maximum amount of
the water molecules adsorbed on the surface at t ? 1 and is
obtained as 1296.9 ng. The relaxation time of the adsorption
process is found as 0.5 min by the least square ﬁt to Eq. (3).
The average values of adsorption and desorption rates were
obtained as 2482.5 M1 s1 and 0.02 s1, from the least square ﬁt
of the adsorption part of each cycle, respectively.
The equilibrium constant, Kequ, for the adsorption/desorption
process of the protein ﬁlm is obtained with Kequ = ka/kd, and the
corresponding Gibbs Free Energy for the equilibrium behavior of
the process can be calculated in terms of Kequ at constant temperature [26].

DG ¼ RT ln K equ

ð4Þ

The equilibrium constant and average Gibbs Free Energy of
humidity adsorption and desorption cycles were obtained as
133,000 and 11.8 kJ/mol, respectively, indicating a spontaneous
adsorption process, because DG has a negative sign.
The AFM micrograph, which is shown in Fig. 3, allows the investigation into the overall morphology of the trypsin gel ﬁlm on gold
coated QCM electrodes. Regular nanostructures have been observed after gel formation. This structural organization enables
an increase in surface area during the interaction of water molecules (adsorption process).
The results suggest that protein gel ﬁlm formed on the QCM
plate surface is very sensitive to humidity changes and shows a
reproducible adsorption/desorption kinetics for short time intervals. The strong binding ability of the protein molecules to the gold
surface may be indicative of the disulﬁde groups found in the
structure of trypsin, since the afﬁnity of the sulﬁde groups to the
gold surfaces is well known [27]. Upon treatment with NaOH, trypsin molecules dissolved in the water–isopropanol co-solvent system should be changing their three-dimensional structure in a
regular fashion, such that a transparent regular gel network forms.
After the gel formation, the removal of the gel bulk is followed by
an ethanol wash step and drying. The protein molecules should be
subjected to conformational changes in each step as well. Similarly,
Lubarsky et al. [19] observed rheological changes in human serum
albumin ﬁlms by changing hydration level. However, their results
with a combined AFM and QCM study showed that the mechanical
and rheological changes in viscosity, shear, Young’s modulus, density and ﬁlm thickness were reversible.

4. Conclusions
The response of isopropanol-induced and alkaline pH-triggered
bovine pancreatic trypsin gel ﬁlm to the relative humidity changes
was investigated by QCM technique for various relative humidity
values between 11% and 97%. The Langmuir model was used to
determine the adsorption and desorption rates as 2482.5 M1 s1
and 0.02 s1, respectively. The equilibrium constant and average
Gibbs Free Energy of humidity adsorption and desorption cycles
were obtained as 133,000 and 11.8 kJ/mol, respectively. The
results show that trypsin as a biomaterial has many advantages,
such as large surface area due to nanostructured morphology,
reversibility of adsorption/desorption cycles and high sensitivity
to environmental RH changes, for possible humidity sensor
applications.
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