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A novel glycoprotein film was assembled from pig gastric mucin and poly(acrylamide-co-3acrylamidophenylboronic acid) using a layer-by-layer technique, driven by the formation of boronate
ester bonds between the boronic acid units and the polyols. The assembly was monitored by quartz
crystal microbalance and UV-vis spectroscopy. The film thickness is increased with increasing the ionic
strength and the pH of assembly solutions. Furthermore, the dynamic response of the assembled film to
the presence of glucose was monitored in real time using quartz crystal microbalance with dissipation.
Glucose competes with pig gastric mucin to bind with the boronic acid units in the multilayer film,
resulting in its disassembly, and the disassembly rate is a function of the glucose concentration. The film
is also sensitive to glucose at physiological conditions, albeit the response is weaker and slower than
that at higher pH. This glucose-sensitive glycoprotein multilayer film can therefore be applied in
glucose sensing and self-regulated insulin release systems.

Introduction
In this paper, we report a novel glucose-sensitive glycoprotein
film assembled by the layer-by-layer (LbL) technology. A phenylboronic acid (PBA) tailored random copolymer was used,
which could generate covalent boronate ester linkages with
glycoproteins and lead to the formation of stable glycoprotein
multilayer films. The PBA units in the film can form reversible
complexes with diol-containing molecules, such as polyols,
carbohydrates and sugar residues located on the surface of
glycoproteins in aqueous media.1–4 The mechanism of the reaction is the formation of a heterocyclic diester from 1,2- or 1,3-diol
groups and a tetrahedral boronate ion.5 Up to now, PBA-bearing
polymers have found extensive applications in sensor technology,6,7 drug delivery,8 and affinity chromatography.9
Mucins are highly charged and heavily glycosylated proteins,
which are present at the mucosal surfaces of animal epithelia.10
These glycosylated proteins are parts of the protective epithelial
mucus layer that plays an important role as an anti-adhesive
barrier to selective substances between the host and external
environment.11,12 Based on their excellent biological and
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physicochemical properties, mucins have been applied in the
surface modification of biomaterials over a number of years.13,14
LbL technology is a facile and versatile method, which can
provide precise control of the film thickness at the nanometer
scale and of the properties of the resultant films.15 Conventionally electrostatic interactions are the main driving force for LbL
assembly.16–18 In general, the mild process of LbL assembly can
maintain the natural architectures of biomolecules,19,20 thus
making it a good method for fabricating functional biocompatible films. Recently, a variety of non-electrostatic interactions
including hydrogen bonding, hydrophobic interactions, ion–
dipole interactions and biospecific recognition were employed in
the LbL assembly.18,21,22 Some studies have shown that the
interaction between PBA and polyols, such as polysaccharide
mannan and poly(vinyl alcohol) (PVA),23,24 can be used to
construct ultrathin films by the LbL method. In this work, we
used pig gastric mucin (PGM) and poly(acrylamide-co-3-acrylamidophenylboronic acid) [P(AAm-AAPBA)] to construct LbL
multilayer films driven by the formation of boronate ester bonds
between the boronic acid units and the polyols. Furthermore, as
the boronate ester bonding is reversible, the resultant films are
glucose-sensitive in aqueous solutions.
Quartz crystal microbalance with dissipation monitoring
(QCM-D) is a real-time and label-free method for monitoring
intermolecular interactions on various surfaces based on
analyzing the variation of the quartz crystal frequency (f) and the
energy dissipation (D).25–28 This method is highly sensitive for in
situ real-time analysis, therefore QCM-D has been broadly
applied to analyze the adsorption profile of proteins or plant
viruses,29–31 formation of polymer films32,33 and cell adhesion and
This journal is ª The Royal Society of Chemistry 2012
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spreading.34–38 In the present study, we sought to characterize the
disassembly kinetics of a LbL assembly film in response to
glucose using QCM-D, which enables us to quantitatively
describe the interactions between carbohydrates (such as
glucose) and PBA groups in the assembly film. Furthermore, the
additional benefit of measuring the dissipation of the disintegrating process makes it possible to investigate the viscoelastic properties and structure of the multilayer films.
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Experimental section
Materials
Poly(acrylamide-co-3-acrylamidophenylboronic acid) [P(AAmAAPBA)] was synthesized as reported.39 Poly(diallyldimethylammonium chloride) (PDDA, MW ¼ 200 000–
350 000) and poly(sodium 4-styrene sulfonate) (PSS, MW ¼
70 000) were purchased from Sigma-Aldrich Co.; Pig gastric
mucin (PGM, MW 9  106) was purchased from Shanghai
Yuanye Biotechnology Co., Ltd. All the chemicals were used as
received without further purification. Water was purified using a
UNIQUE-R20 system (18.2 MU). Silver electrodes (Model 49UC20SSA-9MHz) were manufactured by Beijing Ziweixing
Microelectronic Co., Ltd.
Characterization
The LbL assembly process of PGM and P(AAm-AAPBA) was
monitored by a Protek Frequency Counter (Model C3100) and
UV-vis absorption spectrometer (Beijing Purkinje General
Instrument Co., Ltd, Model TU-1901). The dynamic response
behavior of the assembly films in the presence of glucose was
monitored with a quartz crystal microbalance with dissipation
monitoring (QCM-D, Q-Sense E1, Sweden) equipped with a
QFM 401 flow module. The morphology of the PGM/P(AAmAAPBA) film was obtained using an Agilent 5500 atomic force
microscopy (AFM) instrument (Agilent Technologies Co., Ltd)
operating in tapping mode.
Fabrication of LbL multilayer film from PGM and P(AAmAAPBA)
The LbL formation of PGM and P(AAm-AAPBA) was conducted according to the following procedure. Firstly a substrate
(silver-coated electrode or quartz slide) was immersed in a
PDDA solution (1 mg mL1, containing 0.25 M NaCl) for 15
min, and then washed thoroughly with deionized water, followed
by drying with nitrogen gas. The substrate coated with positively
charged PDDA was immersed in a PSS solution (1 mg mL1,
containing 0.25 M NaCl) for 15 min. Again the substrate was
washed thoroughly with deionized water and dried with nitrogen
gas. This alternate cycle was repeated twice and an additional
PDDA layer was coated as the outermost surface to construct the
precursor film (PDDA/PSS)2/PDDA, where the numerical value
two indicates the number of polymer bilayers. The precursor film
provides uniform charge and a smooth surface for subsequent
deposition.
PGM and P(AAm-AAPBA) solutions were prepared by dissolving the corresponding materials in phosphate-buffered saline
(PBS) (0.01 M, pH 9.0, containing 0.5 M NaCl), and the final
This journal is ª The Royal Society of Chemistry 2012

concentrations were both 0.1 mg mL1. The substrate overlaid
with a (PDDA/PSS)2/PDDA precursor film was alternately
immersed in a PGM solution for 30 min and then in a P(AAmAAPBA) solution for another 30 min. After each immersion step
the substrate was rinsed with PBS buffer and dried with nitrogen
gas. The assembly process was monitored using quartz crystal
microbalance (QCM) and UV-vis spectroscopy.
QCM-D measurements
The dynamic response behavior of the assembly films in the
presence of glucose was characterized using a QCM-D equipped
with a QFM 401 flow module. The sensor was an AT-cut quartz
crystal coated with gold on each side with a fundamental resonance frequency of 5 MHz (QSX 301, Q-Sense AB, Sweden). In
brief, the QCM-D technique monitors simultaneously both the
shifts of frequency (Df) and dissipation (DD) in response to
adsorption of materials on the surface of the crystal sensor. The
quartz crystal frequency is directly related to the amount of mass
deposited on the sensor surface, and the energy dissipation is
related to the viscoelastic properties of the adlayers. The voltage
applied over the crystal results in a thickness shear mode oscillation. The oscillation is driven at the crystal’s fundamental
frequency or an overtone. QCM-D records the frequencies at the
first, third, fifth, seventh, ninth, eleventh and thirteenth overtone
(5, 15, 25, 35, 45, 55 and 65 MHz, respectively), in which the third
overtone often is the most stable one. Therefore we registered the
frequency and the dissipation changes in third overtone
frequency during our experiments. For rigid films, there is a
linear relationship between the amount of mass adsorbed onto
the crystal surface (normally in the 1 ng cm2 range)40 and the
frequency shift of the crystal in air or vacuum according to the
Sauerbrey equation41
Dm ¼ 

rq lq Df
f0 n

where f0 is the fundamental frequency, and lq and rq are the
thickness and density of the quartz crystal, respectively. n
represents the overtone number, which is an odd number (n ¼ 1,
3, 5, 7, 9, 11, 13). This Sauerbrey equation is also applied in the
situation of liquids although the adsorbed mass includes the
amount of coupled water. The dissipation factor (D) is related to
the structure and viscoelastic properties of the adlayers. DD, is
defined as42
DD ¼

Edissipated
2pEstored

where Edissipated is energy dissipated during one period of oscillation and Estored is the energy stored in the oscillating system.
The measurement of DD is based on the fact that the voltage over
the crystal decays exponentially as a damped sinusoidal when the
driving power of the piezoelectric oscillator is switched off.42
A piece of gold sensor was cleaned in an aqueous mixture of
ammonium hydroxide and hydrogen peroxide (NH3$H2O/H2O2/
H2O ¼ 1/1/5, v/v/v) at 75  C for 30 min, and then the sensor was
rinsed thoroughly with deionized water and dried with nitrogen
gas. (Caution: the ammonium peroxide mix solution should be
used in a fume hood, with proper protection). Thereafter, all
tubing was cleaned with 2% SDS for 30 min, and thoroughly
J. Mater. Chem., 2012, 22, 17954–17960 | 17955
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rinsed with deionized water. The gold sensor coated with (PGM/
P(AAm-AAPBA))6 film was installed into the QFM 401 flow
module and the system was equilibrated at 25  0.01  C with
degassed PBS (pH 9.0) buffer until the baseline was stable. After
that, glucose solution at different concentrations in PBS (pH 9.0)
was injected. To study the response of glucose to the assembly
film in physiological conditions, the shifts of frequency and
energy dissipation were measured by injecting PBS (pH 7.4)
containing 1 mg mL1 glucose.
AFM imaging
AFM imaging measurements were performed in ambient
conditions using an Agilent 5500 atomic force microscopy
instrument with tapping mode. Silicon tips with a resonance
frequency of 300 Hz, a spring constant of about 2 N m1 and a
scan rate of 1 Hz were used. The new silicon wafers were cleaned
with H2SO4/H2O2 (7/3, v/v) solution at 75  C, then sonicated
three times in deionized water and dried with nitrogen gas before
assembly. (PGM/P(AAm-AAPBA))6 film was fabricated on
silicon wafers as described previously. Then the coated silicon
wafers were immersed into two different pH values of PBS
(pH 7.4 and 9.0) glucose solution for 10 min at 25  C respectively.
After that the wafers were rinsed with deionized water and dried
with nitrogen gas before testing. The root mean square (RMS)
roughness of the sample was calculated after second order flattening using Picoimage software.

Results and discussion
Fabrication of PGM and P(AAm-AAPBA) multilayer film
It is well-known that the isoelectric point (pI) of PGM is 2–3,11
so that PGM can be considered as an anionic macromolecule at
pH 9.0. In the present study, the first layer of PGM was deposited
as a result of electrostatic interaction between the anionic PGM
and cationic PDDA surface. After that, the surface carries a lot
of hydroxy groups, which can bind with P(AAm-AAPBA) by
covalent boronate ester bonding. The outermost surface restores
a PBA-rich surface for the next layer deposition. The alternated
deposition of PGM and P(AAm-AAPBA) was repeated to
construct the LbL multilayer film. This process is depicted
schematically in Scheme 1.
A silver electrode, which was an AT-cut quartz crystal
(9 mm in diameter) coated with silver (4.5 mm in diameter) on
each side with a resonance frequency of 9 MHz, was cleaned
with deionized water, dried with nitrogen gas and used in the
QCM analysis. QCM data for PGM and P(AAm-AAPBA)
depositions are presented in Fig. 1. For each newly adsorbed
PGM/P(AAm-AAPBA) bilayer on silver electrodes, the average

of the frequency shift was 257  103 Hz, which corresponded to
112  45 ng and 3.51  1.41 nm of PGM/P(AAm-AAPBA) on
each side of the electrode calculated by Sauerbrey’s equation.41
The UV spectra of P(AAm-AAPBA) and PGM in aqueous
solution are shown in Fig. 2a, and the UV spectra of the
assembly film constructed with different dipping cycles are
shown in Fig. 2b. The peak at 245 nm is assigned to the
absorbance of the P(AAm-AAPBA) moiety of the composite
film, which increases linearly along with the increase of the
cycles of P(AAm-AAPBA) deposition (Fig. 2c). Both the QCM
and UV data indicate that the deposition process is successful
and reproducible from layer to layer.
The effect of different parameters on the LbL assembly process
To study the effect of ionic strength on assembly film formation, PGM/P(AAm-AAPBA) multilayer films were fabricated in
0.01 M PBS at pH 9.0 with various concentrations of NaCl. As
shown in Fig. 3, the amount of film materials deposited on the
electrode increases when the salt concentration increases from
0 M to 0.5 M. The rising shift of frequency, corresponding to
the increase of bilayers, indicates the sequential deposition of
materials. After 10 adsorption cycles, the masses of assembly
materials adsorbed on each side of the silver electrodes were
0.55  0.02 mg (0 M NaCl), 0.59  0.01 mg (0.15 M NaCl),
0.69  0.06 mg (0.25 M NaCl) and 1.07  0.08 mg (0.5 M NaCl),
respectively. It confirms that the adsorbed amount of materials
onto the multilayer film can be controlled by the ionic strength.
The rational effect of salt is that the addition of inorganic salt
can reduce the repulsion between phenylboronate ions and

Fig. 1 Bilayer deposition of PGM and P(AAm-AAPBA) on the
(PDDA/PSS)2/PDDA-coated silver electrode monitored by QCM. The
subscript denotes the number of bilayers deposited. The concentrations
of PGM and P(AAm-AAPBA) were both 0.1 mg mL1 in 0.01 M PBS
(pH 9.0) containing 0.5 M NaCl.

Scheme 1 Schematic illustration of the LbL fabrication of PGM and P(AAm-AAPBA) multilayers.
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Fig. 2 (a) Absorption spectra for PGM (0.1 mg mL1, pH 9.0) and P(AAm-AAPBA) (0.1 mg mL1, pH 9.0) in aqueous solution. (b) Absorption
spectra for PGM/P(AAm-AAPBA) films on a silver electrode with different bilayer numbers. (c) The inset shows the step growth of the absorbance at
245 nm as a function of number of bilayers deposited. The films were fabricated in 0.01 M PBS (pH 9.0) containing 0.5 M NaCl.

result in a less extended conformation of the P(AAm-AAPBA),
which ultimately gives thicker layer deposition. Additionally,
the repulsive interaction between the surface and P(AAmAAPBA) is reduced as well, which also facilitates the film
formation.24,32
The films were assembled successfully at pH values ranging
from 8.0 to 9.0 as shown in Fig. 4. The deposition trends were

similar at pH 8.5 and 9.0. The frequency shifts of the 10-bilayer
film fabricated at pH 8.5 and 9.0 were 2171  13 Hz and 2457 
195 Hz, respectively. The frequency shift at pH 8.0 was only 415 
20 Hz, which was much lower in comparison to the readings at
other pH values. The pH-dependent multilayer formation is
proposed to be due to the stability of the ester formed between the
PBA moiety and the PGM diols. As a weak acid (the pKa of PBA
is 8.8),43 PBA deprotonates when the pH value increases, which
leads to a rising proportion of tetrahedral boronate ion, which is
well-known to be able to form stable esters with diols much easier
than a planar boronate under less basic conditions.5 As shown in
our results, when the pH is lower than 8.5, there is no efficient
active PBA for the fabrication (Fig. 4). This is consistent with the
results of a previous report by Levy T. et al.23
The dependence of multilayer formation on the concentration
was also investigated by changing the PGM concentration while
keeping the P(AAm-AAPBA) concentration constant. As shown
in Fig. 5, with 0.2 mg mL1 and 0.1 mg mL1 PGM, the growth
rate and the total adsorption amount of the 10-bilayer film
increased by approximately the same degree. With the concentration of 0.02 mg mL1, the adsorption amount of the assembly
film decreased significantly after three deposition cycles. Therefore we fixed the concentrations of PGM and P(AAm-AAPBA)
both as 0.1 mg mL1 to fabricate the LbL film in the following
studies.

Fig. 4 Frequency shift of PGM/P(AAm-AAPBA) multilayer film under
different pH values. The concentrations of PGM and P(AAm-AAPBA)
were both 0.1 mg mL1 in 0.01 M PBS containing 0.5 M NaCl.

Fig. 5 Frequency shift of PGM/P(AAm-AAPBA) multilayer film
dependent on PGM concentration. The concentration of P(AAmAAPBA) was 0.1 mg mL1 in 0.01 M PBS (pH 9.0).

Fig. 3 Frequency shift of PGM/P(AAm-AAPBA) multilayer film
dependent on the concentration of NaCl. The concentrations of PGM
and P(AAm-AAPBA) were both 0.1 mg mL1 in 0.01 M PBS (pH 9.0).
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Dynamic response behavior of PGM and P(AAm-AAPBA) film
to glucose
Assembly films with boronate ester as the driving force may
disassemble under the appropriate conditions due to the reversibility of the boronate ester bond. For example, the PVA/
P(AAm-AAPBA) films can disassemble in glucose solution, in
which glucose competes with PVA to bind with PBA groups on
the assembly films.24 In this paper, we investigated the dynamic
response of the assembly film with addition of glucose.
Depending on the Sauerbrey equation,41 the mass desorbed
from the surface (Dm) can induce the increase of resonance
frequency (Df) to the crystal sensor. The real-time disintegrating
processes of the assembly films were monitored by QCM-D when
various concentrations of glucose (0.5 mg mL1, 1 mg mL1 and
5 mg mL1, respectively) were added at pH 9.0. The changes in
frequency and dissipation versus time are shown in Fig. 6. After
the stabilization of the baseline in 0.01 M PBS buffer (pH 9.0) in
300 seconds, glucose dissolved in the same buffer was added. As
shown in Fig. 6a, the adsorbing process of glucose on the
assembly film involves two steps. In the first step, when glucose is
adsorbed on the multilayer surface, the frequency decreased
around 2.5 Hz, which indicated a similar amount of mass
(glucose coupled with water) was adsorbed onto the surface in all
cases. In the second step, the change in frequency increased
quickly, which indicated the assembly film disassembled from the
surface. The disintegration of the assembly film can be regarded
as a process to reestablish the equilibrium among the free
carbohydrate chains of PGM, the bound carbohydrate chains of
PGM and the free PBA groups in the assembly film. The presence
of glucose partially consumes free PBA groups, thus the equilibrium shifts to the left hand according to Le Chatelier’s principle.44 In other words, glucose competes with PGM for PBA
binding sites and results in disintegration of the assembly film.
Apparently, the more glucose present in the solution, the more
material disassociates from the assembly film.
The change in dissipation (DD) provides more information
about the viscoelastic property and structure of the assembled
film.40 The data of DD (Fig. 6b) also accord with the disintegrating process. In the first step, a similar amount of glucose
adsorbed on the outside surface, which did not change the
viscoelasticity of the film much. In the second step, DD changed
greatly, which indicated glucose was penetrating the assembly
film and disturbing the interaction between the PGM and PBA

group. In high concentrations of glucose, DD was higher, which
suggested the assembly films became swollen and much looser.
These results indicate that the crosslink density of the assembly
film decreases with increasing concentration of glucose. Based on
these results, we can conclude that the PGM/P(AAm-AAPBA)
film is glucose-sensitive. Furthermore, the results from the
present study clearly indicate that the QCM-D can successfully
be used to investigate the dynamic response behavior of assembly
films in the presence of glucose.
At the same time, we also examined the response of glucose to
the assembly film at physiological pH. The baseline was stable in
0.01 M PBS buffer (pH 7.4) in 300 seconds, and then glucose
solution (1 mg mL1 in 0.01 M PBS, pH 7.4) was conducted into
the flow module. As shown in Fig. 7a, the change of frequency in
the first step was negligible, which indicated the adsorbed amount
of glucose is low at pH 7.4. This phenomenon clarifies that glucose
weakly reacts with PBA units at pH 7.4 compared with the
interaction at pH 9.0. It is in agreement with our previous
observation that it is difficult to fabricate stable boronate ester at
pH value lower than 8.5. In the second step, the frequency shift at
pH 7.4 was lower than that at pH 9.0 in the same concentration of
glucose (Fig. 7a), which suggested that the pH affected the affinity
of PBA toward glucose. This result is in agreement with literature
reports that the association constant of the ester formed PBA and
glucose increases with increasing pH.5
As shown in Fig. 7b, the multilayer film was decomposed in
less than 10 min after being exposed to glucose solution (1 mg
mL1), which made the dissipation increase greatly and then
reach a relatively steady state. Furthermore, the lower shift of
dissipation at pH 7.4 (Fig. 7b) demonstrated that the assembly
film was still rigid in the presence of glucose. This result also
suggests the interaction between glucose and the PBA moiety is
weak at lower pH. On the other hand, the repulsions between
inter and intra chains are stronger at pH 9.0 due to more phenylboronate ions in alkaline solution,43 which results in a floppy
conformation and low crosslink density of the assembly film.
Y. Zhang, et al. reported that microgels using the PBA group as
the glucose-sensitive moiety presented glucose-sensitivity only in
the range of pH 8.0–9.5, while they showed relatively low
sensitivity at pH 7.5.45 According to these results, we assume that
the PGM/P(AAm-AAPBA) film can be disassembled by adding
glucose at physiological pH. For further application in vivo, we
will also investigate the disassembly kinetics of the assembly film

Fig. 6 QCM-D data for the disintegration of PGM/P(AAm-AAPBA) films in various concentrations of glucose at pH 9.0. (a) The corresponding
frequency shift vs. time for the third overtone. (b) The corresponding dissipation shift vs. time for the third overtone.
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Fig. 7 QCM-D data for the disintegration of PGM/P(AAm-AAPBA) films at pH 7.4 and 9.0. (a) The corresponding frequency shift vs. time for the
third overtone. (b) The corresponding dissipation shift vs. time for the third overtone.

in mimicked physiological conditions including temperature and
ionic strength in our future studies.
The above results obtained by QCM-D provide an overall
dynamic disintegration of the multilayer film in the presence of
glucose. AFM was applied to investigate the morphology of the
PGM/P(AAm-AAPBA) film before and after treatment with
glucose, in order to understand the disassembly process better.
Fig. 8 shows the AFM images of 6-bilayer films at pH 9.0 and
7.4 of the glucose solution (1 mg mL1) operated in tapping
mode. After 6-bilayer adsorption of PGM and P(AAmAAPBA) the surface was uniformly covered with multilayer
films (Fig. 8a). Accordingly, the root mean square roughness
(RMS) increased from 0.93 nm for the PDDA substrate surface
(Fig. 8d) to 1.64 nm. After the multilayer films were immersed
into glucose solution at pH 9.0 and 7.4, the surface RMS
increased to 2.59 nm and 2.61 nm, respectively. According to
the QCM-D results discussed above, the boronate ester bonds

between PGM and PBA groups in the assembly film could
almost be broken up in the concentration of 1 mg mL1 glucose
at pH 9.0 and 7.4. After washing with water, small pieces of
disassembly film were left on the PDDA substrate surface, as
shown in Fig. 8b and c, which results in the increasing of
surface roughness. Compared to pH 9.0, the disassembling
behavior of glucose at pH 7.4 is weaker and slower, so that
more disassembly film is left on the substrate after washing.
These results agree well with the QCM-D data.

Conclusions
LbL assembly is a general method to fabricate multilayer films
on a solid surface. We demonstrated that a LbL glycoprotein
film could be assembled with PGM and P(AAm-AAPBA). The
fabricating process of the multilayer film can be influenced by
the ionic strength, the concentrations of the two building
blocks, and the pH of the solution, which can be monitored by
QCM and UV-vis. The adsorption amount of each deposition
cycle increased while increasing the ionic strength and pH of the
solutions. However, it is difficult to fabricate the multilayer
film at pH values lower than 8.5, possibly due to the slower
reaction in forming boronate esters between PGM and P(AAmAAPBA). QCM-D was employed to investigate the real-time
dynamic response behavior of the assembly film with addition
of glucose. The results indicate that the erosion of the
assembly films is accelerated by increasing the glucose concentration at pH 9.0. Moreover, the assembly film is also sensitive
to glucose at physiological pH, and the disassembly is slower
than that at pH 9.0, which correlates well with the AFM
analysis. The results from this study show that the PGM/
P(AAm-AAPBA) glycoprotein film may be applied for glucose
sensing or self-regulated insulin release systems in a physiological environment.
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The image dimensions are 10  10 mm2 and the scale bar is 20 mm.
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