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ABSTRACT: In the fields of surgery and regenerative medicine, it is crucial to understand the interactions
of proteins with the biomaterials used as implants. Protein adsorption directly influences cell-material
interactions in vivo and, as a result, regulates, for example, cell adhesion on the surface of the implant.
Therefore, the development of suitable analytical techniques together with well-defined model systems
allowing for the detection, characterization, and quantification of protein adsorbates is essential. In this study,
a protocol for the deposition of highly stable, thin gelatin-based films on various substrates has been
developed. The hydrogel films were characterized morphologically and chemically. Due to the obtained low
thickness of the hydrogel layer, this setup allowed for a quantitative study on the interaction of human
proteins (albumin and fibrinogen) with the hydrogel by Quartz Crystal Microbalance with Dissipation
Monitoring (QCM-D). This technique enables the determination of adsorbant mass and changes in the shear
modulus of the hydrogel layer upon adsorption of human proteins. Furthermore, Secondary Ion Mass Spectrometry and
principal component analysis was applied to monitor the changed composition of the topmost adsorbate layer. This approach
opens interesting perspectives for a sensitive screening of viscoelastic biomaterials that could be used for regenerative medicine.

1. INTRODUCTION
Regenerative therapies are a relatively new concept in
biomedicine. The underlying approach proposes the curing of
various diseases by regenerating nonfunctioning cells, diseased
tissues or organs via biological substitution, for example by
using cultured tissue from an ex vivo source or via stimulation
of the patient’s regenerative processes.1 Recent studies showed
encouraging results in striving for more and more complex
systems substituting damaged tissues. For this purpose,
biomimetic materials are often used as scaffolds, providing a
suitable microenvironment for preseeded and the host’s cells to
induce tissue regeneration and to avoid implant encapsulation.2

For example, gelatin has been chosen in many studies since it is
obtained by partial hydrolysis and denaturation of collagen, the
most abundant component of the extra cellular matrix. Gelatin
is nontoxic, biocompatible, biodegradable, and nonimmuno-
genic.3−7 Produced in large quantities from bones, skin and
tendons of animals such as porcine or cattle,8 this material
serves in medicine as a coating of implants,9−12 as wound
dressing,13−15 as scaffolds for stem cell cultures,16−18 and as a
sustained release matrix for drugs.19 In this context, gelatin type
A-based hydrogels cross-linked with diisocyanates20 have
shown potential for biomedical applications. They possess
suitable mechanical properties for soft tissue replacement, such
as a shear modulus of 1−20 kPa, as determined by rheology.21

Furthermore, these hydrogels are easy to handle, show no
cytotoxicity, and are free of endotoxin contamination,
biodegradable with adjustable properties and support growth,
and survival of human mesenchymal stem cells.22

The interaction of biomaterials with biomolecules, in
particular proteins, is of crucial importance to use a material
as implant into human or animal bodies.23 As soon as the
material gets into contact with interstitial fluid, blood, cells, and
ECM, the adsorption of proteins and other biomolecules
starts,24 and the interaction with leucocytes as well as cell
adhesion is strongly influenced, which can be an initial step for
implant encapsulation.25,26 Although the resulting composition
of the adhesion layer is highly interesting for the healing
induced by the implant, only few methods are available to
monitor the formation of these adhesion layers, to determine
their composition and to answer the question to which extent
the adlayer composition is constant or changes as a function of
time,27 which is especially relevant for degradable materials.
Time-dependent studies on protein adsorption have been
reported for model surfaces using for example Surface Plasmon
Resonance (SPR) spectroscopy or Quartz Crystal Microbalance
with Dissipation monitoring (QCM-D).28−30 Few studies deal
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with protein/hydrogel interaction monitored in situ and as a
function of time by QCM-D.31,32 For example, van Vlierberghe
et al. evaluated the interaction between a bovine gelatin-based
hydrogel and fibronectin by combining SPR, QCM, and
radiolabeling.33 However, in this study no dissipation
monitoring was performed and, therefore, mechanical proper-
ties of the interaction from the protein with the hydrogel thin
films being crucial for the performance as a biomaterial where
not determined. Recently, via coupling of QCM-D with a
subsequent MALDI-ToF analysis, it could be demonstrated
that the composition of protein-adlayers after applying mixed
protein solutions show pronounced time dependencies.34 In
any case, well-defined model surfaces are essential for studies
using SPR and QCM-D. Examples are thiolate-based self-
assembled monolayers (SAMs) on Au substrates, which allow
the investigation of the interaction of proteins with the organic
surfaces in a straightforward fashion.35−38 However, a key
requirement for this method is that the organic layer serving as
the substrate for protein adsorption does not exceed a thickness
of about 100 nm in swollen state; otherwise, the high sensitivity
of the QCM-D technique is significantly decreased.
The generation of such thin, well-defined films is especially

challenging for covalently cross-linked (bio)polymer-based
hydrogels exhibiting a 3D network structure. The chemical
cross-linking and the deposition of the hydrogel need to be
performed on a substrate as the shape of the formed specimens
cannot be altered afterward. In the case of protein-based
materials, protein adsorption studies are furthermore difficult
because of the inherent similarity of the proteinaceous substrate
material and the adsorbant, precluding the use of general
protein-sensitive methods. As labeling of proteins might
influence their adsorption behavior, a label-free method
would be beneficial.
Based on the pioneering works of Wagner and co-workers,39

today Time-of-Flight Secondary Ion Mass Spectrometry (ToF-
SIMS) combined with principal component analysis is used as a
powerful tool to study protein adsorbates; for a review, see ref
40. These studies were initially applied to pure adsorbates of
one protein at a time onto a chemically inert surface (mica,
gold). Later developments and experiments broadened the
application of SIMS and PCA toward chemically reactive
substrates introducing additional orientation effects in the
adsorbate,41 being of great importance for antibody adsorption,
binary mixtures of proteins competing for adsorption,42 or even
corresponding proteins from different species.39 It was
concluded that the differentiation of two proteins based on
PCA of SIMS data is feasible as long as the concentration ratio
exceeds 10/90 in adsorbed binary mixtures or if the amino acid
difference between two proteins is >10%.
In the present study, we address these challenges by

reporting the fabrication of stable, thin, gelatin-based hydrogel
films, inspired by a previous study,20 describing an original
synthesis of hydrogel films with a thickness in the range from 1
to 3 mm in the swollen state. A particularly important
development consisted in the scale decrease of the produced
material: from the macro-hydrogel studied by Tronci et al.20 to
hydrogel films of a few tens of nanometers (to fit with QCM-D
requirements), which required a new synthesis protocol. After
characterizing these gelatin-based model surfaces by ellipsom-
etry, Atomic Force Microscopy (AFM) and Infrared Reflection
Absorption Spectroscopy (IRRAS), we investigated the
interaction of human serum albumin (HSA) and human
fibrinogen (Fbn) on these films by QCM-D and Time-of-Flight

Secondary Ion Mass Spectrometry (ToF-SIMS) in order to
quantify the interaction of proteins with a protein-based
material by a label-free method.

2. MATERIALS AND METHODS
Materials. Gelatin from porcine skin (type A; gel strength ∼175

bloom), phosphate buffered saline tablets (PBS; 0.01 M phosphate
buffer), 3-(trimethoxysilyl)propyl methacrylate 98%, Tween 20, and
fibrinogen from human plasma were purchased from Sigma-Aldrich
Chemie GmbH Taufkirchen, Germany. Anhydrous dimethylforma-
mide (DMF) was obtained from VWR International GmbH Bruchsal,
Germany. Human serum albumin (HSA; fraction V, high purity) and
sodium dodecyl sulfate (SDS) was purchased from Merck KGaA
Darmstadt, Germany. Hellmanex II solution (1 vol % solution in
water) was bought from Hellma, Müllheim, Germany. L-Lysin
diisocyanate ethyl ester (LDI) was obtained from Yipeng Chemical
Co., China, and was distilled prior to use. Ultrapure water from a Milli-
Q plus system (Millipore, Schwalbach, Germany) was used for the
preparation of buffer, protein, and gelatin solutions. Silicon wafers
were obtained from Silicon Materials, Kaufering, Germany. When used
as Si substrates, wafers were first silanized with 3-(trimethoxysilyl)-
propyl methacrylate. When used to produce gold wafers, they were
sputtered with 5 nm titanium and 100 nm gold. QCM-D sensor
crystals with top gold electrode (gold-coated AT-cut quartz crystals,
QSX301, 5 MHz) were purchased from Q-Sense AB, Göteborg,
Sweden.

Fabrication of Thin Gelatin-Based Hydrogel Films. A thin film
of poly(4-aminomethyl-p-xylylene-co-p-xylylene) was first coated on
the substrates (silicon wafers, QCM-D sensor crystals or gold wafers)
via chemical vapor deposition (CVD) polymerization to improve
subsequent hydrogel anchoring on the surface. CVD polymerization of
4-aminomethyl[2.2]paracyclophane has been adapted from a protocol
described in a previous study,43 at a pyrolysis temperature of 660 °C.

Gelatin (1 wt %) was dissolved in water under magnetic stirring at
55 °C. A clear solution was obtained after approximately 30 min. The
deposition of thin films on CVD-modified Au or Si substrates was then
carried out by spin-coating (spin processor WS-650 23 NPP Series; S/
N 12820; Laurell Technologies Corporation, North Wales, U.S.A.). A
two-step process was used. In the first step, the aqueous gelatin
solution was deposited on the substrate while using low acceleration
(500 rpm/s) and speed (1000 rpm) for 5 s, and in the second step, a
thin and dry film was obtained by using high acceleration (4 200 rpm/
s) and speed (12 000 rpm) for 60 s. Cross-linking of the gelatin chains
has been performed by immersing the substrate for 60 min in an LDI
solution (10 mM in DMF) under an argon atmosphere (approximately
7 μM LDI/1 ng gelatin). This process yields a stable, thin hydrogel
film. The substrates, coated with the gelatin-based hydrogel, were
washed for 30 min at 37 °C in Millipore water.

Morphological Characterization of Thin Gelatin-Based
Hydrogel Films. Thickness of the different dry coatings was
measured by ellipsometry using a multiwavelength rotating analyzer
ellipsometer (J. A. Woollam M-44, wavelength range 400−800 nm,
J.A. Woollam Co., Inc., Lincoln NE, U.S.A.) at an incident angle of 75°
to the surface. The evaluation of the data was performed with the
WVASE32 software applying stratified layer optical model, taking into
account the substrate and an organic layer, where the real part of the
refractive index was described using a Cauchy dispersion line shape.
Each sample was measured three times on different areas and the
average value was calculated.

Atomic Force Microscopy (AFM) was performed with an Asylum
Research Atomic Force Microscope, MFP-3D BIO (Santa Barbara,
U.S.A.). The substrates were scanned at 25 °C in air in an isolated
chamber, in alternating current mode (AC mode). NSC-18 AFM-HQ
cantilevers (Nano&more GmbH Wetzlar, Germany) with the
following properties were used: nominal resonance frequency of 75
kHz and nominal spring constant of 3.5 N/m.

To measure the reduced E-modulus of the cross-linked gelatin-
based films MLCT shape C tips with a spring constant of 24.20 pN/
nm (Nano&more GmbH Wetzlar, Germany) were used. Ten
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indentations at each data point were recorded at 0.2 Hz scan rate at 25
and 37 °C, respectively. Samples were submersed in Millipore water.
Quantitative Characterization of Protein Interaction with

Thin Gelatin-Based Hydrogel Films. Quartz Crystal Microbalance
with Dissipation monitoring (QCM-D) experiments were carried out
using a Q-Sense E4 instrument with QSoft 401 software (Q-Sense AB,
Göteborg, Sweden). Gold-coated quartz crystals were used to analyze
protein adsorption on the different coatings. Before any measurement,
Hellmanex II solution followed by distilled water and PBS buffer (0.01
M phosphate buffer) were used to rinse QCM-D tubings. The quartz
crystal oscillated in the thickness-shear mode at its fundamental
resonance frequency of approximately 5 MHz and several overtones.
The driving voltage was periodically switched on and off, and the
decaying signal was recorded and fitted with a damped oscillation.44

Protein adsorption was measured after establishment of a stable
frequency and dissipation baseline, in PBS buffer, at a flow rate of 50
μL/min (ISM 597, Ismatec, Wertheim, Germany) while keeping the
QCM-D cell at 37 °C. For HSA and fibrinogen adsorption
measurements, protein solutions with a concentration of 1 mg/mL
in PBS at pH 7.4 were chosen. At the end of the measurements, the
system was rinsed with buffer solution under the same conditions to
remove loosely attached proteins from the sensors. The evaluation of
the data was performed with the Qtools software (Q-Sense). The layer
thickness and wet mass of adsorbed proteins were calculated by using
the Voigt viscoelastic model. Therein, resonance frequency variation,
Δf, and energy dissipation variation, ΔD, data were fitted at the third,
fifth, and seventh overtones to calculate the wet mass of adsorbed
proteins and viscoelastic properties.45 QCM-D cells were finally
cleaned in a ultrasonic bath at 40 °C with an aqueous solution
containing 2.0 vol % SDS and 0.1 vol % Tween 20, washed three times
with Ultrapure water from a Milli-Q plus system, and dried with
nitrogen.
Chemical Characterization of Thin Gelatin-Based Hydrogel

Films. For Infrared Reflection Absorption Spectroscopy (IRRAS)
measurements, a Vertex 80 FT-IR spectrometer with an 80° grazing
incidence specular reflectance accessory (Bruker Optics, Ettlingen,
Germany) was used. The samples were measured in the dry state. For
the reference measurements, 1024 scans were collected. A fully
deuterated hexadecanethiol SAM, prepared on a gold substrate, was
used as the reference sample. Dry air was continuously purged through
the spectrometer and the sample compartment. Samples were

measured as long as the water absorption bands from ambient air
disappeared (1200−1700 scans).

ToF-SIMS (Time-of-Flight Secondary Ion Mass Spectrometry) was
performed on a TOF.SIMS5 instrument (ION-TOF GmbH, Münster,
Germany) equipped with a Bi cluster primary ion source and a
reflectron type time-of-flight analyzer. Ultrahigh vacuum base pressure
was below 5 × 10−9 mbar. For high mass resolution, the Bi source was
operated in the “high current bunched” mode, providing Bi3

+ primary
ion pulses at 25 keV energy and a lateral resolution of approximately 4
μm. The short pulse length of 1.0 to 1.2 ns allowed for high mass
resolution (m/Δm > 4000). The primary ion beam was rastered across
a 500 × 500 μm2

field of view on each sample, and 128 × 128 data
points were recorded. Primary ion doses were kept below 1011 ions/
cm2 (static SIMS limit). Spectra were calibrated on the omnipresent
C−, C2

−, and C3
− or on the C+, CH+, CH2

+, and CH3
+ peaks. Protein

adsorbate characterization was performed on the gelatin-coated QCM-
D sensor crystals within 24 h after each QCM-D experiment. After the
QCM-D runs, samples were rinsed with Millipore water, dried, and
stored cool and dark. For the principal component analysis of the
protein data recorded in positive polarity, the data sets were split in
four fields of 250 × 250 μm2 each and peak lists containing
characteristic amino acid side chain fragments46 were computed. The
peak intensities were normalized to the sum of the signals of the
individual data sets and square root mean centered. Principal
component analysis was performed using a software package for
Matlab (MathWorks, Natick, Massachusetts, U.S.A.) provided by D.
Graham.47 Statistical analysis is based on the method described by
Wagner et al.39

3. RESULTS AND DISCUSSION

Fabrication of Stable, Thin, Gelatin-Based Hydrogel
Films. To obtain gelatin-coated quartz sensors for subsequent
protein adsorption measurements, we developed a new
protocol inspired by the synthesis reported for the production
of thick gelatin hydrogels (macroscale) by Tronci.20 Briefly, a
cross-linking reaction was performed between free amine
groups of individual gelatin chains and LDI, a bifunctional
diisocyanate, forming urea bonds. Due to possible hydrolysis of
the diisocyanate, also oligomeric cross-links and grafted side
chains are likely formed, see Figure 1. To fabricate thin

Figure 1. Fabrication of thin gelatin-based hydrogel films: chemical structures (a) and fabrication process of the cross-linked film (b).
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hydrogel films (nanoscale), required for QCM-D studies, a
diluted aqueous solution of gelatin was spin-coated onto the
substrate and the obtained coating was then dipped into the
LDI solution to cross-link gelatin. Depending on the nature of
the substrate and on subsequent operating conditions (bio-
logical environment), covalent bonding of the hydrogel to the
substrate may be necessary. The adhesion of the hydrogel film
was guaranteed by prefunctionalizing the substrate via chemical
vapor deposition (CVD) polymerization. Poly(4-aminomethyl-
p-xylylene-co-p-xylylene) was deposited on the substrate to
obtain a reactive polymer layer, providing free amine groups
(ToF-SIMS analysis, see Supporting Information, Figure SI-1).
As measured by ellipsometry, a 15 to 20 nm thick polymer
coating was deposited on the substrate by CVD polymerization.
Subsequently, spin-coating of a 1 wt % gelatin solution
deposited a hydrogel film of 15 ± 1 nm thickness (dry state).
Cross-linking with LDI enabled the immobilization of gelatin
on the CVD substrate (Figure 1). Even after washing, the cross-
linked gelatin-based hydrogel film remained on the substrate.
Hydrogel film thickness in the hydrated state is estimated to
35−40 nm, which corresponds to a degree of swelling of 230−
270 vol %. In contrast, non-cross-linked gelatin films were
removed by washing (remaining thickness of 1.5 ± 1 nm on the
CVD coating, and remaining thickness close to zero on pure
silicon substrate). Exposing the cross-linked gelatin layers to a
10 M urea solution containing 0.1% SDS, pH 3.4, resulted in no
film thickness decrease, as monitored by QCM-D and ex situ
ellipsometry. Indentation by AFM was used to determine the
reduced elastic modulus Er. Values of Er = 27 ± 3 kPa to 174 ±
51 kPa were determined at 25 °C, depending on the
indentation force (8 nN to 1 nN). Lower Er values were
determined at 37 °C (18 ± 2 to 106 ± 19 kPa), which can be
rationalized by a stabilization of the hydrogel through triple
helical regions of the gelatin, which disentangle upon heating.
This corresponds to the behavior of bulk materials received
from LDI cross-linking of gelatin. Furthermore, the mechanical
data corroborate the cross-linking in addition to the grafting of
the gelatin to the substrate, as in the latter case at 37 °C much
lower Er values would have been anticipated.
Characterization of Thin Gelatin-Based Hydrogel

Films. As previously mentioned, film thicknesses of the CVD
polymer (15−20 ± 1 nm) and the hydrogel film (15 ± 1 nm)
were measured after each preparation step by ellipsometry at
room temperature. These results were confirmed by Atomic
Force Microscopy (AFM). Via this technique, the roughness
and the height of the dry gelatin-based thin film on the CVD-
modified surface were measured by scratching the sample. The
sample was lightly scratched using a pair of tweezers, applying
not enough force to damage the surface of the silicon wafer,
thus, ensuring that only the hydrogel and the CVD
modification is removed. Figure 2 shows a 20 μm topography
scan of the scratched film and the recorded profile. The average
roughness was equal to 1 nm and the total height was
approximately 30 nm, as expected.
Infrared Reflection Absorption Spectroscopy (IRRAS)48 was

used to check the chemical composition of the surface layers.
Cross-linked and non-cross-linked gelatin-based films on
amino-functionalized substrates were analyzed. Figure 3
shows that, even after intensive washing, the cross-linked
gelatin hydrogel film remains on the surface, previously
modified with amino-functionalized CVD polymer. Indeed,
the broad hydroxyl band at ∼3500 cm−1 and amide bands I to
III at ∼1600 cm−1 on spectrum 4 indicate the presence of the

protein on the surface. If, however, the cross-linking step is
omitted (see spectrum 2), the majority of the deposited gelatin
is removed from the surface by washing at 37 °C. The absence
of a band at ∼2250 cm−1 indicates that the isocyanate groups
were completely converted.21 Assignments of bands ascribed to
gelatin, in accordance with a previous study,49 are given in
Supporting Information, Table SI-1.

Quantitative Characterization of Protein/Hydrogel
Interaction Measured by QCM-D. For quantitative
protein/hydrogel interaction studies using the QCM-D
technology, very thin gelatin films (<100 nm, swollen state)
are mandatory to avoid strong damping of the shear wave

Figure 2. AFM-based 20 μm topography scan of a scratched cross-
linked gelatin-based thin film on a CVD polymer (a) and recorded
profile (b) along the red line.

Figure 3. IRRAS spectra of the amino-functionalized CVD polymer
(1), coated with non-cross-linked gelatin after washing (2), or coated
with cross-linked gelatin prior to washing (3) and after washing (4).

Biomacromolecules Article

dx.doi.org/10.1021/bm500750v | Biomacromolecules 2014, 15, 2398−24062401



oscillation by viscoelastic losses within the hydrogel layer.
These requirements are met by the gelatin films produced via
the reported protocol. Therefore, the protein/hydrogel
interaction can be investigated by QCM-D, where the
resonance frequencies (Δf) and the energy dissipations (ΔD)
are recorded during the protein adsorption process. The
resonance frequencies decrease with increasing mass of
adsorbed protein (m) per area (A). The wet protein mass on
the sensor crystal was calculated from frequency and dissipation
data applying the Voigt model.45,50 The frequency and
dissipation shift during Fbn adsorption on three different
coatings (gelatin, gold, CVD polymer) at the third overtone is
shown in Figure 4. The corresponding calculated wet masses of

the adsorbed proteins (HSA or Fbn) determined by the Voigt
model are displayed in Figure 5. The adsorption of human
protein at the surface of the gelatin-based hydrogel (7.9 ± 0.8
mg/m2, n = 13, for Fbn, and 0.4 ± 0.1 mg/m2, n = 8, for HSA)
was much lower than at the CVD-modified surface and gold
(35.8 ± 0.9 mg/m2, n = 7, and 18.1 ± 1.0 mg/m2, n = 5,
respectively, for Fbn, and 11.4 ± 1.3 mg/m2, n = 12 and 12 ±
1.6 mg/m2, n = 5, respectively, for HSA). All experiments were
repeated several times. The standard deviations of the results of
the individual experiments are indicated by the error bars in
Figure 5. It has to be noted that the statistical deviations are
very low and that the experiments are well reproducible.
Compared to reported results on fibrinogen adsorbed on gold
under similar conditions,51 our obtained values for ΔD and Δf
lie in the expected range. Actually the absorbed amounts of Fbn
and HSA were close to the amounts reported for PEG-modified
surfaces (0.5−1.0 mg/m2 for HSA and 1.0−2.0 mg/m2 for

Fbn)52 but still much higher than optimized PEG-based protein
resistant surfaces (<0.01 mg/m2 for HSA and ∼0.01−0.30 mg/
m2 for Fbn).26,53

In Figure 6, the dissipation shift is plotted versus the
frequency shift. A linear relationship between the dissipation

shift and the frequency shift is clearly visible. For all samples,
the factors of proportionality, ΔDn/(−Δf n), for the fifth
overtone are shown in Table 1. This linear relationship allows
the determination of the shear modulus (Gf) of the thin
adsorbed protein layer, as described by eq 1 (see Supporting
Information54):

πη=
Δ −Δ

G
D f

4
/f

n n (1)

From the similar ΔD/Δf behavior (determined shear moduli
for fifth overtone are shown in Table 1) of samples on CVD
polymer and gold, shown in Figure 6, it follows that the
fibrinogen films exhibit similar viscoelastic properties on these
substrates. However, the corresponding data for fibrinogen

Figure 4. Frequency shifts (a) and dissipation shifts (b) during Fbn
adsorption on CVD coating (red), bare gold (gray), and gelatin-based
hydrogel (blue) at 3rd overtone ( f = 15 MHz) at 37 °C in the QCM-
D study. The according frequency shift and dissipation shift over time
for HSA is shown in the Supporting Information, Figure SI-2.

Figure 5. Adsorbed wet mass of Fbn on bare gold (dark gray), CVD
(light gray), and gelatin film (white) calculated with the Voigt model
from QCM-D measurements performed at 37 °C.

Figure 6. ΔDn/(−Δf n) values during the adsorption process of Fbn on
the gelatin-based hydrogel (blue shades; squares), on bare gold (gray
shades; circles), and on the CVD polymer (magenta shades; triangles).
The corresponding ΔDn/(−Δf n) plot for HSA is shown in the
Supporting Information, Figure SI-3. For the sake of clarity, only the
third, fifth, and seventh resonance frequencies are shown.
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interacting with the immobilized gelatin hydrogel are clearly
different. This observation pinpoints the hypothesis of
fibrinogen entering the gelatin gel, leading also to new
viscoelastic properties of this new two-component gel.
Scrutinizing this effect, we performed a kinetic analysis of the
QCM-D data (see Figure SI-4). A two-step kinetic behavior for
fibrinogen interacting with gelatin (but not for the inert
substrates) was found. In all cases, a rapid initial exponential Δf
decrease was found (time constants of approximately 150 s).
Only in the case of the gelatin substrate, this first step was
followed by a second, much slower, process (time constant
3300 s). During this phase, the Δf changed further. This
observation corroborates with the reasonable hypothesis of
proteins slowly entering the gelatin layer, leading to the second
20% of the overall frequency drop. From the lower shear
modulus of the protein-loaded hydrogel (higher ΔDn/(−Δf n)
ratio) and the lesser wet protein mass detected on gelatin, it can
be concluded that the proteins interacting with the gelatin
substrates are less densely packed as compared to proteins on
gold respectively CVD coating. A less densely packed protein
layer indicates a minor interaction of the proteins with the
gelatin-based hydrogel26 and might lead to a lower risk of
rejection of the implant and better biocompatibility and
hemocompatibility, although additional effects of a multitude
of other parameters have to be taken into account to predict
possible consequences, depending on the particular in vivo
situation.
In general, the shear moduli determined by QCM-D are in

good agreement with the shear modulus of viscoelastic polymer
materials calculated by Voinova.45

Characterization of Protein/Hydrogel Interaction on
Thin Hydrogel Films by ToF-SIMS. Protein solutions,
prepared from human Fbn or albumin in PBS, were flushed
on gelatin-based hydrogel thin film-coated QCM-D sensors (37
°C, 1 mg/mL). Advanced chemical characterization of the
adsorbed protein layers on gelatin hydrogels has been
performed by ToF-SIMS. Such experiments could not be
carried out by IRRAS, since the latter would not enable the
distinction between different proteins. ToF-SIMS measure-
ments were thus performed to characterize the topmost layer of
thin gelatin-based hydrogel film (sampling depth of static SIMS
is only 2−5 nm), exposed to human proteins. Under primary
ion bombardment, proteins decompose yielding characteristic
fragments of the amino acid side chains. Since the signal
intensities of the amino acids fragments define a multivariate
data set (for a detailed peak list, see Table SI-2 in Supporting
Information), principal component analysis was applied to
reduce data dimensionality and complexity. Using principal

component analysis, we can discern between pure gelatin
surfaces and those loaded with Fbn or albumin. Studies of
Muramoto55 and Tyler56 have been addressing other sets of
proteins. Figure 7a shows the clustering of the obtained data in

the principal component analysis of the characteristic amino
acids fragments. Whereas PC1, capturing 84% of the variance,
obviously discriminates well between the pure gelatin surfaces
(Figure 7a, circles) and the HSA (squares), respectively, Fbn
(triangles) treated gelatin samples; PC2 (12% variance)
separates best the HSA-treated samples. As can be seen from
the corresponding loading plots, Figure 7b (see also SI),
arginine (43, and 73 m/z) has strong positive loadings for PC1,
glycine (30 m/z), proline (68, and 70 m/z), and lysine (84 m/
z) have strong negative loadings, nota bene gelatin has negative
PC1 score values. These findings are in good accordance with
the amino acid compositions of gelatin (see Table SI-3 in
Supporting Information)57,58 since gelatin is rich in glycine and

Table 1. ΔD5/(−Δf5) and Shear Moduli (Gf) of the
Adsorbed Protein Layer on Various Substrates Determined
by Eq 1a

substrate
ΔD5/(−Δf5)
[10−6 s] Gf [kPa]

HSA Au (n = 5) 0.172 ± 0.009 51.2 ± 2.6
CVD polymer (n = 13) 0.168 ± 0.03 53.8 ± 9.0
gelatin hydrogel (n = 6) 0.37 ± 0.12 25.9 ± 8.3

Fbn Au (n = 5) 0.065 ± 0.007 137.0 ± 15.0
CVD polymer (n = 7) 0.062 ± 0.001 143.1 ± 2.2
gelatin hydrogel (n = 13) 0.2 ± 0.048 46.4 ± 10.9

aBar diagram with standard deviation, see Supporting Information,
Figures SI-5 and SI-6.

Figure 7. Scores of PC1 (83% variance) and PC2 (12% variance) from
three different experiments (n = 24), together with 95% confidence
limits (a); loadings of PC1 (b); loadings of PC2 (c). For details, see SI.
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proline. It should be noted, however, that the CH4N
+ fragment

might also arise from other amino acids and leucine and
isoleucine both share the SIMS fragment. Therefore, this signal
can be misinterpreted. Arginine, alanine, and leucine exhibit
strong negative loadings in PC2, Figure 7c. Whereas HSA is
indeed richer in isoleucine and leucine as Fbn and gelatin, the
reasons for the predominance of arginine and alanine in PC2
are less obvious. These effects are not fully understood today;
they can be due to the spatial arrangement of the detected
amino acids affecting the sputter yields during the SIMS
process (that is also influenced by the primary ion species55), or
due to side effects of the protein structure affecting ionization
probabilities.
Despite the fact that the amounts of adsorbed fibrinogen and

albumin were very low on the gelatin samples as compared to,
for example, gold surfaces (fibrinogen 44%, HSA 3%).
Secondary Ion Mass-Spectrometry in combination with
principal component analysis was able to differentiate between
these three proteinaceous surfaces. This study demonstrated
that SIMS and PCA can also be applied to follow the
interaction of proteins from solution with an immobilized and
cross-linked gelatin film on a substrate. It should be noted that
the passivation effect of the gelatin layer reduced the HSA
adsorption strongly, as compared to Wagner et al.,42 by more
than 1 order of magnitude (approximately 5 mg/m2 dry mass
on mica determined from 125I-labeling vs 0.4 mg/m2 wet mass
from QCM-D). However, PC1 and PC2 captured clearly the
differences in amino acid signals, as shown in Figure 7.

4. CONCLUSION

We developed an original method for the fabrication of
nanoscopic thin films made of gelatin-based hydrogels that
enables precise characterization of protein/hydrogel interac-
tions by QCM-D, a technology limited to thin coatings
allowing for the propagation of shear wave oscillations from the
quartz crystal through the adlayer(s). The gelatin hydrogels
were found to be stable even if exposed to harsh solubilizing
solutions containing urea and a detergent. The production of
these films is based on a CVD polymer carrying amine groups
as supporting layer, which can be deposited independently from
the nature of the substrate. Therefore, our approach can be
used on any type of material. The amine groups from the
polymer increase the stability of the coated gelatin hydrogel
since diisocyanates, used to cross-link the gelatin chains, also
react with amine groups from the polymer layer. The obtained
thin films allowed the quantification of the interaction of two
human plasma proteins, HSA and Fbn, with the hydrogel film
by QCM-D experiments. The results of these measurements
showed that protein interaction with the investigated gelatin-
based hydrogels was much lower than with CVD-coated
surfaces and also pure gold. Furthermore, shear moduli
describing the viscoelastic properties of the protein-loaded
hydrogels, can be calculated from the QCM-D data.
The presented data based on several surface analytical

methods, demonstrate that despite the different synthesis
conditions the nanoscopic films synthesized in DMF are a
suitable model for the macroscopic hydrogels synthesized in
water. Furthermore, ToF-SIMS investigations showed that the
presented setup enables to study the adsorption of proteins
from solutions on a proteinaceous matrix. In future studies,
such methodologies will be of key importance to study the
interaction of other biologically relevant proteins with gelatin-

coated substrates, as well as to monitor changes in adsorbed
proteins over time (Vroman effect) without labeling.
Therefore, this study offers new perspectives for the design

and fast and efficient screening of new types of hydrogels with
regard to protein interaction.
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