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Abstract: Multiprotein adsorption from complex body fluids represents a highly important and
complicated phenomenon in medicine. In this work, multiprotein adsorption from diluted human
serum at gold and oxidized iron surfaces is investigated at different serum concentrations and
pH values. Adsorption-induced changes in surface topography and the total amount of adsorbed
proteins are quantified by atomic force microscopy (AFM) and polarization-modulation infrared
reflection absorption spectroscopy (PM-IRRAS), respectively. For both surfaces, stronger protein
adsorption is observed at pH 6 compared to pH 7 and pH 8. PM-IRRAS furthermore provides
some qualitative insights into the pH-dependent alterations in the composition of the adsorbed
multiprotein films. Changes in the amide II/amide I band area ratio and in particular side-chain IR
absorption suggest that the increased adsorption at pH 6 is accompanied by a change in protein film
composition. Presumably, this is mostly driven by the adsorption of human serum albumin, which at
pH 6 adsorbs more readily and thereby replaces other proteins with lower surface affinities in the
resulting multiprotein film.

Keywords: biointerfaces; protein adsorption; serum; AFM; PM-IRRAS

1. Introduction

When a biomaterial is brought into the body, it interacts with complex biological
fluids that are composed of many highly diverse molecular species, ranging from inorganic
ions to carbohydrates to proteins [1]. It is in particular the proteinaceous fraction that
plays the dominant role in deciding the biological fate of implanted biomaterials [2].
Consequently, numerous studies have investigated protein adsorption at the surfaces of
relevant materials in vitro with the aim of understanding and ultimately controlling the
involved mechanisms and interactions [3-13]. The vast majority of such in vitro studies
focused on the adsorption of one or a few selected proteins from single-component solutions.
Body fluids, however, are composed of a multitude of protein species, with the total body-
fluid proteome comprising more than 15,000 different proteins [14].

Among the different body fluids, blood plasma is not only the most relevant with re-
gard to implants but also the most complex, with over 12,000 different plasma proteins [14].
Protein adsorption from such complex multi-component solutions is highly competitive
and leads to the formation of a dynamic adsorbate film with changing composition that is
determined by the individual concentrations and surface affinities of all the proteins in so-
lution [15]. Investigating multiprotein adsorption under such conditions is experimentally
challenging since established techniques such as quartz crystal microbalance, ellipsometry,
or surface plasmon resonance only enable the quantification of the total amount of adsorbed
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proteins [16-21], while only a few techniques are able to provide information about the
composition of the adsorbed protein films. Gel electrophoresis, for instance, enables the
detailed identification of adsorbed proteins based on their electrophoretic mobility [22].
For this, however, the adsorbed proteins first need to be recovered from the surface. In
contrast, MALDI-MS allows for the discrimination of proteins within the adsorbate film
but not in a quantitative way [23]. In addition, assigning the detected masses to known
plasma proteins may be rather challenging in some cases [23]. Also, immunolabeling of
adsorbed proteins can been used to detect pre-selected plasma proteins in the adsorbate
film [18,21], but the results are very sensitive toward multilayer formation, differences in
protein packing, and protein denaturation, and thus are often rather ambiguous [3,24].

In this work, we evaluate the potential of atomic force microscopy (AFM) and
polarization-modulation infrared reflection absorption spectroscopy (PM-IRRAS) to pro-
vide insights into multiprotein adsorption from diluted human serum. The most abundant
proteins in human serum are listed in Table 1. AFM is used to obtain information about
changes in surface topography due to the adsorbed multiprotein film, while PM-IRRAS
enables the assessment of the total adsorbed protein amount and additionally allows us
to qualitatively detect changes in protein film composition. In this way, multiprotein
adsorption at the surfaces of gold and iron thin films is studied ex situ at different serum
concentrations (1% and 10%) and pH values ranging from pH 6 to pH 8. This rather
modest variation around neutral pH was chosen in order to minimize the contribution
of protein denaturation in bulk solution. Gold was selected as a chemically inert model
surface, whereas iron is chemically reactive and prone to corrosion and dissolution in
physiological electrolytes, a phenomenon strongly influenced by the presence of pro-
teins [25]. Our results show increased protein adsorption and a corresponding change
in the composition of the adsorbed multiprotein film at both surfaces at pH 6 compared
to pH 7 and pH 8. We assume that this is due to increased adsorption of human serum
albumin (HSA) at the lower pH value.

Table 1. Most abundant proteins in human serum [15].

Protein Concentration  Relative Molecular Isoelectric
(mg/mL) Portion (%)  Weight (kDa) Point
Albumin 40 50-67 66 4.7 [26]
IgG 15 19-25 150 6.2-8.6 [27]
o -Antitrypsin 3 4-5 54 5.1[28]
Low-density lipoprotein 3 4-5 5000 5.1-5.8 [29]
ap-Macroglobulin 3 4-5 725 5.3 [30]
Transferrin 2.6 3-4 77 5.2-5.6 [31]
IgA 2.3 3-4 162 4.5-6.8 [32]
ap-Haptoglobins 2 34 100 5.55-6.52 [33]
High-density lipoprotein 2 3-4 195 3.8-7.4 [34]
Complement 3 1.6 2-3 180 5.75 [35]

2. Results and Discussion
2.1. AFM Results

Before serum exposure, the surface topographies of the films were characterized by
AFM. As can be seen in Figure 1a, the gold surface has a grainy appearance, resulting from
the polycrystalline texture of the film. From the AFM images, a root-mean-square (RMS)
surface roughness of the gold films of Sq = 4.39 & 0.20 nm is obtained. After serum exposure
under the different conditions, the topographies of the gold films differ only slightly from
the as-prepared sample. As can be seen in the AFM images in Figure 1b—g, the overall grainy
morphology is largely preserved with no apparent changes. This indicates the formation
of a rather homogeneous protein film at the gold surface. However, for all conditions, the
overall height contrast appears to be lower than for the as-prepared substrate in Figure 1a.
Such a smoothing of the apparent surface topography may occur during the adsorption of
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relatively small and soft proteins such as serum albumin at comparably rough surfaces as a
result of preferential adsorption of the proteins in topographic depressions, which allows
them to maximize their contact area with the surface [3].

Figure 1. AFM images of the gold films before (a) and after exposure to 1% (b-d) and 10%
(e—g) human serum at pH 6 (b,e), 7 (c,f), and 8 (d,g), respectively. The images have a size and
height scale of 3 x 3 um? and 35 nm, respectively.

The adsorption-induced changes in the topography of the gold surfaces are quantified
in Figure 2a, which shows the RMS surface roughness values after serum exposure. In
line with the qualitative observations discussed above, the RMS roughness values of the
serum-exposed gold surfaces are significantly lower than that of the as-prepared substrate.
The only exceptions are observed for the 10% serum at pH 6 and pH 7, which do not yield
significant differences. As another interesting observation, the Sq values obtained under
the different exposure conditions are very similar and do not seem to depend on pH or
serum concentration.
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Figure 2. RMS surface roughness values Sq of the gold (a) and iron (b) films after exposure to human
serum at different concentrations and pH values. The horizontal lines indicate the average Sq values
of the as-prepared substrates prior to serum exposure. Values represent averages of four to eight AFM
images recorded at different positions on the surfaces of two to four identically treated samples. Error
bars indicate standard deviations. Significances (two-tailed distribution, homoscedastic) are given
with respect to the as-prepared substrates and indicated as * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

For the reactive iron surface the situation is similar, with the overall grainy surface
morphology being largely preserved (see Figure 3). However, in contrast to the gold
films the RMS surface roughness (Sq = 4.28 + 0.15 nm for the as-prepared film) does not
change significantly upon serum exposure under most conditions (see Figure 3b). As the
only exception, a significant increase in RMS surface roughness is observed for the 10%
serum at pH 8. This behavior most likely reflects the complex interplay between protein
adsorption and surface dissolution. However, it should be noted that serum exposure did
not lead to any notable corrosion of the iron films, which maintained their mirror finish
during all experiments. In order to verify whether serum protein adsorption passivates
the surface of the metal films, we also characterized the samples after serum exposure by
cyclic voltammetry (CV, see Supplementary Materials). However, the corresponding cyclic
voltammograms indicate no inhibition of the electrochemical surface activity due to serum
protein adsorption (see Figure S4).
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Figure 3. AFM images of the iron films before (a) and after exposure to 1% (b-d) and 10% (e—g) human

serum at pH 6 (b,e), 7 (c,f), and 8 (d,g), respectively. The images have a size and height scale of

3 x 3 um? and 35 nm, respectively.

2.2. PM-IRRAS Results

In order to obtain more quantitative information regarding the total amount of ad-

sorbed proteins and possibly the composition of the protein films, we turned to PM-IRRAS.

For this, we focused on the amide I to amide III region, which is composed of IR absorption

bands specific to the polypeptide backbone. As can be seen in Figure 4, the amide I and

I 'and 1550 cm ™!, respectively, can be clearly identi-

fied in all recorded spectra. The amide III bands, however, are rather weak and barely

distinguishable from the background noise.

amide II bands at about 1650 cm™
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Figure 4. PM-IRRA spectra of the gold (a,c) and iron (b,d) films after exposure to 1% (a,b) and 10%
(c,d) human serum at different pH values, showing the amide I to amide III region.

The PM-IRRA spectra shown in Figure 4 reveal some interesting dependencies. In
particular, the intensities of the amide I bands exhibit rather similar pH dependencies for
both surfaces and serum concentrations. In general, it seems that the amide I intensity
is increasing with decreasing pH. Since the amide I band is composed mostly of C=0O
stretching vibrations with a smaller contribution from C-N stretching vibrations, both of
which originate in the polypeptide backbone, its integrated intensity is a measure of the
total amount of adsorbed proteins [9]. The observed increase in amide I intensity with
decreasing pH thus indicates enhanced serum protein adsorption at pH 6 compared to pH 7
and pH 8 for both surfaces. To quantify this effect, the amide I band areas were integrated
for all conditions (see Figure 5). Indeed, for all the investigated conditions, pH 6 shows the
largest amide I integral, even though the observed trends are not in all cases statistically
significant, such as for the gold surface in contact with 10% serum (Figure 5a). Note that
we have also measured the thickness of the adsorbed protein films on the gold surface by
ellipsometry, which shows a similar pH dependence (see Figure S3).

The apparent pH dependence of the total amount of adsorbed proteins may be ex-
plained by considering that at a serum concentration of about 40 mg/mL [15], HSA is the
major protein component in human serum (see Table 1). Since HSA has an isoelectric point
around 4.7 [26], shifting the pH closer to that value, albeit rather modestly, results in a lower
absolute net charge (see Table 2). Considering that protein adsorption in general reaches its
maximum when the protein is uncharged [15], it appears reasonable that the adsorption of
this already abundant protein is further enhanced at pH 6. For comparison, IgG, which
is another abundant plasma protein with a serum concentration around 15 mg/mL [15],
has an isoelectric point closer to 7 [27] (see Table 1) and should thus show the inverse
trend. This interpretation is further supported by the fact that both surfaces show similar
behavior, which suggests that the effect originates in protein properties instead of surface
properties. Furthermore, Figure 5 also shows a weak to modest concentration dependence
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of protein adsorption at both surfaces, with exposure to 10% serum resulting in a ~10 to
~30% increase in the amide I area.
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Figure 5. Integrated amide I band area values for the gold (a) and iron (b) films after exposure
to human serum at different concentrations and pH values. Values represent averages of two
to four spectra recorded on the surfaces of two to four identically treated samples. Error bars
indicate standard deviations. Significances (two-tailed distribution, homoscedastic) are indicated as
*(p <0.05), ** (p < 0.01), and *** (p < 0.001).

Table 2. Calculated net charge of HSA at the different pH values used in the present study [36].

pH Net Charge
6 -0.6
7 —12.2
8 —24.2

When it comes to surface-specific differences, the data in Figure 5 indicate a larger
total amount of adsorbed proteins at the gold surface for all conditions. Increased protein
adsorption at the gold compared to other surfaces is a phenomenon frequently observed
for many proteins and peptides [24,37,38], including serum albumin [39]. Increased protein
adsorption at the gold surface would also provide an explanation for the smoothing of
the surface topography revealed by AFM in Figure 2, which was observed only for the
gold but not for the iron film. It should be noted, however, that the enhanced intensities of
the amide I bands observed for the gold surface may also be due to a larger IR reflection
coefficient compared to the iron film.

As discussed above, the pH dependence of the total amount of adsorbed proteins
observed in Figure 5 hints at an increased adsorption of HSA at the lower pH value. Since
multiprotein adsorption from a complex mixture is considered here, increased adsorption
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of one or a few protein species will most likely result in a different composition of the
adsorbed protein films. Therefore, we next tried to assess such compositional changes by
closer examination of the amide I bands. The chemical groups in the polypeptide backbone
that contribute to the amide I band participate in the H bonds that stabilize the secondary
structure elements of the protein, so that different secondary structure elements can be
assigned to different wavenumbers within the amide I region [9]. For a large protein with
complex secondary structure, this results in a broad amide I band with a complex shape that
can be considered the protein’s structural fingerprint. In order to assess whether a change
in the composition of the adsorbed protein film results in a change in the amide I shape, we
normalized the spectra shown in Figure 4 with respect to the maximum intensity of the
amide I band. As can be seen in Figure 6, the normalized spectra unfortunately do not reveal
any clearly identifiable differences in the shapes of the amide I bands obtained at different
pH values. This is most likely because the recorded amide I bands are superpositions of
many differently shaped amide I bands specific for the large number of protein species
present in the adsorbed films. Furthermore, many proteins and in particular serum albumin
undergo denaturation during adsorption at solid surfaces, which often is accompanied by
drastic changes in the relative occurrence of some secondary structure elements [9].
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Figure 6. Same spectra of the gold (a,c) and iron (b,d) films after exposure to 1% (a,b) and 10%
(c,d) human serum at different pH values as shown in Figure 4, but normalized to the maximum
intensity of the amide I peak.

Even though no changes in the shapes of the amide I bands can be identified in the
normalized spectra shown in Figure 6, there are nevertheless some variations in other
features that may hint at different film compositions. The first feature is the amide II band.
The amide II band is more complex than the amide I band and derives mostly from the
in-plane bending vibration of N-H groups with smaller contributions from C-N and C-C
stretching vibrations. Therefore, it shows a similar sensitivity to secondary structure as
the amide I band. As can be seen in Figure 6 for both surfaces and serum concentrations,
changes in pH lead to rather drastic changes in the intensity of the normalized amide II
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bands, while the normalized amide I bands are barely affected. To quantify this effect, the
amide II/I area ratio was calculated for all spectra and is displayed in Figure 7. For both
surfaces and serum concentrations, we find a minimum amide II/I area ratio at pH 6, even
though the large error bars sometimes result in the differences being non-significant. Two
effects may contribute to this decrease in the amide II/I area ratio. The most obvious is a
change in the protein composition of the adsorbed film, which would be in line with the
above interpretation. However, changes in a protein’s secondary structure can also account
for such a change in the amide II/I area ratio [40], since different secondary structure
elements may have different absorption coefficients. Such changes in secondary structure
may result from both different pH values in bulk solution and differences in adsorption-
induced protein denaturation. Therefore, it is not clear whether this change in the amide
II/1 area ratio is indicative of a change in protein film composition, structure, or both.
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Figure 7. Ratios of the amide IT and amide I peak areas for the gold (a) and iron (b) films after exposure
to human serum at different concentrations and pH values. Values represent averages of two to
four spectra recorded at different positions on the surfaces of two to four identically treated samples.
Error bars indicate standard deviations. Significances (two-tailed distribution, homoscedastic) are
indicated as * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

The second interesting feature is the weak high-wavenumber shoulder of the amide
I band between 1750 and 1700 cm ™. IR absorption bands beyond 1700 cm ™! are usually
attributed to the protonated carboxyl groups located in the side chains of Asp and Glu [9,41].
In all spectra shown in Figure 6, we find that this high-wavenumber shoulder of the amide
I'band is weaker or even completely absent at pH 6 compared to the higher pH values. This
is particularly obvious for the gold surfaces, where the high-pH spectra exhibit a rather
well resolved shoulder. For the oxidized iron surface, the effect is less pronounced, which
may be attributed to the lower amount of adsorbed proteins that contribute to the overall
intensity. The disappearance of the high-wavenumber shoulder at low pH values is rather
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surprising, since one would expect a lower pH to result in an increase in the number of
protonated carboxyl groups and not in a decrease. Even more surprising is the fact that the
same trend can also be observed for the weak absorption band around 1400 cm~!, which
corresponds to the deprotonated carboxylate group [41]. Here, we also observe a decrease
in intensity with decreasing pH, suggesting a decrease in the number of deprotonated
carboxylate groups. Together, both observations are indicative of a loss of Asp and/or
Glu, which can only be the result of a change in the composition of the adsorbed protein
films. Since HSA and IgG have a rather similar Asp/Glu content of 10-20 w% [42,43], the
observed decrease in Asp/Glu absorption a pH 6 furthermore suggests the involvement of
other, less abundant protein species, which show stronger adsorption at higher pH values.

3. Materials and Methods
3.1. Thin Film Deposition

The thin metal films were deposited on commercial 5i(100) wafers (p-doped, Siegert
Wafer GmbH, Aachen, Germany) with native surface oxide. After RCA1 cleaning and
subsequent rinsing in water and ethanol, a 10 nm Cr (99.95%, Umicore AG & Co. KG,
Hanau, Germany) buffer layer followed by 150 nm Au (99.999%, Goodfellow GmbH,
Hamburg, Germany) were deposited by thermal evaporation (tectra GmbH, Frankfurt am
Main, Germany). In order to provide sufficient reflectivity for PM-IRRAS, the Fe (99.95%,
Angstrom Engineering Inc., Cambridge, ON, Canada) films (30 nm) were deposited on top
of the Au films with an intermediate 3 nm Cr (99.95%, EVOCHEM Advanced Materials
GmbH, Offenbach am Main, Germany) buffer layer by magnetron sputter deposition
(Angstrom Engineering Inc., Canada). The chemical composition of the Fe films with
native surface oxide was characterized by X-ray photoelectron spectroscopy (XPS, see
Supplementary Materials). Right before each adsorption experiment, the sample surfaces
were rinsed with ethanol and dried in a stream of nitrogen.

3.2. Serum Exposure

Heat-inactivated human serum from male AB clotted whole blood (product number
Hb5667, Sigma-Aldrich, St. Louis, MO, USA) was diluted in aerated phosphate buffered
saline (PBS, VWR International GmbH, Darmstadt, Germany) to obtain the desired con-
centration (1% or 10%). The pH of the PBS was adjusted between pH 6 and pH 8 using
HCI (35%) and NaOH (>99%). Serum dilutions were prepared fresh each day to ensure
comparability of the results. The different serum samples (100 uL) were deposited on the
different sample surfaces (1 x 1 cm?) and incubated for 2 h at room temperature. After
incubation, the sample surfaces were rinsed with ca. 3 mL HPLC-grade water (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) and dried in a stream of ultra-pure air.

3.3. AFM

The surface topography of the dry samples was analyzed by AFM using an Agilent
5500 system (Agilent Technologies, Inc., Santa Clara, CA, USA) operated in intermittent
contact mode in air with MikroMasch NSC18/ AIBS cantilevers (NanoAndMore GmbH,
Wetzlar, Germany). Images were recorded at a scan size and resolution of 3 x 3 um? and
512 x 512 px, respectively. The images were analyzed using Gwyddion 2.60 open-source
software [44].

3.4. PM-IRRAS

PM-IRRAS was performed using a Bruker Vertex 70 spectrometer with a photoelastic
ZnSe modulator (PMAS50, Bruker Corporation, Billerica, MA, USA). The angle of incidence
was 80° with respect to the surface normal. The reflected light was detected using a liquid-
nitrogen-cooled mercury cadmium telluride (MCT) detector (Bruker Corporation, USA).
The recorded spectra were processed and analyzed using OPUS 5.5 (Bruker Corporation,
USA). For determining the amide I and amide II band areas, the integral between the
respective bands and a straight line drawn between the intensity values of two specified
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frequencies (amide I: 1700-1600 cm~!; amide II: 1600-1480 cm~!) was calculated. This was
performed using the original spectra without background correction.

4. Conclusions

In summary, we investigated the pH dependence of multiprotein adsorption at gold
and oxidized iron surfaces exposed to human serum using AFM and PM-IRRAS. AFM
allowed us to quantify adsorption-induced changes in surface topography, while PM-
IRRAS was used to quantify the total amount of adsorbed proteins and to qualitatively
assess compositional changes in the adsorbed protein films. AFM revealed that on average,
serum protein adsorption at the gold surface resulted in a smoother surface morphology,
without any pronounced dependencies on pH or serum concentration. For the iron surface,
however, no statistically significant changes in morphology due to protein adsorption
were observed. PM-IRRAS showed a pH dependence of the total amount of adsorbed
proteins for both surfaces, which was even more pronounced than the dependence on serum
concentration. Finally, close inspection of the amide II region of the PM-IRRA spectra and
in particular the absorption bands of the amino acid side chains revealed clear differences
in the composition of the adsorbed multiprotein films at pH 6 compared to pH 7 and pH
8. Since the observed pH-dependent effects are rather similar for both the gold and the
oxidized iron surface, we suspect that they are not primarily governed by surface properties
but rather by the pH sensitivity of the adsorbing proteins. Because of its isoelectric point
of about 4.7 and its high abundance in serum, we assume that protein adsorption at pH
6 is mostly driven by HSA, which replaces other proteins with lower surface affinities
in the multiprotein film. Our results demonstrate the potential of PM-IRRAS not only
to detect variations in the total amount of proteins adsorbed at metallic surfaces from
complex mixtures such as serum but also to assess compositional changes in the adsorbed
multiprotein films, albeit only at an indirect and qualitative level. Furthermore, if thin films
deposited on top of sufficiently thick gold films are used as substrates for adsorption, this
technique can also be extended to non-metallic surfaces such as oxides [45].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules28166060/s1, Figure S1: XPS survey spectrum of the
deposited iron film; Figure S2: High-resolution XPS spectra of Fe 2p3,, and O 1s; Figure S3: Thickness
of the protein films adsorbed at the gold surfaces after exposure to human serum at different
concentrations and pH values; Figure S4: Cyclic voltammograms of the iron and gold films in PBS
after exposure to 1% and 10% human serum; Table S1: Results of the XPS elemental analysis of the
deposited iron film.
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