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Abstract

Films of proteins fibrinogen and albumin are exposed to neutral reactive particles in order to
study their etching rates in early and late oxygen afterglows of microwave plasma. The
etching rates are determined at different pressures between 50 and 400 Pa. The etching rates
for both proteins first increase with the increasing pressure, while later they reach a constant
value. Furthermore, the etching rates are higher in the early than in the late afterglow. The
concentration of all available species in the afterglow, i.e. neutral oxygen atoms in the ground
state, neutral molecules in the first excited state and ozone is determined either by
experimental measurements or theoretically using a well-established model. The etching rates

are explained by the synergistic effects of atoms and metastable molecules.
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Introduction

Low-pressure non-equilibrium gaseous plasmas have been used for cleaning and
decontamination of various materials for decades. The technique exhibits enormous potential
for applications in medicine, where the needs for the development of efficient sterilization and
decontamination techniques are extremely high. A decade ago a survey on hospital-acquired
infections in the United States showed over 2 million cases each year and it is estimated to
cause almost 100,000 deaths per year.'! Lipscomb et al. performed extensive work on
contamination of 260 “sterile” medical instruments obtained anonymously from nine primary
care trusts. A high level of proteinaceous soiling was found on many of the tested
instruments.!"! A lot of work has already been performed on the sterilization of surgical
instruments,”” while much less work has been performed on the removal of various
pathogenic biomolecules such as bacterial endotoxins or prion proteins.*'?! The presence of
endotoxins in the blood (endotoxemia) can lead to septic shock, while prion proteins can
cause severe neurodegenerative diseases such as Creutzfeldt—Jakob disease. Therefore, special
care has to be taken for assuring the sufficient cleanliness of surgical instruments. Pathogenic
residues that can be present on the surface of surgical instruments are quite resistant towards
classical cleaning methods such as thermal treatment (autoclaves), chemical treatment or
ionizing radiation.!"* This is a reason for seeking alternative cleaning methods, and one of the
most promising methods is plasma treatment. Fricke et al. used selected polymers as model
materials simulating bacterial cells and performed extensive research on removal of such
materials."* They used atmospheric plasma jets and found huge etching rates of the order of
100 nm/s depending on the polymeric material. They concluded that such treatment could be
used for removal of organic materials including microorganisms from surfaces.!*"*! Due to
the small dimensions of the jet strong radial dependences as well as longitudinal dependences
were observed.
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Plasma has many advantages when compared with classical methods. It is non-toxic and it is
maintained at low temperatures, thus being useful for treating heat-sensitive materials. Plasma
readily reacts with organic materials and can cause extensive etching/removal of surface
material. But as reported by Kylian et al., the required conditions leading to the inactivation of
bacteria or the removal of biological residues are different.”! In the case of bacteria
sterilization, the synergistic effects of UV photons and chemically active species are
important, so an optimal ratio of UV photons and a concentration of reactive plasma species is
beneficial. UV photons cause damage to genetic material, while chemically active species can
damage spore and bacterial walls by etching. It was found that for bacteria sterilization
extensive UV radiation is desirable, while in the case of the removal of pathogenic molecules
a maximum concentration of active species is necessary. This is not the only reason that
complicates the plasma cleaning procedure. The removal of biomolecules from medical
instruments by plasma could also be a difficult task due to the fact that many medical
instruments are made of polymer materials, which can be etched in plasma as well. Therefore,
special care should be taken when choosing the right plasma parameters for the removal of
proteins while leaving the polymer surface of the medical instruments intact. The exact
mechanism of plasma etching is still not clear due to a combination of various active species
that are present in plasma. Experimental studies have shown that plasma etching can be very
selective.'*'" As reported by Belmonte et al., species such as oxygen molecules in excited
states, in particular O,(a), can have a synergistic effect in combination with neutral O-
atoms. %2
In the present paper we report recent results on the interaction of reactive radicals created in
gaseous plasma with model proteins. The blood proteins fibrinogen and human serum
albumin were used. They were etched either in the early or late afterglow of oxygen plasma in

order to understand the role of different plasma radicals. The etching rates of both proteins
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were determined and compared to the etching rate of polymer polyethylene terephthalate,

which had been determined previously."!

Experimental Section

Sample Preparation

Thin films of proteins were deposited on quartz crystals by means of the spin coating
technique. A diameter of the quartz crystals was 8 mm. In this case, human serum albumin
(HSA) and fibrinogen (FIB) from Sigma-Aldrich were dissolved in Milli-Q water (Millipore,
USA) at a concentration of 10 g L™ and 5 g L™, respectively. 50 ul of the prepared solution of
the protein was deposited onto a quartz crystal microbalance sensor, which had been activated
previously in microwave oxygen plasma at 100 W for 5 seconds, and spin coated with a
spinning speed of 1500 revolutions per minute (rpm) and an acceleration of 1000 rpm sec” for

30 sec. The sensors were afterwards dried in an oven at 37 °C for 1 hour.

Afterglow Treatment

A schematic diagram of the experimental system for the etching of proteins in oxygen plasma
afterglow is presented in Figure 1. The afterglow chamber is a borosilicate glass tube with an
inner diameter of 36 mm and a length of 80 cm. Molecular oxygen was introduced into a
narrow quartz tube with an inner diameter of 5 mm. The tube was mounted into a microwave
(MW) cavity. The cavity was connected to a MW generator with an adjustable power of up to
300 W operating at a frequency of 2.45 GHz. In our experiments the power was set at 150 W.
The metallic parts of the MW cavity were cooled with water, while the quartz tube itself was
forced air cooled. Molecular oxygen dissociated to atoms as it passed through the MW
discharge. An example of optical emission spectrum of glowing MW plasma showing a very

high dissociation fraction is presented in Figure 2. A movable catalytic probe was mounted in
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the afterglow chamber as shown in Figure 1 in order to measure the density of O-atoms in the
afterglow. The operation principles of catalytic probes are described in detail in the

(2223 The density of O-atoms depends on the discharge power (which was fixed in

literature.
our experiments) and oxygen pressure. The pressure was varied between 50 Pa and 400 Pa.
The density of O-atoms decreased with the increasing pressure. Under such experimental
conditions the density of O-atoms was between 2.5 x 10?° and 7x 10** m™ for the case of late
afterglow (LAG), and between 5 x 10 and 13.5 x 10*° m™ for the case of early afterglow
(EAG) (Table 1). The position of EAG and LAG is shown in Figure 1. This is also the
position where the samples were treated. In the case of a flowing system the “EAG” denotes
the region that follows the discharge. Here the recombination of charged species starts. The
end of “EAG”, i.e. the start of “LAG,” is defined at the position where the density of the
charged species drops below the considerable limit. In our case the “EAG” started in the small
diameter tube, where the discharge was also ignited. The afterglow chamber was pumped with
a two-stage rotary pump operating at a nominal pumping speed of 80 m® h™' and ultimate
pressure below 1 Pa. Pressure in the system was measured with an absolute gauge covering
the range of pressures between 1 and 1000 Pa. Since the system is hermetically tight, the
ultimate pressure achieved after few minutes of pumping was below the detection limit of our
gauge, i.e. 1 Pa. To be able to achieve higher pressures in the reactor flow rate needed to be
increased from 140 sccm used to set 50 Pa to 2700 sccm in the case of 400 Pa. The length of
the afterglow in the small diameter tube was about 6 cm depending on the conditions. At these
gas flow rates the species flight time in this region is about 0.2 ms, during which the ion
densities can decrease by two orders of magnitude.* However, due to the expansion of the
plasma afterwards in the larger diameter tube it resulted in a fast elapse of the ion densities.
Thus the samples positioned in the jet direction at the bottom wall of the tube were exposed to
the end of the “EAG” region, where the density of the charged species becomes negligible

from the application point of view. Nevertheless, here the effect of the plasma jet, such as
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high gas temperature and UV radiation, can be still accounted for. In comparison to “EAG”
the “LAG” region is totally free of charged species and it is not in direct contact with the
plasma jet.

Apart from charged particles and neutral oxygen atoms, other reactive particles are also
created in oxygen plasma, as well as in the afterglow region. The most stable ones are neutral
molecules in the first excited state O,(a), and ozone molecules. Our experimental system does
not allow for measuring the densities of these reactive particles, therefore we have performed
numerical calculations to determine the density distribution of all the species in the reactor.
The discharge and early-afterglow regions have been described with the help of a kinetic
model, while the evolution of neutral species in the afterglow reactor has been traced with a 3-

24261 The hydrodynamic model made possible the determination of

D hydrodynamic model.
the flow dynamics, as well as the density and temperature distributions in the large diameter
tube (a detailed description of the system and the features revealed by modelling will be given
in a future publication'). The molecular kinetic scheme used in models contains all the
relevant processes as presented in Ref. [25]. In the calculations the pressure drops along the
small diameter tube and the length of the discharge, i.e. the flight time of species in the early
afterglow developed in the small diameter tube has been taken into account. The gas
temperature in the discharge region was taken at 500 K, while at the entrance of the large
diameter tube it was assumed to be 450 K. The calculations have shown that due to the
perpendicular injection of the plasma into the reactor, the temperature is close to room
temperature in most parts of it, except for a 5 cm region around the inlet. Due to this
temperature gradient a local minimum of the total density appears, which can be observed
also in the species density distributions. According to this the maximum species densities do
not occur in the jet axis, but shift towards a lower temperature position in the pumping outlet

direction, as can be seen in the axial distribution of O,(a) and O3 densities shown in Figure 3a

and 3b, respectively. The values at the positions marked with LAG and EAG in Figure 3 are
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added to Table 1. The values presented in Figure 3 are calculated for the case of an empty
tube. The samples definitely cause some drain of the reactive particles, but no attempt was

made to take this effect into account due to unknown reaction probabilities.

Samples of fibrinogen and albumin which were deposited onto Quartz Crystal Microbalance
(QCM) sensors were treated either in EAG or LAG for different periods of time. The
thickness of the protein film versus treatment time was determined by QCM in such a way
that a sample was mounted into the chamber and exposed to the oxygen plasma afterglow,
treated for a short period, mounted into the QCM to measure the thickness, mounted again
into the chamber and so on. The procedure was repeated many times until the thickness of the
protein film became immeasurable. Such treatment in rather short intervals of about 10 s
allowed for negligible heating of the samples due to exothermic reactions that occur on
surfaces upon oxidation. The surface of the samples was characterized before and after

treatment by atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS).

AFM Measurements

An AFM (Solver PRO, NT-MDT, Russia) was used to characterize the topology of the
samples. All measurements were performed in tapping mode using ATEC-NC-20 tips (Nano
And More GmbH, Germany) with a resonance frequency of 210490 kHz and a force
constant of 12-110 Nm™". 2 x 2 pm? and 5 x 5 pm® AFM images were recorded on each

sample.

XPS Characterization
An XPS characterization of protein films was performed in order to determine the chemical
composition on the surfaces after deposition and after etching using an XPS device (TFA XPS

Physical Electronics). The samples were excited with monochromatic Al K, radiation at
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1486.6 eV over an area of 400 pm” Photoelectrons were detected with a hemispherical
analyzer positioned at an angle of 45° with respect to the normal of the sample surface. XPS
survey spectra were measured at a pass energy of 187 eV using an energy step of 0.4 eV,
while high-resolution Cls spectra were measured at a pass energy of 23.5 eV using an energy
step of 0.1 eV. An additional electron gun was used for surface neutralization during XPS

measurements.

QCM Measurements

The thickness of the protein film versus plasma treatment time was determined by a QCM
with a dissipation unit, QCM-D (Model E4, QSense AB, Goteborg, Sweden). The QCM
measured the mass of the thin film deposited onto a quartz crystal sandwiched between two
electrodes.”®! The electrodes were connected to a power supply that caused the crystal to
oscillate at its fundamental resonance frequency and several overtones. The resonance
frequency is disturbed by the removal of a mass. In this way the removal rate of protein
versus treatment time was measured. The thickness of the protein film was calculated from
the change in frequency taking into account the estimated density of the deposited film, which
was 1x10° kg m ™. The calculated thickness for some selected samples was compared with
data obtained by ellipsometry. The values were the same within the limits of experimental

€1ror.

Results and Discussion

The removal of proteins during plasma treatment was monitored by a QCM, which is a
common method for small mass measurements. In Figure 4 there is shown an example of the
thickness of the protein layer versus etching time in early or late afterglows. From Figure 4
we can see that the thickness of the protein layer decreases with etching time. At the

beginning the removal rate is faster, and later it slows down. Two other findings can be drawn
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from Figure 4: (i) protein removal is faster in early afterglow in comparison to late afterglow
and (ii) the removal of protein fibrinogen is much faster than the removal of albumin,
although the latter is known to have a much smaller molecular mass (67 kDa for albumin

against 340 kDa for fibrinogen).**"!

The example shown in Figure 4 refers to the case when plasma was created at 50 Pa. For all
other pressures we have observed a similar trend of protein removal; only the slope of the
curves was different. The slope of the curve allowed for further calculations of the protein
etching rate. In Figure 5 there is shown the maximum etching rate (calculated from the
steepest part of the curve) of the proteins fibrinogen and albumin versus pressure. Again, the
etching in early and late afterglows is compared. The etching rates were about 2.5-times and
3.5-times higher in the EAG than in the LAG for fibrinogen and albumin, respectively. From
Figure 5 another important finding can be drawn: the etching rates for both proteins first
increased with the increasing pressure, while later they reached a constant value. This

unexpected behaviour will be discussed later.

In order to understand the observed differences in etching rates shown in Figure 4 and 5, XPS
analyses were performed for albumin and fibrinogen during etching in EAG and LAG. The
surface composition is shown in Table 2. For a better comparison, we also show the ratio of
O/C and N/C in Figure 6. The surface of both proteins consists of carbon, oxygen, and
nitrogen, as well as some sodium. In the case of albumin minor concentrations of sulphur and
phosphorus are also found, while in the case of fibrinogen some chlorine is found on the
surface. Na and Cl in fibrinogen are not in the same proportion, since original fibrinogen
powder contained not just NaCl salt but also other salts like sodium citrate according to
specification. After exposure to oxygen plasma the oxygen concentration increases, while the

carbon concentration decreases, which is a sign of surface functionalization. Interestingly,
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relative nitrogen concentration increases as well, which indicates that nitrogen is not etched at
the same rate as carbon. This can be explained by the fact known from polymer surface
functionalization, that nitrogen is not functionalized in plasma such as carbon, so there is no
scission of bonds. Sodium concentration also increases after etching. Since it is inorganic it
does not form volatile species with oxygen, and therefore it is probably not etched in the
afterglow region. Here it is worth mentioning that our previous studies performed in glowing
oxygen plasma showed strong sodium lines in optical emission spectra.*! Table 2 also shows
that the surface composition does not change with increasing etching time (Figure 6).
Furthermore, there is also no significant difference in surface composition when comparing
EAG and LAG (Figure 6). So it seems that the surface is in all cases is saturated with oxygen

atoms. The oxygen concentration is slightly higher on the surface of albumin than fibrinogen.

To gain better insight into the surface chemical changes that could be responsible for different
etching rates, high-resolution carbon spectra Cls were recorded and compared. The result is
shown in Figure 7. The spectra consist of three peaks typical for protein: the peak on the right
belonging to C-C bonds, the middle one belonging to C-O(H) and C-NH, bonds and the left
one belonging to O=C-NH, and O=C-OOH groups. From Figure 7 it is not possible to see any
significant difference when comparing early and late afterglows. The albumin is slightly more
oxidized than the fibrinogen (high intensity of the third left peak), which is in agreement with
the higher oxygen concentration that was found in the case of albumin. But again, this does

not explain the higher etching rate of fibrinogen in comparison to albumin.

To obtain additional information regarding the surface characteristics of plasma etched
samples, AFM analyses were performed to reveal the surface topography which could
influence the etching rates. The AFM images of the albumin and fibrinogen after etching in

EAG and LAG are shown in Figure 8 and 9 respectively. Here we should mention that the
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time-scale is not the same for both figures since albumin is etched at lower rate as fibrinogen.
Some important differences can be observed when comparing Figure 8 and 9. The surface of
the albumin in comparison to the fibrinogen is very smooth. After etching the albumin, the
surface became nanorough, and it seems that roughness still increases with an increasing
etching time. Again, no important differences can be observed when comparing EAG and
LAG. In the case of the fibrinogen, some spikes or particles are observed on as-deposited
sample. These features are also observed after etching, meaning that they were not removed.
We suppose that they could be NaCl crystals since chlorine was found only in the case of
fibrinogen and it originates from salts according to producer’s specification (see also surface
composition of as received protein powder in Table 2).

Finally, some XPS survey spectra were measured on samples treated for a very long time.
Figure 10 represents 2 spectra: the lower curve was obtained on a virgin Au-coated quartz
crystal and the upper curve is for a crystal coated with fibrinogen and treated in LAG for a
very long time (2750 s). The high resolution gold peaks for both samples are represented in

Figure 11.

Etching Mechanisms

The experimental results are summarized as follows: (i) both proteins are slowly etched when
exposed to oxygen plasma afterglows; (ii) the surfaces are saturated with oxygen irrespective
of treatment time; and (iii) the removal rate of deposited materials depends on treatment time.
For the initial few tens of seconds, it can be approximated by a linear straight line. So, the
etching rate could be determined. The etching rates are larger in the early afterglow than in
the late afterglow. The etching rate is few times greater for fibrinogen than for albumin.

Let us discuss the observed results. The proteins will not be etched when exposed to an
equilibrium oxygen atmosphere at room temperature. The observed results should be

therefore explained by the interaction between the reactive oxygen species created in plasma.
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Oxygen plasma contains a variety of reactive particles including positively and negatively
charged molecules and also atoms, oxygen atoms in both ground and a variety of excited
states, neutral molecules in excited states, and ozone molecules. Oxygen plasma is also a
source of radiation in the wide range from the IR to the VUV region. Any explanation of
interaction between reactive particles and organic material in plasma itself is almost
impossible due to the great number of possible reactants. Oxygen plasma also causes
extensive heating of samples. In order to simplify experimental conditions we chose afterglow
instead of plasma. Thermal effects in the afterglow are often negligible due to the absence of
highly energetic particles. In fact, only three types of reactive oxygen particles are found in
the flowing afterglow at sufficiently-high concentrations: oxygen atoms in the ground state,
0O, molecules in the first excited state, which is metastable with a typical radiation time close
to one hour, and O3 molecules.

Let us first consider the interaction between ozone molecules and selected proteins. Ozone is
known to cause the slow degradation of polymer materials even at room temperature.
Therefore, it should also be an active oxidant for proteins. Figure 3b reveals the density of
these molecules along the afterglow chamber at several pressures. Next to the exhaust from
the narrow quartz tube the concentration is rather low, but increases with increasing distance
from the exhaust. The production of ozone in the afterglow chamber is at three body
collisions between atoms and molecules in the ground state (OCP) + O5(X,0) + O — Os +
0).2*%! The major cause of ozone loss is at the collision with molecules in the second excited
state (O(b) + O3 — 05(X) + 02(X) + OCP)).***) Since the density of O,(b) molecules
decreases markedly along the afterglow tube, the quenching of O; decreases, while the O;
production does not change significantly along the tube, which results in the increase of ozone
density along the late afterglow. Interaction with ozone therefore cannot explain observed
protein etching, since the effect is the opposite: proteins are etched much faster in the early

than in late afterglow.
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Another candidate for the etching of organic materials in oxygen plasma afterglows is the
interaction with neutral atoms in the ground state OCP). These radicals are fairly stable in the
gas phase as long as the pressure is kept reasonably low as in our case. They are produced in
gaseous plasma predominantly by the electron impact dissociation of parent molecules. The
major mechanism of atomic oxygen loss at a low pressure is heterogeneous surface
recombination. The recombination coefficient depends enormously on the type of material the
afterglow chamber is made from, and is lowest for smooth glass surfaces; however, it can
change due to the conditioning of the surface along the afterglow, resulting from the
continuous use of the system, as well as due to the heating of the surface, e.g. at the plasma jet
impact. The O atoms’ density — measured by a catalytic probe — is found to be in the order of
10%° m™ and to decrease monotonously along the afterglow chamber. The measurements show
that at the early afterglow position the density is higher with a factor of 2 than that at the late
afterglow position. Since the etching rate of proteins versus the position follows the same
trend, the etching could be explained by sole interaction with the oxygen atoms.
Unfortunately, the behaviour versus pressure is exactly the opposite: oxygen atom density
decreases with increasing pressure (Table 1), but the etching of proteins definitely increases
with increasing pressure. The etching thus cannot be explained by interaction with oxygen
atoms only.

The last type of reactive particles which abound in oxygen plasma afterglows are molecules in
the first excited state O,(a). Due to their low excitation energy (about 1 eV only) they are
easily produced in oxygen plasma. These metastables have a very low recombination
probability on a glass wall, i.e. 2x10”, therefore the major loss mechanism is gas phase
relaxation by super-elastic collisions. As mentioned earlier, the probability for three body
collisions in our range of pressures is very low, and that is why the density of O,(a) molecules

in the afterglow chamber is of the order of 10*! m™. The density of these particles is therefore
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great enough to result in protein etching. The density of such molecules in the EAG is only
slightly higher than in the LAG, so the differences in etching rates between these two
positions cannot be explained by these rather marginal differences in Oy(a) density.
Furthermore, the O,(a) density increases almost perfectly linearly with increasing pressure
(Figure 3a and Table 1), while the etching rate of both proteins tends to become independent
from pressure at high pressures (Figure 5). Here we should also note that, according to Silva
et al., the O,(a) molecules can react alone with the aromatic rings.”! The proteins used in our
experiments contain such rings but the concentration is rather small and they might be located
in complex hindered structures, so any discussion on the exact mechanisms of interaction
between O,(a) molecules and proteins is beyond the scope of this paper.

Dependences in the etching rate therefore cannot be explained by interaction with any of
above mentioned reactive particles, so our experimental results indicate synergistic effects.
Such effects have not been studied systematically by many authors. However, the recent work

18-20

performed by Belmonte et al. is particularly worth mentioning."®**! They performed a
systematic treatment of selected polymers in oxygen plasma afterglows and found such
synergies. Following this idea the polymer etching may well be a synergistic effect of the
available particles. Since the behaviour of ozone density is completely different from polymer
etching results, one can take into consideration the synergy of atoms and molecules in the first
excited state. The product of both densities is shown in Figure 12. One can observe very
similar behaviour as observed in Figure 5, so a possible explanation of the protein etching
could be a synergy between atoms and excited molecules. Following the Belmonte’s
hypothesis the atoms cause the surface functionalization of proteins, and the modified
material exhibits a high affinity for interaction with excited molecules. Chemical reactions

following interaction with the said molecules cause intermediate oxides that decay to

oxidation products such as CO, and H,0, as well as more complex molecules.
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Finally, it is worth mentioning that the degradation of proteins also occurs due to the
absorption of VUV photons. Oxygen plasma is a source of photons arising from transitions of
excited neutral oxygen atoms. The major resonance line is observed at 130.5 nm. According
to Wertheimer et al., such photons cause the rapid degradation of polymers.*” The angular
distribution of photons emitted from plasma is substantially uniform. The photon flux from
the spot source decreases as 1/72, where r is the distance from the source. Our plasma is not a
spot source, but since the distance between the glowing plasma and the EAG position is much
larger than the dimension of plasma inside the narrow tube, we can take into account such a
rough approximation. According to Wertheimer oxygen plasma is a relatively poor source of
VUV radiation as compared to hydrogen or nitrogen and taking into account the decrease of
the intensity (1//°) of the effect of VUV radiation it is regarded as a minor cause of polymer
degradation as compared to chemical reactions.

The evolution of protein morphology during the treatment is revealed from the AFM images
and is summarized in Figure 8 and 9. A noticeable difference between albumin and fibrinogen
is observed. While albumin forms a rather smooth film, some spikes are observed by the AFM
in the case of fibrinogen. Furthermore, measurable quantities of sodium and chlorine are
found on the surface of samples coated with fibrinogen (Table 2). The spikes could be
explained by the specific conformation and agglomeration of fibrinogen, but a more
reasonable explanation is an existence of salts in the original protein supplied by the producer.
Namely, proteins are delivered with organic and inorganic additives such as sodium chloride
and citrate. The additives probably crystallize upon drying, so the spikes observed in Figure 9
are probably salt crystals. Here it is worth mentioning that the height scales in Figure 8 and 9
are much different from the lateral scales. If the same scale is used for all three axes the spikes
will shrink in height substantially. This hypothesis is supported by the XPS characterization
of the samples during etching. The results summarized in Table 2 show a substantial increase

in the concentration of inorganic materials (sodium in particular) after protein etching for a
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short time. It is well known that reactive particles found in an oxygen plasma afterglow do not
interact with inorganic salts, so the relative concentration increases after a layer of protein is
removed.

The absence of chemical interaction between oxygen particles and inorganic material is
probably the reason why the etching curves presented in Figure 4 are not linear. Pure organic
materials like polymers are often etched at a constant rate as long as the processing
parameters including the polymer temperature are kept constant. Such an observation was
reported recently.”!) The etching curves presented in Figure 4 can be approximated with
linear dependence only near the origin, say for the first few 10 s of treatment, but definitely
not for prolonged treatment times. Furthermore, some material also persists on the quartz
sensors after very long treatment time. This observation, as well as the deviation from the
linear dependence, is explained by the remaining inorganic additives. During the removal of
the proteins the inorganic additives remain on the surface, thus screening the proteins. The
effect is hardly noticeable at the beginning of the treatment when the proteins prevail, but it
becomes increasingly important as more protein is removed. Finally, only the inorganic
additives are left on the surface of quartz crystals. The deviation from linearity could be also
explained by crosslinking reactions that give stronger bonds. During the treatment the as-
synthesized material may become less and less reactive forming a kind of protective crust.
Unfortunately, our experimental devices do not allow for distinguishing between this effect
and the effects cause by inorganic additives. After prolonged treatment, gold peaks are
observed in the XPS survey spectra as indicated in Figure 10. This figure represents two XPS
survey spectra: the lower curve was obtained on a virgin Au-coated quartz crystal and the
upper curve is for a crystal coated with fibrinogen and treated in the late afterglow for 2750 s.
It is interesting that the virgin sample contains not only gold but also carbon as well as
oxygen. Obviously, some impurities are adsorbed on the surface of such samples. Even more

interesting is the upper curve which reveals a substantial amount of sodium which is not
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balanced with chlorine. This discrepancy is well beyond the experimental error and is
explained by the composition of the additives. Both sodium chloride and citrate are added.
The chloride remains intact but citrate is oxidized by reactive oxygen particles, so after
complete oxidation it is instead transformed into the sodium oxide. Taking into account this
phenomenon, the oxygen concentration on the sample treated for a prolonged time (upper
curve in Figure 10) is by far too large to be attributed to sodium oxide. The virtual
discrepancy is explained if the results presented in Figure 11 are considered. This figure
represents the high resolution XPS spectra of the Au4f peak. There is a huge difference in the
chemical state of gold before and after treatment in the oxygen plasma late afterglow: before
treatment gold is in a metallic phase, but after the treatment its oxidation state is changed to
Au’" due to surface oxidation. Such oxidation of gold in oxygen plasma had already been
observed previously, and according to the binding energy it can be ALO5.”**" Reactive
oxygen particles in the late afterglow are obviously aggressive enough to form a thin gold

oxide film on the sample surface.

Conclusion

Systematic measurements were performed in order to determine the etching rates for a couple
of proteins mounted into the early and late afterglows of oxygen plasma. The etching rates
were determined by measuring the resonant frequency of gold-plated quartz crystals.
Commercially available fibrinogen and albumin samples were carefully deposited onto the
crystals to form a film of uniform thickness. They were exposed to either the early or late
afterglows of oxygen plasma created by a microwave discharge. The etching rates of several
0.1 nm s were observed. Since the etching rate of polymers used in advanced medical
instruments such as PET is at least 2 orders of magnitude lower,?" the technique is suitable
for the removal of traces of blood proteins from such instruments after use in medical praxis.

An attempt was made to explain the etching mechanism, and the hypothesis was developed
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based on the thorough determination of the densities of atoms in the ground state, metastable
molecules, and ozone molecules. The hypothesis assumes the synergistic effects of atoms and
0,(a) molecules, while ozone plays a minor role, if any, in the etching of proteins with

neutral reactive oxygen particles.
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Figure captions:

Figure 1. Schematic diagram of the experimental system.
Figure 2. OES spectrum of glowing MW plasma.

Figure 3. Calculated densities of: a) O,(a) molecules and b) Os; molecules along the afterglow

chamber.

Figure 4. Thickness of the protein films versus treatment time in oxygen plasma early (EAG)
and late (LAG) afterglows at a pressure of 50 Pa.

Figure 5. Maximum etching rates of the proteins fibrinogen and HSA in early (EAG) and late

(LAG) afterglows versus pressure.

Figure 6. Ratio O/C and N/C of: a) fibrinogen and b) albumin versus time after etching in

early and late oxygen afterglows (determined from XPS measurements).

Figure 7. Comparison of XPS Cls spectra of as-deposited (reference) and plasma-etched

albumin and fibrinogen in early and late oxygen afterglows.

Figure 8. AFM images of albumin versus etching time in early and late afterglows measured

on2x2 pmz.

Figure 9. AFM images of fibrinogen versus etching time in early and late afterglows

2
measured on 5 x 5 pm”.

Figure 10. XPS survey spectra for a virgin Au-coated quartz crystal (lower curve) and a

crystal coated with fibrinogen and treated in a late afterglow for 2750 s (upper curve).

Figure 11. High resolution gold peaks for a virgin Au-coated quartz crystal (lower curve) and

a crystal coated with fibrinogen and treated in a late afterglow for 2750 s (upper curve).

Figure 12. Product of the densities of atoms O (°P) and molecules in the first excited state
Os(a).
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Table captions:

Table I. Measured density of neutral oxygen atoms OCP) and calculated density of O,(a) and

O3 molecules in early and late afterglows of oxygen plasma.

Table 2. XPS surface composition of fibrinogen and albumin versus time after etching in early

and late oxygen afterglows for different periods (at.%).
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Table 1. Measured density of neutral oxygen atoms OCP) and calculated density of O,(a) and

O3 molecules in early and late afterglows of oxygen plasma.

LAG EAG
Pressure O (C'P) 0,(a) 03 o (Cp) O(a) 03
[Pa] [m] [m”] [m”] [m] [m] [m”]
50 7.0x10° 0.8x10"" 03x10"  13.5x10* 1.0x10"" 0.02 x 10"
100 6.0x10* 23x10"" 08x10"  11.5x10* 2.6x10"" 0.04 x 10"
150 50x10° 4.0x10*" 2.0x10" 9.5x10° 44x10" 0.1 x10"
200 40x10" 55x10"  3.5x10" 75%x10°  6.0x10"" 02 x10"
300 3.0x10° 85x10"" 8.0x10" 6.0x10* 9.0x10"" 0.7 x10"
400 2.5x10 11.0x10"" 14.0x10"  50x10* 12.0x10* 2.1 x 10"
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Table 2. XPS surface composition of fibrinogen and albumin versus time after etching in early

and late oxygen afterglows for different periods (at.%).

Plasma Processes and Polymers

sample C (0] N Na (1 S P O/C N/C
ALB powder as-received 65.7 17.8 152 0.5 0.8

ALB, as-deposited 74.5 145 10.0 04 06 02 0.1
ALB, EAG, 90 s 449 3311 136 74 06 03 07 03
ALB, EAG, 180 s 433 348 145 5.7 1.3 04 08 03
ALB, LAG, 300 s 45.6 333 13.6 64 06 03 07 03
ALB, LAG, 600 s 449 33.6 146 4.6 09 04 07 03
FIB powder as-received 40.4 30.0 2.0 19.5 8.1

FIB, as-deposited 69.7 159 122 14 09 02 02
FIB, EAG, 30 s 513 267 132 69 1.8 05 03
FIB, EAG, 60 s 48.5 297 11.1 9.1 1.2 0.6 0.2
FIB, EAG, 150 s 424 289 132 83 24 0.7 03
FIB, LAG, 100 s 48.1 282 139 78 1.7 06 03
FIB, LAG, 200 s 484 277 137 7.6 2.1 06 03
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Figure 1. Schematic diagram of the experimental system.
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Figure 7. Comparison of XPS Cls spectra of as-deposited (reference) and plasma-etched albumin and
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Figure 10. XPS survey spectra for a virgin Au-coated quartz crystal (lower curve) and a crystal coated with
fibrinogen and treated in a late afterglow for 2750 s (upper curve).
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Figure 11. High resolution gold peaks for a virgin Au-coated quartz crystal (lower curve) and a crystal coated
with fibrinogen and treated in a late afterglow for 2750 s (upper curve).
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Figure 12. Product of the densities of atoms O (3P) and molecules in the first excited state 02(a).
50x29mm (300 x 300 DPI)

Wiley-VCH



