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Abstract The application of X-ray
photoelectron spectroscopy (XPS)
for studies of surface layers of
objects with spherical shape was
investigated using as examples
polystyrene and poly(styrene—acro-
lein) microspheres with attached
human serum albumin (HSA). The
amounts of immobilized protein
were determined by the standard
biochemical Lowry method and by
XPS, using the intensity of the Nls
signals of HSA as a basis for eval-
uation. The XPS data were treated
by taking into account the spherical
shape of the particles analyzed
(variable take-off angle of ejected

between the results of the biochem-
ical and XPS determinations was
found assuming that for the average
particle the takeoff angle varies from
0° to 72.7°. This reflects the fact that
in the multilayer arrangement of
particles, placed onto the support of
the XPS apparatus, the particles
from the upper layer partially screen
the edges of the particles in the layer
below.
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Introduction

X-ray photoelectron spectroscopy (XPS) is often used as
a method of choice for the determination of the chemical
composition of surface layers (few nanometers thick) of
various objects [1-3]. Essentially, in all methods used for
the treatment of XPS data it has been assumed that the
surface analyzed is flat and smooth; however, investiga-
tors also applied XPS for the analysis of surfaces of
powders and other particulate materials, for example,
microspheres [4-12], wusually without making any
adjustment in the methods used for the treatment of
experimental data.

Probing the chemical composition at various depths
of flat and smooth surfaces is usually accomplished
by changing the takeoff angle of ejected electrons. For
particles the real takeoff angle (relative to the surface of
the particles) varies depending on the part of the surface

electrons). The best agreement

albumin

from which the electrons escape (Fig. 1). This is true for
every setting of the angle between the support of the
sample and a detector.

Recently Sheng and Sutherland proposed a method
for quantitative analysis of spherically shaped powders
coated with an overlayer [13]; however, their analyses
were based on predictions of XPS spectra of isolated
spheres. In real systems particles form assemblies with
various microroughnesses on the scale of the particle
dimensions and in these assemblies particles usually
screen each other partially.

We were interested in finding out how important
errors are when XPS data are analyzed without taking
into account the microroughness of surfaces of micro-
sphere assemblies. We also wanted to check whether it
would be possible to develop methods allowing the
elimination of these errors. For our studies we chose as a
model system polymer microspheres [polystyrene (PS)
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and poly(styrene—acrolein) (PSA)] with attached human
serum albumin (HSA). Our choice was based on the
following reasons. The microspheres can be obtained
with well-controlled diameters and with a narrow
diameter distribution (Dy/D, < 1.01) [9], yielding ma-
terial with well-defined geometry. The surface concen-
tration of HSA attached to these particles can be
determined independently from XPS analysis, using a
biochemical method (e.g. the modified Lowry method
developed in our laboratory for determination of
proteins immobilized onto microspheres [14, 15]). The
system, polymer microspheres—HSA, is characterized by
the presence of nitrogen atoms exclusively in the layer
composed of attached protein. Thus, the intensities of
the N1s signals in the XPS spectra of microspheres with
attached protein can be conveniently used for calcula-
tion of surface concentrations of HSA based on various
models for the treatment of the XPS data. Comparison
of results of these calculations with data from biochem-
ical analysis should indicate the best method of XPS
analysis.

Experimental

The microspheres (PS and PSA) were synthesized in the emulsifier-
free emulsion homopolymerization of styrene and/or in the
emulsifier-free emulsion—precipitation copolymerization of styrene
and acrolein, carried out as described in detail in an earlier report
[9]. The monomers (styrene and acrolein, Aldrich) were purified
from 4-tert-butylcatechol and hydrochinone, respectively, by
distillation under reduced pressure. Potassium persulfate (K,S,0g)
was used as an initiator. Triple-distilled water was a polymerization
medium. A few crystals of sodium carbonate were added to the
water to adjust the pH to 6.5. The compositions of the polymer-
ization mixtures are given in Table 1.

The polymerizations were carried out under argon at 65 °C for
28 h. Thereafter, the microspheres were purified by filtration from
some particle aggregates, by stream-stripping from traces of
unreacted monomers, and, finally, by centrifugation and resuspen-
sion in fresh water. The diameters of the microspheres were
determined by scanning electron microscopy. For each type
of microsphere, the diameters of about 1000 particles were
measured and the values of the number-average diameter
(Dn =Y_mD;/ > n;) and the polydispersity parameter (Dy, /Dy,
where Dy = Y m:D}/ > n;D?)) were calculated. Assuming that the
density of PS and PSA microspheres is 1.05 g/cm® (density of PS)
the specific surface per gram of microspheres (S) was calculated.
The surface concentrations of aldehyde and —SO, (from the
initiator) groups were determined using the specific reaction of
aldehydes with 2,4-dinitrophenylhydrazine and by conductometric
titration, respectively. The procedures used for these determina-
tions are described in our earlier articles [9, 14-19]. The values of
the parameters characterizing PS and PSA microspheres are given
in Table 2.

HSA (Sigma, Cohn fraction V) was used without further
purification.

XPS spectra were recorded with a VG Scientific Escalab MKI
apparatus equipped with a Mg Ko X-ray source (200 W at 10 kV).
The pressure in the analytical chamber was about 5 x 1075 mbar.
The correction of electrostatic charging was made by adjusting the
Cls signal of the aliphatic carbon atoms to 284.8 eV (position
characteristic for PS [20]).

Fig. 1 Dependence of the takeoff angle, 6, from various elements of
the surface of a microsphere covered with an adsorbed substance

Table 1 Compositions of polymerizing mixtures in the synthesis of
polystyrene (PS) and poly(styrene—acrolein) (PSA) microspheres

Microspheres Composition of polymerizing mixtures
Styrene Acrolein K,S,04 Water
(ml) (ml) (8 (ml)

PS 10 0 4.4 %1072 100

PSA 10 0.6 44x1072 100

Table 2 Values of parameters characterizing PS and PSA micro-
spheres

Microspheres D Dyw/Dy  [-0SO3] [-CHO]7 S
(um) (mol/m?  (mol/m?  (m*/g)

PS 0.591 1.007 245x107% 0 9.66

PSA 0.492 1.002 138x107% 228 x10™° 12.61

Results and discussion
Attachment of HSA onto the PS and PSA microspheres

Attachment of HSA onto the PS and PSA microspheres
was carried out in phosphate buffered saline (pH 7.4) at
room temperature. Suspensions of microspheres were
incubated with HSA at room temperature for 20 h.
The concentration of the microspheres was 3.0 g/l in
all experiments. The initial concentration of HSA in
solution was varied in the range 107>-5 x 107! g/I. After
incubation, the microspheres were isolated from the
suspension by centrifugation at 20 000 g. The amount
of HSA (expressed in milligrams) attached to a given
amount of microspheres (in grams) was determined by
the standard and modified Lowry methods according to
the detailed descriptions given in our earlier reports [14,
15]. These measurements and the knowledge of the
specific surface of the microspheres (S, Table 2) allowed
the surface concentration of HSA (I'ysa) to be calcu-
lated. For the Langmuir-type adsorption (physical
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adsorption and/or reversible chemisorption) the relation
between I'yga and [HSA]., where [HSA]. denotes the
protein concentration at equilibrium, should conform to
the following equation [21, 22]:

1 1 1 1
FHSA FHSA (max) rHsA (max)KA [HSA]C ( )

In Eq. (1), I'ysa(max) denotes a maximal surface
concentration of attached protein and K an equilibri-
um constant of adsorption. The dependence of 1/T'ysa
on 1/[HSA]. is shown in Fig. 2.

Values of TI'ysa(max), calculated from the plots
in Fig. 2, were 1.44 x 107 and 1.14 x 10~ g/m” and
values of K5 were 3.00 x 10* and 3.40 x 10* I/g, for PS
and PSA microspheres, respectively.

HSA is attached to PS microspheres exclusively
by physical adsorption, mainly due to hydrophobic
interactions. Attachment to PSA particles is, at least
partially, due to the reversible formation of Schiff-base
linkages (chemisorption) in the reaction of primary
amino groups of protein and aldehyde groups of
polyacrolein units in the surface layer of PSA particles
[16, 17, 23]. Therefore, as one could expect, the value of
K4 is larger for PSA than for PS microspheres. The
higher value of the maximal surface concentration of
HSA, I'gsa(max), for PS than for PSA particles results
from the following reasons. Molecules of HSA attached
to microspheres undergo conformational changes (de-
naturation) and occupy a larger surface area [24, 25].
For PSA microspheres attachment via chemisorption
freezes these conformations, whereas in the case of PS
particles the physical adsorption of HSA allows confor-
mational rearrangements of attached molecules, result-
ing in their denser packing [16, 23].
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Fig. 2 Dependence of the reciprocal of the surface concentration of
human serum albumin (HSA) attached to microspheres (1/T'ysa) on
the reciprocal of the surface concentration of HSA remaining in
solution (1/[HSA].)

Investigations of PS and PSA microspheres
with attached HSA by XPS

A typical XPS spectrum of PS microspheres with
adsorbed HSA is shown in Fig. 3.

Three signals are present in this low-resolution
spectrum: at 285, 400, and 532 eV, due to electrons
ejected from Cls, Nls, and Ols orbitals, respectively.
The high-resolution signals, corresponding to these
atoms, are shown in Fig. 4.
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Fig. 3 Low-resolution X-ray photoelectron spectroscopy (XPS)
spectrum of PS microspheres with adsorbed HSA

a
2
5
C1s
2
8
g
©
=
[72]
o
2
£
©
=
2
7]
P TSR S TN S T U 0 S SAVIST A VI S W NNV ENTRN S I SOV IV S N SR W SR 1
280 282 284 286 288 290 292 294
Binding energy, eV
_— M“n"v wv‘,m_vw,,kww L ppeeremger

Fig. 4 Signals of a carbon, b oxygen, and ¢ nitrogen atoms in high-
resolution XPS spectra of PS microspheres with adsorbed HSA
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Fig. 4 (Continued)

It is worth noting that the Cls signal consists of three
components. Besides the one centered at 284.8 eV
(corresponding to aliphatic and aromatic carbon atoms)
and that at 291.7 eV (a shake-up satellite due to the
phenyl rings of styrene) there is also a signal at 287.9 eV
due to the carbonyl carbon atoms in polyacrolein and in
the amide groups of HSA. The Ols signal represents
oxygen atoms of carbonyl groups of polyacrolein,
-OSO; end groups due to the initiator incorporated
into the macromolecules constituting the microspheres,

oxygen atoms due to the often observed adventitious
oxidation of the surface of the microspheres [9], and
amide groups of HSA. Therefore, neither the Cls nor
the Ols signal was convenient for the determination
of HSA attached to the microspheres. Fortunately, the
PS and PSA microspheres do not contain nitrogen
atoms and their XPS spectra did not show any signals
suggesting the presence of nitrogen-containing impuri-
ties. Thus, the Nls signal in the spectra of the
microspheres with HSA at their surfaces was related
exclusively to nitrogen of the protein and was used
for the determination of the surface concentration of
attached HSA.

The relation between the surface concentration of an
analyzed substance and the intensity of the correspond-
ing XPS signal (signal integral) is described by the
Lambert—Beer law. In the case of the Nls signals of
HSA attached to the surface, which does not contain
nitrogen atoms, the equation corresponding to this law
can be written in the following form:

Inis I'sa
1 —exp———HsA ) 2
= t-on(- i) )

In Eq. (2) Inis and I3, denote the intensities of the
nitrogen signals of an HSA layer at the surface of the
microspheres and of an HSA layer of ““infinite thick-
ness” (layer several times thicker than the free electron
path; I, was determined using pure HSA placed onto
the sample holder of the XPS apparatus), respectively,
I'gsa denotes the surface concentration of HSA at the
microspheres, I'[jg, is a parameter characterizing the
free electron path in HSA, and 0 denotes the takeoff
angle (relative to the surface) of ejected electrons.
According to Seah and Dench [26] the value of I'fjgs
(expressed in units of milligrams per square meter) can
be calculated from the following equation:

[iisa = 0.11EY +49E* (3)

in which Eyx denotes the kinetic energy of the Nls
electrons (in electron-volts) ejected from HSA under the
action of X-ray photons. In our system Ex =853.6 ¢V
and, thus, T3, = 3.32 mg/m”,

The values of Inis and I3, could be determined
experimentally and, thus, for flat and smooth surfaces
covered with HSA the simple combination of Egs. (2)
and (3) yields Eq. (4), allowing I'ysa to be calculated.

Iusa = I'figa cos 0 In (ﬁﬁ) ) 4)
Iisa

For the nonoverlapping spherical particles with diame-
ters significantly greater than the electron free path the
measured intensity is averaged over angles, 6, in the
range from 0° to 90° (/i) (Fig. 5a).

Therefore, Eq. (2) has to be replaced with the
following:
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Fig. 5 a Range of the photoelectron takeoff angles from surfaces
of microspheres forming a monolayer. b Schematic illustration of
reduced range of the photoelectron takeoff angles from surfaces
of microspheres in multilayers in which edges of some particles are
screened by microspheres in the upper layer

/2
Inis _ 1- g/ exp <— ﬁ) do . (5)
I, 7 Jo cos O Figa
Numerical integration allowed the determination of the
relation between I'sa/Tisa and Inis /IR,

This relation is shown in Fig. 6 for a system of
nonoverlapping spherical particles (calculations based
on Eq. 5) and for a flat and smooth surface with 6 =0°
(calculations based on Eq. 4).

From Fig. 6 it follows that for the values of Ini,/IJ,
in the range 0-0.4 the corresponding values of I'ysa can
differ significantly for smooth surfaces and for surfaces
covered with spherical particles.

In real systems the surface analyzed is usually
composed of a multilayer of randomly arranged micro-
spheres. For these systems the edges of some micro-
spheres are screened by other particles (see schematic
illustration in Fig. 5b); therefore, the takeoff angle should
be averaged in a narrower range (0° < 0 < «, where o
denotes the average value of an angle characterizing the
screening of the edges of the microspheres) than in the
case of the nonoverlapping microspheres. Therefore, for
the real systems, with surfaces covered with multilayers of
microspheres, the following equation holds:

4
- for fayer of spherical nonoverlapping particles
[ - - - for flat surfaces with 0° takeoff angle
3 o6
s | o4f
ELI L o
X 20 o2f
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[ I oL
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Fig. 6 Relations between the ratios I'ysa/Tusa and Ini /IR, calcu-
lated assuming that the surface analyzed is flat and/or composed of
nonoverlapping microspheres
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Fig. 7 Correlation between surface concentrations of HSA attached
to PS and PSA microspheres determined by XPS and surface
concentration of attached HSA determined by the Lowry method.
The XPS data were analyzed with the assumption that a surface with
adsorbed protein is flat and smooth (¢ data for PS, » for PSA
microspheres), is composed of nonoverlapping microspheres (e PS, f
PSA particles), and is composed of a multilayer of microspheres (¢ PS,
d PSA), in which, due to the edge screening, the average maximal
photoelectron takeoff angle is 72.7°

L[ T'usa
=1—-- ——>|d0 . 6
IR & /0 =P ( cos HF%A) (6)

The correlation between the values of the surface
concentrations of HSA determined by XPS [I'gsa(XPS)]
and independently by the Lowry method [['gsa(Lowry)]
is illustrated in Fig. 7.

Calculations of I'ysa(XPS) were performed for three
models: assuming that the surface analyzed is flat
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(takeoff angle=0°), assuming that the support is
covered with nonoverlapping microspheres, and assum-
ing that the support is covered with overlapping
particles. For the first model the slope of the plot of
Tasa(XPS) versus I'ysa(Lowry) was 1.42; indicating
that the analysis of the XPS data using Eq. (4) yields
results which are overestimated by 42%. For the
second model the slope of a similar plot was 0.625,
which indicates that the values of I'yga(XPS) calculated
using Eq. (4) are underestimated by 37.5%. The best
result was obtained for the third model, taking into
account partial overlapping of the microspheres. When
o=72.7° the slope is 0.988 and the regression coeffi-
cient is 0.978, indicating good agreement between the
surface concentrations of adsorbed HSA determined by
XPS and by the Lowry method. It is worth noting that
for both types of microspheres (for the PS particles
onto which HSA is adsorbed and for the PSA micro-

spheres onto which some fraction of HSA is immobilized
covalently [16, 17, 23]), the best results were obtained
using the same procedure for the treatment of the XPS
data.

Conclusions

Surface microroughness is very important in quantita-
tive analysis of the XPS data. For substances composed
of spherical micron-sized particles the surface concen-
trations of adsorbed and/or covalently immobilized
compounds can be determined using Eq. (6) with
oa="72.7°.
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