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Atomic force microscopy
of human serum albumin (HSA)
on poly(styrene/acrolein) microspheres

Abstract Atomic Force Microscopy
(AFM) in the tapping mode was used
for the observation of bare poly
(styrene/acrolein) P(SA) microspheres
and microspheres with attached HSA.
Prior to the AFM observations the
P{SA) microspheres were immobilized
covalently on the surface of quartz
slides modified with y-amino-
propyltriethoxysilane. Atomic Force
Microscopy pictures were registered
for the dry samples. The partial
coalescence of the P(SA) microspheres
connected to the quartz surface with
amino groups has been observed. The
AFM pictures of the single P(SA)
microspheres revealed that the surface
of these particles is smooth and that
any irregularities, if present, do not
exceed 1 nm. The surface of
microspheres with attached HSA has
very clearly different morphology
with regular pattern of HSA
macromolecules. Cracks on the
surfaces of some microspheres with

Introduction

HSA revealed that protein macro-
molecules are attached to these
particles in several layers. In the case
of some other microspheres the
defects in protein attachment allowed
the observation of the border between
the bare surface of the P(SA) micro-
spheres and the surface covered with
protein macromolecules. Comparison
of the thickness of the HSA layers on
the P(SA) microspheres with the
dimensions of HSA macromolecules,
determined earlier from the x-ray
studies, suggests that the first layer,
3.0 + 0.2 nm thick, is formed of the
HSA macromolecules arranged flatly
on the surface whereas protein
macromolecules in the subsequent
layers, each 8.6 4- 1 nm thick, are
adsorbed protruding from the surface.

Key words Atomic force microscopy —
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behavior of complex macromolecules with determined

internal structure at the liquid-solid interface.
Studies of the protein-polymer interactions include

Interest in protein—polymer interactions results from the
mportance of these phenomena for application of poly-
mers 1n medicine and biotechnology, e.g. as implants [1],
clements of therapeutical and diagnostic equipment [2-67,
supports for the immobilization of enzymes, and the whole
cells [7]. Investigations of the protein—polymer inter-
actions are essential also for the fundamental studies of the

determination of the relation between the nature of the
polymeric surface and the surface concentration of adsor-
bed and/or covalently immobilized proteins, thickness of
the protein layer, orientation of attached protein macro-
molecules, protein denaturation and changes of the
biologic activity of protein macromolecules induced by
interactions with polymeric materials [8-11]. Some
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authors suggested that under specific experimental condi-
tions proteins could be attached in more than one layer
[12,13]. Until now the majority of information on
the orientation of protein macromolecules at interfaces
was obtained in an indirect way. Computer simulation
was also used for modeling protein adsorption to solid
supports [14].

Recent developments in scanning probe microscopy
provided important tools for direct observation, with mol-
ecular resolution, of protein and nucleic acid macro-
molecules at interfaces [15]. Protein and nucleic acid
macromolecules were observed on a conducting (e.g. gold)
substrate by Scanning Tunneling Microscopy (STM)
[16-19]. Atomic Force Microscopy (AFM) allowed
monitoring protein macromolecules on nonconducting
supports [15-20, 21]. However, one has to be aware
that registration of a picture by AFM in the contact
mode could result in the translocation of protein
macromolecules on the surface [22-24].

In the studies mentioned above, Atomic Force Micro-
scopy has been used usually for monitoring proteins, nu-
cleic acids, and other biologically important molecules
deposited on flat and smooth surfaces. The importance of
polymeric latexes and microspheres for medical diagnos-
tics and drug delivery systems drew our attention to the
conditions allowing observation of protein macro-
molecules on the surface of these particles. However, ob-
servations of proteins on microspheres could be difficult
due to the combination of the curvature and local ge-
ometry of the surface of microspheres with the geometrical
characteristics of attached protein macromolecules. More-
over, any adventitious movements of a particle onto which
proteins were attached could interrupt observation and
thus, it would be desirable to immobilize these particles.

In this paper we describe results of observations by
AFM of human serum albumin (HSA) attached onto the
poly(styrene/acrolein) microspheres. Human serum al-
bumin was selected for our studies because it is most
abundant among the blood plasma proteins [25]. The
macromolecule of HSA with a molecular weight of 66 500
is organized in three well delineated domains [26-28].
X-ray studies allowed to find out that in the crystal form
the three domains of HSA form the heart-like structure
with lengths of the sides equal to 8.3 nm, 7.0 nm, and
8.2 nm and with thickness equal to 3.0 nm [27]. Recent
studies indicated that the orientation of the adsorbed
macromolecules of HSA depends on the nature of the
surface (charge and hydrophobicity) and on pH of the
medium in which adsorption occurs [29, 30]. However,
little is known on the orientation of the covalently
immobilized HSA macromolecules.

Poly(styrene/acrolein) microspheres were chosen for
the studies because particles with aldehyde groups on the

surface are able to immobilize protein macromolecules
without any activation, simply by incubation of micro-
spheres and protein [31-347. In our recent studies we
developed the synthetic methods of obtaining monodis-
perse poly(styrene/acrolein) microspheres with a control-
led fraction of polyacrolein in the surface layer [35]. We
found also a method suitable for the covalent immobili-
zation of P(SA) microspheres on the quartz slides in two-
dimensional assemblies [36]. For these microspheres we
investigated the immobilization of HSA, determining the
fractions of adsorbed and covalently immobilized protein
macromolecules [33, 34]. We expected that such immobili-
zation would be helpful in the case of the observations of
attached HSA by the AFM method.

Experimental part

Poly(styrene/acrolein) microspheres (P(SA)) were syn-
thesized in an emulsion—precipitation polymerization of
styrene and acrolein initiated with potassium persulfate
and carried out without added emulsifier. The polymeri-
zation mixture contained: styrenc (10mlL), acrolein
(0.7 mL), K,S,0¢ (0.044 g), and H,0O (102 mL). Micro-
spheres with number average diameter D, = 0.44 ym and
diameter polydispersity factor D,/D, = 1.008 (D, denotes
the volume average diameter) were obtained. The fraction
of polyacrolein in the surface layer of microspheres was
fa = 0.63. Detailed description of the synthesis and char-
acterization of microspheres is given in ref. [35].

Human serum albumin (HSA) (Sigma, Cohn fraction
V) was used as received.

The surface of quartz slides was modified with a solu-
tion of y-aminopropyltriethoxysilane in toluene (concen-
trations from 2 to 8%) according to the method similar to
developed by Weetal [37]. The modification was carried
out at room temperature for 18 h. Modified slides were
washed with ethanol and with water. Before immobili-
zation of the P(SA) microspheres slides were incubated
during 5h in phosphate buffer saline (PBS, pH = 7.4).
Immobilization of microspheres was carried out by incu-
bating quartz slides with the P(SA) microspheres (concen-
tration 2 mg/mL) in PBS during 5 or 8 h. Thereafter, the
slides with immobilized microspheres were washed with
water. The HSA was attached to P(SA) particles by incu-
bating a solution of HSA ([HSA] =03 mg/mL) and
quartz slides with the covalently immobilized micro-
spheres. Incubation with HSA was carried out in PBS for
3 h. Finally, slides were washed with water, dried at room
temperature at air for 24 h.

The surface of immobilized microspheres was observed
using a Nanoscope IIT AFM instrument (Digital Instru-
ments) in the tapping mode. None of the pictures presented
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AFM of HSA on poly(styrene/acrolein) microspheres
Fig. 1 Assombly of P(SA) Soan sive "15.00 pn
microspheres immobilized on Setpoint 1.3687 U
uartz Soan rate 1,001 Hz
q Number of samples 512

and analyzed in this paper was treated with any
computer filtering procedures. The only computer mani-
pulations involved choosing the required view angle and in
some instances zooming.

Results and discussion

A typical assembly of P(SA) microspheres, without HSA,
immobilized on quartz is shown in Fig. 1. Particles are
arranged in clusters one particle thick. The partial coales-
cence of microspheres can be clearly seen. Apparently, in
the case of the P(SA) microspheres, which according to our
earlier findings [35] have a core-shell structure with a core
rich in polystyrene and a shell enriched in polyacrolein, the
segmental mobility allows for the interdiffusion of polyac-
rolein macromolecules in the surface layers of adjacent
particles. A more detailed picture of the fragment of the
surface of a typical P(SA) microsphere is shown in Fig. 2a.

The curvature of the microsphere is clearly evident. The .

lines on the surface parallel to the x-axis represent the
traces left by the tip and cannot be considered as a genuine
characteristic features of the microsphere. From Fig. 2b it
is evident that after attachment of HSA the AFM picture
of the surface of microsphere becomes different. The lines
left on the surface of the bare particles by the tip are
absent. The surface illustrated in Fig. 2b is covered with
a regular pattern of small “hills” and “depressions” with
diffuse edges. Thus, it becomes clear that AFM allows to
discriminate between the bare surfaces of the P(SA) micro-
spheres and the surfaces covered with HSA. However,

T] view angle
-“-light angle
_.-'/'-__--‘H‘"..

X 2,000 pw/div
2 3.000 pm/div

we think that such micrographs cannot be used as a basis
for any conclusions on the arrangement of HSA macro-
molecules on the surface. We expected that we could
obtain more information from the analysis of defects in the
HSA layers on the surface of the particles.

The detailed inspection of many micrographs revealed
that during drying the cracks and faults on the surface
covered with HSA uncovered on some particles a multi-
layered structure of the attached protein and formed a very
characteristic rift pattern. An example illustrating layers of
HSA on the P(SA) microspheres is shown in Fig. 3. The
cracked and displaced layers of HSA exposed the inner
HSA layer covering microspheres. An example of a cross-
section of microsphere with exposed HSA layers is shown
in Fig. 4. On this and on similar micrographs it was pos-
sible to measure the thickness of the outer HSA layers. The
measurements gave a value 8.6 + 1 nm. In some instances
we noticed the layer with thickness 15 + 3 nm with edges
suggesting that it is composed of two layers.

In several cases we found defects in the coverage of
particles with HSA. For example, in Fig. 5 there is shown
the picture of a surface covered only partially with HSA.
On the part not covered with the protein the typical traces
left by the tip can be seen. The cross-section of the border
between areas without and with HSA is illustrated in
Fig. 6. The defects in the coverage allowed us to measure
the thickness of the first layer of HSA on the surface of the
P(SA) microspheres. We found that the first layer of HSA
macromolecules is 3.0 + 0.2 nm thick.

It is interesting to compare the thickness of the HSA
layers on the P(SA) microspheres with the dimensions of
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Fig.2 a) Surface of a P(SA)
microsphere. b) Surface of

a P(SA) microsphere covered
with HSA

a)

b)

the HSA macromolecules in the crystal form. As has been
already mentioned, Carter et al. found that the three do-
mains of the HSA macromolecule are arranged in the
heart-like form with the sides 8.3 nm, 7.0 nm, and 8.2 nm,
and a thickness of ca 3.0 nm [27]. It is worth noting that
the thickness of the first layer of HSA on the P(SA) par-
ticles measured by AFM (3.0 & 0.2 nm) is very close to the
thickness of the HSA macromolecule determined by x-ray
studies (3.0 nm). Moreover, the thickness of HSA in the
outer layers determined in our work (8.6 + 1 nm) is close
to the long sides of the HSA macromolecule in the crystal

NanoScope TH_AFM
Scan size 323.0 nm
Setpoint 1.367 V
Scan rate 1.001 Hz
Number of sawples 512

EI view angle
-~ light angle

X 100,000 nw/div O deg

2 100.000 nw/div
NanoScofpe TH_AFM
Scan size 318.0 nm
Setpoint 2.121 v
Scan rate 2.001 Hz
Numbker of sawmples 258

O view angle
-2~ light angle

’/"""“-\.‘\‘

R B

X 100,000 nw/div 0 deg

2 100.000 nm/div

form. Thus, the results of the AFM observations suggest
that the HSA macromolecules in the first layer are ar-
ranged flatly on the P(SA) microspheres, maximizing their
contact with the surface of particles. On the other hand,
the HSA macromolecules in the subsequent layers (in the
case of some particles up to three such outer layers were
noticed) are arranged protruding from the surface. Such
orientation maximizes the number of protein macro-
molecules covering each particle.

There are opinions that at pH = 7 macromolecules
of HSA are adsorbed to the anionic and hydrophobic
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Fig. 3 Multilayered coverage of
P(SA) microspheres with HSA

Fig. 4 Cross-section
characterizing the multilayered
coverage of a P(SA)
microsphere with HSA.
Horizontal distance between
the pointers equals 7.53 nm

surfaces preferentially via the domain III, however, it has
been pointed out that the thickness of the hydrodynamic
radius of HSA on polystyrenc equal to 4 nm conforms to
the side-on adsorption involving all three domains [38].
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In our earlier studies we found that the maximum
surface concentration of HSA attached to the P(SA) micro-
spheres equals 1.3 mg/m?® [33]. This corresponds to
1.13-10* macromolecules on 1 um>. Data obtained from
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Fig.5 AFM micrograph
illustrating partial coverage of
a P(SA) microsphere with HSA

Fig. 6 Cross-section of the first
layer of HSA covering a P(SA)
microsphere. Vertical distance
between the pointers equals
3.08 nm

x-ray studies indicated that the HSA crystals belong
to the P42,2 space group with unit cell constants
a=b=1865nm and ¢=8.18 nm [27]. However, as-
sumption that the distance between macromolecules of

NanoScope TH_AFM
Scan size 304.1 nm
Setpoint 1.464 V
Scan rate 1.001 Hz
Number of samples 512

T] view angle

- e light angle
.-’/‘----\\\.
et
!
o i
100 100.000 nw/div O de¥
399.999 nw/div
[Curser  Warker Spectrum Zoom Clear
S nm
ET‘ 1
} Y
/M-\'/ LL 16,728 nm |
oA © RMS 0,798 nm
. oo le C
! RaClc) 0.383 nm
| Rmax 2,007 nm
Rz 1,890 nm
e Rz Cnt 2
E ™ T T T T
T Q 25 50 75 100 125
nM
y Spectrum Horiz distance(L) 16,728 nm |
Vert distance 3.084 nm
Angle 10.447 deyg
Horiz distance
Uert distance
fingle
Horiz distance
Vert distance
Angle
Spectral period DC
Spectral freq 0 Hz
Spectral amp 2,430 nm
L
DC Min
[Cursor: fined Zoom: 2:1 Cen line: Off oOffset: Off

HSA in the monolayer is the same as in the mentioned
crystal (18.65 nm) would require the number of HSA ma-
cromolecules per 1 um? to be 2.88-10%, ie., much lower
than that determined from the above mentioned studies of
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the immobilization of HSA on the P(SA) microspheres.
Thus, it becomes evident that HSA molecules in mono-
layer on the P(SA) microspheres are packed more densely
than in the HSA crystal. This is not surprising because it
has been found that HSA crystals contain ca.77% of
solvent molecules in the crystal channels with cross-sec-
tion ca. 9.0 nm wide. Remembering that the cross-section
of HSA macromolecule has the form of triangle with ca.
8 nm side, we can estimate that at the dense packing the
number of HSA macromolecules with the side-on orienta-
tion equals 3.6-10%* on 1 um?. The surface concentration
of HSA macromolecules at dense packing is therefore
about three times higher than that determined from the
studies of attachment of HSA to the P(SA) microspheres
(1.13-10* macromolecules/um?) [33]. This difference
might be related to an extensive denaturation of the HSA
and/or to the loose distribution of macromolecules, or
macromolecular clusters, on the surface of the P(SA)

microspheres. The following reasoning suggests that the
first possibility is more probable, however, we cannot
exclude that also the second plays some role.

It is worth noting that surfaces covered with HSA
monolayer are rather smooth (cf. Fig. 5) whereas in the
case of microspheres with higher degree of the coverage
with HSA “hills” and “depressions” arec observed (cf.
Fig. 4). We know that in the case of the P(SA) micro-
spheres used in our experiments most of the attached HSA
{(ca. 90%) is immobilized covalently [33]. Apparently
the protein macromolecules which are immobilized co-
valently evenly cover the surface of the microspheres
whereas in the outer layers the adsorbed macromolecules
retain some degree of lateral mobility and form clusters
located from 20 to 30 nm from each other.
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