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Abstract. The work is devoted to the study of sizes and concentrations of proteins, and their aggregates in blood
plasma samples, using static and dynamic light scattering methods. A new approach is proposed based on
multiple repetition of measurements of intensity size distribution and on counting the number of registrations
of different sizes, which made it possible to obtain statistically confident particle sizes and concentrations in
the blood plasma. It was revealed that statistically confident particle sizes in the blood plasma were stable during
30 h of observations, whereas the concentrations of particles of different sizes varied as a result of redistribution
of material between them owing to the protein degradation processes. © 2015 Society of Photo-Optical Instrumentation
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1 Introduction
The methods of dynamic and static light scattering1–3 allow
determining particle sizes and obtaining intensity size distribu-
tions (ISDs) in the nanometer range, as well as finding their
shape and the molecular weight of biological molecules in a
liquid.4–7 The basic advantages of these methods over others,
such as electron microscopy, flow cytometry, gel chromatogra-
phy, and so on, are their relatively low price, noninvasive nature,
and the possibility of particle registration in a wide range of
sizes (from 1 to 3000 nm) without disrupting sample integrity.
Light scattering methods also retain the native chemical nature
of the investigated samples, which renders them indispensable
for examining native behavior (for example, aggregation of
proteins).8,9

Light scattering techniques have been successfully applied to
the study of blood serum and plasma samples. These methods
give information about sizes, molecular weights, and second
virial coefficients of the proteins and their complexes in these
liquids. Investigation of such properties of proteins has already
led to the development of special methods of diagnostics of vari-
ous diseases (oncological, cardiovascular, and others).10–13

These methods are more developed for blood serum samples
because they are more “clear” than blood plasma due to the
absence of fibrin clots. However, investigation of blood plasma
can give more information about the health of the donor because
it represents the largest and the deepest version of the human
proteome.14 It is known that blood plasma contains proteins
(other substances, vesicles,15 and microparticles16–18) in a wide
range of concentrations and, distinct from serum, the processes
of fermentative degradation of fibrinogen into fibrin, peptides,

and amino acids19,20 with a subsequent aggregation of the decay
products (fibrin),21 take place there. Over time, these processes
cause changes in blood plasma composition at the molecular
level, but their effect on the particle size distributions obtained
by dynamic light scattering (DLS) in blood plasma has not been
studied yet. Furthermore, the change in the sizes and concentra-
tions of particles in blood plasma after drawing can alter the
picture of the distribution and lead to incorrect diagnosis based
on the particle size distribution analysis. It is also important to
know the stability of proteins and their aggregates in blood
plasma during storage for transfusion. Therefore, a study of
changes in the sizes of blood plasma particles over time can
give valuable information for both diagnostics of different dis-
eases and preservation of blood plasma for transfusion.

In this work, we studied the dynamics of sizes and concen-
trations of particles (proteins, their aggregates, and microve-
sicles) in blood plasma samples by means of dynamic and static
light scattering methods during 5-h periods, starting at 3 and
25 h after blood drawing.

Towards this end, the temporal variations of the ISDs and the
total intensity of scattered light were examined within specified
time intervals.

2 Theoretical Considerations
The DLS method is based on registration of scattered light inten-
sity fluctuations IðtÞ due to particle concentration fluctuations
generated by Brownian motion. The information on the coeffi-
cients of translational diffusion of these particles is reflected in
the correlation function gð1ÞðτÞ of the electric field E of scattered
light:
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gð1ÞðτÞ ¼ 1

I
hE · E�i; (1)

where * indicates conjugation.
The function gð1ÞðτÞ is related through the Siegert relation22

to the experimentally obtained self-correlated function gð2ÞðτÞ of
the scattered light intensity:

gð2ÞðτÞ ¼ hIðtÞ · Iðtþ τÞi
hISi2

; (2)

where IðtÞ and Iðtþ τÞ are the scattered light intensities at the
instants of time t and tþ τ, and hISi2 is the square of the average
scattered light intensity over the entire storage time.

Obtaining hydrodynamic radii of particles or the ISDs (in the
case of multicomponent suspension) from the electric field cor-
relation function gð1ÞðτÞ is, generally speaking, a mathematically
incorrect task. However, various programs, including the
DynaLS program (Alango Ltd.)23 applied by us, have been
developed that employ the histogram technique and Tikhonov
regularization, allowing this problem to be solved. The program
permits us to obtain the decomposition of the field correlation
function gð1ÞðτÞ in the exponents with powers −1∕τci, where τci
is the correlation times or the relaxation times of fluctuations of
concentration of particles of different hydrodynamic radii with
diffusion coefficients Di:

gð1ÞðτÞ ¼ A0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gð2ÞðτÞ2 þ ξðτÞ − 1

q
¼

X
i

Aie−τ∕tci; (3)

where A0 is the coefficient from the Siegert relation determined
by specific features of the setup geometry, ξðτÞ is the noise of the
autocorrelation intensity function, and Ai is the amplitude of
separate exponents that represent a histogram fraction in the
ISD, in which particle sizes correspond to the characteristic cor-
relation time τci:

τci ¼
1

Diq2
¼ 6πη

kTq2
ri; (4)

where ri is the hydrodynamic radius of the particles, and q is the
wave vector of scattering

q ¼ 4πn1
λ

sin
θ

2
: (5)

Here, n1 is the refractive index of the particles, λ is the laser
wavelength (in our case, 633 nm), and θ is the angle at which
scattering is observed.

The diffusion coefficient Di is assumed here to be related to
the particle radius ri by the Stokes–Einstein relation.24,25

3 Methods and Materials

3.1 Experimental Setup

The DLS investigations were conducted using the traditional
setup consisting of a He–Ne laser (wavelength 633 nm,
power 5 to 10 mV), an optical system ensuring spatial coherence
of the recorded light, a goniometer to acquire measurements at
various angles, a special photomultiplier, a Photocor-FCm cor-
relator operating in the logarithmic regime of function accumu-
lation (“Multiple tau”), and a PC with Photocor-FCm and

DynaLS programs. For a more detailed description of the
setup, see Ref. 26.

To obtain autocorrelation functions gð2ÞðτÞ of scattered light
intensity, the cyclic regime of the correlator operation was
chosen, which allowed accumulation of autocorrelation func-
tions during a series of short time intervals (120 to 140 s)
whose duration and number can be set manually. On cycle com-
pletion, functions coincident within given limits were summed
up and averaged. The function coincidence criterion was also
defined by the operator and so was the number of repetitions
(the number of cycles) of this procedure. Such a technique
for function accumulation avoided external occasional factors
that could arise during accumulation (for example, dust particles
in a laser beam) and obtaining autocorrelation functions virtu-
ally continuously during a long period.

3.2 Materials

Fresh blood taken from the donor’s ulnar vein via 10-mL
syringe was used in the work. To slow down the blood coagu-
lation, 1 mL of heparin (anticoagulant) was preliminarily added
to the syringe. The blood plasma samples were obtained by cen-
trifuging whole blood for 15 min in the lab centrifuge CLC-1 at
a velocity of 3000 rev∕min and further separating the superna-
tant (plasma) from blood corpuscles. Blood plasma samples of 3
to 4 mL in volume were placed in a dust-free cylindrical cuvette
15 mm in diameter and an immersion cuvette 34 mm in diameter
to ease the setup adjustment. The measurements started in about
60 to 80 min, which was the minimum possible time after blood
drawing.

4 Results and Discussion

4.1 Obtaining the ISDs and Verifying the
Correspondence of the Correlation Times τci in
the Distributions to the Diffusion Modes of
Motion

To determine the sizes of particles in the human blood plasma,
the autocorrelation functions ½g2ðτÞ� of scattered light intensity
were obtained, and an ISD was found with the help of the
DynaLS program. Figure 1 presents the results of the correlation
function processing by the DynaLS program including the ISD
in logarithmic scale (the upper portion of Fig. 1) and the table
with the results of processing in numerical form (the lower por-
tion of the figure). One can see that the ISD in the blood plasma
sample is multimodal, i.e., it contains several peaks character-
ized by peak-mean hydrodynamic radii (“Mean” column in the
table in Fig. 1) and the intensity fractions (“Area” column in the
table in Fig. 1) that fall to their share.

The dependences of τci ðriÞ on the scattering angle were
obtained to verify the correspondence of the correlation times
τci obtained in the distributions to the diffusion modes of
motion. It is a known fact that for diffusion modes of motion,
the relation τci ¼ 1∕Diq2 holds true; hence, the measured dif-
fusion coefficients and radii of particles remain unaltered with
the change of the angle. For all of the investigated blood plasma
samples, the mean sizes for each of the characteristic peaks in
the ISD in the range from 1 to 3000 nm did not change with
varying angle and were, therefore, due to the diffusion modes
of motion. Thus, in the indicated range, the obtained dimen-
sional characteristics corresponded to real particles in a liquid
with different diffusion coefficients. For further studies of the
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dynamics of particle sizes in the blood plasma after the blood
drawing, 40 deg was chosen as the main angle.

4.2 Obtaining the Histograms of Particle Size
Registrations. Stability of Statistically Confident
Particle Sizes in Blood Plasma over the Course
of 30 h

The first results that we obtained in the examination of particle
size changes in the blood plasma in large time intervals (2 h and
more) are presented in Refs. 27 and 28. It is shown that in the
blood plasma samples, the particle sizes averaged over several
measurements varied with time, the variations being of quasi-
periodic oscillatory character. To establish whether these varia-
tions were random or regular, the ISDs were examined in the
minimum time intervals between measurements (2 min each).
The distributions acquired ended up being unstable and different
from one another in terms of the number of separated peaks,
particle sizes, and in fraction of intensity falling on each of
the peaks (Fig. 2).

The increase in the time of accumulation of the autocorrela-
tion function of scattered light intensity (more than 300 s) did
not yield a result unchanged frommeasurement to measurement.
Hence, standard statistical data processing for the particle sizes
determination by averaging over several measurements failed to
hold in the blood plasma studies. We surmounted this obstacle
by accumulating a large array of radii of peaks of ISDs and

counting the number of registrations of each of the obtained par-
ticle sizes.

We obtained the array of ISDs at different time during two 5-
h periods, starting at 3 and 25 h after blood drawing. This array
is presented in Fig. 3(b) in coordinates r (the peak-mean size,
nm, log-scale)–t (the time of registration, h).

The experimental points of the array [Fig. 3(b)] arrange
groups (crowding around certain mean values) in the range

Fig. 1 Result of correlation function processing using DynaLS program: upper portion shows ISD in log-
arithmic scale in blood plasma; lower portion is the table with parameters characterizing distribution: peak
number, intensity fraction (area), peak-mean hydrodynamic radius (mean), peak position (position), and
root-mean square deviation (STD).
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Fig. 2 Intensity size distributions obtained for one blood plasma sam-
ple in equal time intervals (2 min).
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from 1 to 10 nm, from 10 to 100 nm, and from 1000 to 2000 nm.
None of these groups show a tendency to increase or decrease
the particle sizes with time, which suggests that the scatter of
size values around the mean is random. Therefore, for further
data processing, the number of particle size registrations was
counted within the chosen step (bin), which was in our case
0.1 of the size in logarithm scale. Figure 3(a) illustrates the
log-scale histogram of particle size registrations PðrÞ after
smoothing. It has two distinct peaks in the range of 1 to 100 nm
sizes and one peak in the region of large sizes (above 1000 nm).
Several less distinct peaks are observed in the interval from 100
to 600 nm, which reveals a large spread of sizes registered in this
range. For the given histogram PðrÞ, particle sizes correspond-
ing to the positions of the maxima of histogram peaks were
determined: ð3.0� 0.5Þ nm for the first peak, ð27� 3Þ nm for
the second, ð130� 14Þ nm for the third, and ð1700� 400Þ nm
for the fourth peak. These particle sizes corresponding to the
maxima of histogram peaks we consider as statistically confi-
dent sizes. The basis of the approach to data processing is as
follows. When the array is partitioned to smaller subarrays (less
than 20 ISDs), many subpeaks occur in the histogram, whereas
for a larger number of data in the array (more than 40 ISDs), the
histogram shows distinct peaks with maxima corresponding to
those depicted in Fig. 3(a).

Having divided the total amount of experimental points of
Fig. 3(b) into two parts according to the interval of data acquis-
ition (3 to 8 h and 25 to 30 h) and having processed them in the
aforementioned manner, we obtained the corresponding log-
scale histograms PðrÞ for these intervals. For convenience of
comparison, they were normalized to the peak with the maxi-
mum number of registrations Pmax. Figure 4 demonstrates
such histograms for 3 to 8 h (solid line) and for 25 to 30 h inter-
val (dashed line) after blood drawing. Obviously, the particle
sizes corresponding to the positions of the histogram peaks
repeat each other with accuracy the half-height peak width.

The configurations of the histograms presented in Fig. 4
are similar. The difference only lies in the change in the

first-to-second peak amplitude ratio and in the number of indis-
tinct intermediate peaks in the range from 100 to 600 nm. The
change in the amplitude ratio of the two most distinct peaks is
due to the increase on the second day of the number of mini-
mum-size particle registrations, which can be explained by the
increase in their number as a result of large-particle degradation
and smaller-particle appearance, i.e., redistribution of particle
material between groups of their sizes in blood plasma.

Tables 1 and 2 give the numerical information about the his-
tograms presented in Fig. 4, namely, the positions of the peak
maxima and peak half-height widths as well as the peak-mean
sizes and the root-mean square deviation for them (for the first
and second day of measurements). Comparison of the character-
istics showed that the positions of the peak maxima remain
unchanged at 30 h after blood drawing, which testifies to the
stability of the particle sizes registered in spite of the processes
proceeding in the investigated blood plasma sample.

26 27 28 293 4 5 6 7
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Fig. 3 (a) Log-scale histogram of particle size registrations; (b) dependence of particle sizes on time in
blood plasma sample obtained in 5-h periods, starting at 3 and 25 h after blood drawing.
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Fig. 4 Normalized log-scale histograms of particle size registrations
obtained for 3 to 8 h (solid line) and for 25 to 30 h interval (dashed line)
after blood drawing.
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4.3 Estimation of Particle Concentrations from Data
About Total Scattered Light Intensity. Particle
Concentration-to-Size Relationship

Along with the ISDs, we obtained the total scattered light inten-
sity. Figure 5 elucidates the scattered light intensity at the scat-
tering angle θ ¼ 40 deg as a function of the elapsed time t for
plasma sample. The mean value of the intensity was lowered by
30% 25 h after blood drawing. With unaltered particle sizes,
such a changing of the total intensity could be due to the change

in the concentrations of particles pertaining to different groups
of sizes.

The concentration of particles for each of the registered sizes
was estimated by the scattered light intensity under the
assumption that the light is scattered independently by each
optically “soft”29 particle with a certain hydrodynamic radius.
Under this condition, the total intensity registered in experiment
is the sum of contributions of the intensity of light scattered by
particles of each size [we assume here also that the portion of
intensity (AiðrÞ) attributable to a specific particle size is a delta
function]. Then, according to the Rayleigh–Gans–Debye (RGD)
approximation, the concentration Npi of particles of each size is
directly proportional to the fraction of the intensity of light scat-
tered by particles with a given radius ri and inversely propor-
tional to the form-factor G2ðθÞ of particles and the sixth power
of their radius ri:

Npi
¼

Itot ·
Ai·riP
i

Ai·ri

ηe
Vsc
R2 ·

���� n1−n2n2

���
�
2
· G2ðθÞ · r6i

; (6)

where Itot is the total light intensity registered in experiment,
ðAi · riÞ∕ð

P
iAi · riÞ is the fraction of intensity of light scattered

by particles with a given hydrodynamic radius ri (recalculated
from the logarithmic scale of sizes), n1 is the refractive index of
particle (for all particle sizes, the same refractive index of 1.34
was used), n2 is the refractive index of water, and G2ðθÞ is the
form-factor of particles for spherical30 and cylindrical31 shapes.
We determined unknown parameters (such as quantum effi-
ciency of the photomultiplier cathode ηe, scattering volume
Vsc, and distance between the point of observation and scatter-
ing volume R), by comparing of our signal with the light scat-
tering intensity signal of toluene, the scattering coefficient of
which is known.32

With allowance for all the coefficients of relation,6 the con-
centrations were defined as the number of particles of each size
in unit volume (particles∕μm2). Each obtained concentration
was matched to the corresponding size (hydrodynamic radius

Table 1 Characteristics of log-scale histograms of particle size regis-
trations in blood plasma sample obtained for 3 to 8 h interval.

Peak
number

Peak-mean
radius, nm

Root-mean
square
deviation

Radius with
maximum of

registrations, nm
Half-height
peak width

1 3.0 0.5 3 1

2 27 3 25 5

3 127 14 126 30

4 1700 370 2000 700

Table 2 Characteristics of log-scale histograms of particle size regis-
trations in a blood plasma sample obtained for 25 to 30 h interval.

Peak
number

Peak-mean
radius

Root-mean
square
deviation

Radius with
maximum of
registrations

Half-height
peak width

1 3.0 0.5 3 1

2 26 3 25 6

3 170 70 126 110

4 2000 400 2000 770
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Fig. 5 Temporal variations of total scattered light intensity for blood plasma sample obtained in 5-h peri-
ods, starting at 3 and 25 h after blood drawing.
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in the case of spherical form or length in the case of cylindrical
form). Figure 6(a) presents the results of such matching for the
spherical and cylindrical shape of particles in the entire range of
registered particle sizes in the form of log–log plot of the particle
concentration-to-sizes relationship. It is seen that for sizes from
1 to 300 nm, the relation between the concentrations of particles
and their sizes has a monotonically decreasing character close to
the linear dependence typical of both models of particle shapes.
Figure 6(b) presents the plot of relationship of particle concen-
trations and their sizes from 1 to 300 nm, where the obtained
concentrations coincide for both models. The plot was approxi-
mated by the linear dependence log Np ¼ aþ b log r with the
slope b ¼ −3.99� 0.09 in the range from 1 to 25 nm [Fig. 6(b),
dashed line] and b ¼ −5.59� 0.17 in the range from 25 to
300 nm [Fig. 6(b), dash-dot line].

For the spherical model of particle of sizes above 300 nm,
such monotonic behavior is not obverved. It may be due either
to the real particles of these sizes having shapes different from
spheres or the fact that the true particles whose sizes do not fall
within the RGD approximation minima31 nevertheless can be
registered with sizes that fall in the regions of one of zeros
due to the instability of decomposition of the autocorrelation
function by the exponents. For cylindrical particles in this range
of sizes, the relation between the logarithm of particle concen-
trations and their radii is close to linear.

4.4 Discussion

We have shown that in blood plasma study by the DLS method,
the obtained ISDs are unstable from one measurement to
another. An increase in the autocorrelation function accumula-
tion time did not yield results that are stable over time. Such
instability of distributions can be explained by the ill-posed
mathematical problem of correlation function decomposition
in exponents because small perturbations (noise) in it can
lead to a change in the gathered distribution in the case of a
multicomponent system. The question of the possible influence
of processes of protein degradation and particle aggregation in
blood plasma samples upon the true particle sizes in blood

plasma needs additional research. Such studies must clearly be
carried out in solutions with known rates of variation of the pep-
tide–protein composition.

Gathering a large array of experimental data and its processing
by the previously discussed method allowed us to eliminate the
instabilities of separate distributions and to obtain the log-scale
histogram of particle size registrations PðrÞ. We found that the
positions of peak maxima (statistically confident sizes) appeared
to be stable within 30 h after blood drawing. From a biophysical
point of view, such stability of the blood plasma particle sizes can
be explained by the fact that although the degradation process
affects the sizes of separate protein molecules, they fail to alter
the registered sizes of particles. The decrease in the total scattered
light intensity by 30% on the second day of measurements, the
decrease in the concentrations of largest particles from ð4.2�
1.9Þ · 10−7 particles∕μm3 to ð1.85� 0.5Þ · 10−7 particles∕μm3

(for the cylindrical model), and the increase in the concentrations
of smaller particles from ð5.2� 1.4Þ · 106 particles∕μm3 to
ð7.4� 1.5Þ · 106 particles∕μm3 (for the spherical and cylindrical
models) testify to material redistribution between the registered
sizes of particles. The increase in the number of registrations
of smaller-size particles and the decrease in the number of regis-
trations of larger-size particles 25 h after the first measurements
(Fig. 4) also provide evidence of particle material redistribution.

Using the proposed approach to obtain and process the data
of blood plasma research by the DLS method, we could estimate
particle concentrations in each of the registered sizes. The par-
ticle concentrations and sizes turned out to be related, the
relation being expressed by the empirical formula log Np ¼
bþ a logðrÞ, where b ¼ −3.99� 0.09. This relation with the
given a value holds for the spherical and cylindrical models
of particles in the range from 1 to 25 nm with a tendency toward
the straight-line slope increase in the range of 25 to 300 nm.
Such a form of the particle concentration-to-size relationship
can be explained by the fact that the shifts in sizes in the
ISDs are accompanied by proportional changes of the area Ai
of the peaks in them. Note that the previously described decrease
in the number of large particles and the increase in the number of

10-5

105

100

10-10

C
on

ce
nt

ra
tio

n 
N

p,
 1

/µ
m

3

1 10 100 1000

r, nm

10000

(a)

108

104

10-2C
on

ce
nt

ra
ti

on
 N

p,
 1

/µ
m

3

106

102

100

10-4

1 10 100

r, nm

(b)

Fig. 6 Log–log plot of particle concentrations to their hydrodynamic radii relationship obtained in approxi-
mation of spherical (black points) and cylindrical (gray points) shape of particles: (a) in entire range of
registered particle size; (b) in range from 1 to 300 nm where points coincide for two models; approxi-
mation of plot with two straight lines.
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small particles leading to a 30% change in intensity within 25 h
are insignificant on the scale of the diagram of Fig. 5.

The change in the slope of the straight lines in the concen-
tration-to-size relationship plot can be due to the fact that to esti-
mate the concentrations of particles of all the registered sizes, we
chose the same refractive index n1. However, blood plasma par-
ticles of different sizes can differ in composition and structure;
thus, the refractive index n1 of different particles can decrease in
accordance with enlarging aggregate. Therefore, the differences
in the refractive indices of blood plasma particles should be ana-
lyzed elsewhere.

5 Conclusions
The proposed new method of blood plasma examination by the
DLS method based on data array formation and calculation of
the number of particle size registrations rendered it possible to
find statistically confident blood plasma particle sizes that
appeared to be stable within 30 h after drawing human blood.
The method helped to reveal the relation between the blood
plasma particle sizes and their concentrations, as well as the par-
ticle material redistribution with time towards an increase of
small particle numbers and a decrease of large particle numbers,
and the stability of statistically confident sizes despite protein
degradation and particle aggregation. The proposed approach
widens the utility of the DLS method in the study of various
liquid systems with multimodal particle size distributions,
excluding instability of the results of individual measurements.
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