
Chapter 3
Density Gradient Ultracentrifugation
Technique

Abstract As a general, non-destructive, and scalable separation method, DGUC
has recently been demonstrated as an efficient way of sorting colloidal nanoparticles
according to their differences in chemical, structural, size, or morphology. After the
introduction of basic concepts of density gradient ultracentrifugation, for the
practical applications, there are various parameters to be considered. Nanoparticles
will have different movement ways in different separation systems. In principle,
particle movement characteristic in liquid media not only depends on the centrifugal
force but also relies on the density, size, and shape of particle and the density and
viscosity of the liquid medium and so on, while the gravity and intermolecular force
can be ignored. In this chapter, typical parameters such as choice of gradient media,
density gradient, rotor type, centrifugation speed, and time will be discussed.

Keywords Gradient media � Step gradient � Continuous gradient
Rotor type � Centrifugal force � x2t calculation method
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3.1 Choice of Gradient Media

Up to now, only a few types of liquids or solutions are utilized to form density
gradients to separate biomolecules or nanoparticles (NPs). Since NPs are not bio-
logically active, harsher conditions beyond aqueous solutions could also be used to
separate NPs.

3.1.1 Gradient Media

Media applied in density gradient centrifugation includes small hydrophilic molec-
ular organic compound (ethanol, ethylene glycol, glycerin, etc.), macromolecule
organic compound (polysaccharide, protein, etc.), alkali metal salts (Cs, K, Rb, Na
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salts, etc.), colloidal silica (Percoll, Ludox, etc.), and three organic toluene derivatives
(covering Metrizamide, Nycodenz, Iodixanol, etc.) [1].

Clearly, solution prepared from aforementioned media differs in density, vis-
cosity, concentration, chemical composition, and properties. As a result, solution
made from one to two kinds of media chosen above can be used to separate
colloidal NPs. Before separation, several important points should be taken into
consideration when choosing the ideal gradient media:

① For the nanoparticles to be separated, the gradient media should be inert
to colloidal samples under ambient condition. Moreover, it had better has
no toxicity.

② The gradient media ought to keep the dispersibility of the separation
system without causing agglomeration in the suspension.

③ The physical and chemical properties of gradient media should be
known, such as the exact density, viscosity, and the specific mixed ratio
of the gradient media.

④ The gradient media should be pH neutral, and its ionic strength should
be low enough to avoid possible aggregations of the colloidal NPs.

⑤ The gradient media should be colorless which absorb out of the UV
range of the spectrum (i.e., <400 nm).

⑥ The gradient media should be easily removed from the separated parti-
cles without loss of the activity of the sample.

⑦ The centrifugal media should possess bactericidal action, remain its
separation characteristics after separating, and do not corrode centrifugal
tube, the rotor, and other relevant equipment.

⑧ The gradient media should be pure substance with low price.

The above are the requirements of the ideal gradient media, while no single
liquid can meet all these criteria. In practical work, the selection of proper gradient
media should be considered based on the target structure of NPs [2].

3.1.2 Commonly Applied Gradient Media

3.1.2.1 Aqueous Gradient Media

Water is by far the most widely investigated polar solvent and is described as the
universal solvent for its capability to dissolve majorities of substance, environ-
mentally benignity, earth-abundant storage, and low cost. Factually, quite a great
number of hydrophilic media constitute the aqueous gradient system with the
maximum density range of 1.4 g/cm3. In the pursuit of superior separation effect of
various inorganic nanoparticles in aqueous circumstances, sucrose, glycerol, and
iodinated compounds are extensively utilized.
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Table 3.1 Effect of temperature on the viscosity of sucrose solution

Concentration (mass concentration)/% Viscosity/mPa�s
0 °C 5 °C 10 °C 15 °C 20 °C

20 3.77 3.14 2.64 2.55 1.95

30 6.67 5.42 4.48 3.76 3.19

40 14.58 11.45 9.16 7.46 6.16

50 44.74 33.16 25.17 19.52 15.42

Sucrose
Sucrose solution is the most universally used aqueous gradient medium by far,

along with its cost-effective virtue. Sucrose is easily soluble in water, and the
density range can be tuned from 1.00 to 1.32 g/cm3 and could be further enlarged
by adding sodium or potassium bromide, citrate, or tartrate into the solution.
Generally, it is easy to prepare sucrose solutions in a variety of buffer systems, and
the concentration of sucrose solutions has a definite relationship with its viscosity,
density, and refractive index. With the assistance of sucrose gradient, tremendous
colloidal nanomaterials have been separated by diameter, including magnetic NPs
(cobalt ferrite and manganese ferrite), CuInS2 quantum dots, graphene [3–5].

Furthermore, the viscosity of sucrose solutions is highly dependent on the
temperature and concentration (as shown in Table 3.1) [6]. Increasing viscosity of
the sucrose solutions can be reduced by replacing H2O with D2O which has a
density of 1.11 g/cm3.

Commercially available sucrose generally contains several impurities, so sucrose
should be purified first to ensure that it is suitable for density gradient work.
Moreover, specially refined sucrose with high purity is broadly available.

Glycerol
Glycerol is miscible with water and easy to volatilize, so that it can be directly

removed after the separation. Glycerol is half of sucrose in density and is conve-
nient to prepare solutions with high concentration. Usually, 10–30% linear glycerol
gradient can be used as an alternative to the 5–20% linear sucrose gradient for the
separation.

However, physio-chemical characteristics of glycerol are less well known
compared with sucrose, and the high viscosity of glycerol hinders it from wide use
for density gradient.

Iodinated Compounds
Iodinated organic compounds, which possess merits such as low toxicity, low

osmolality, high solubility, and high density, were firstly employed as density
gradient in 1953 by Holter’s group. Compared to other gradient media, it is gen-
erally believed that the triiodobenzoic derivatives should be the most ideal and
widely adapted gradient media up to now.

Non-ionic fraction of the triiodobenzene derivatives containing Metrizamide,
Nycodenz, and iodixanol is suitable for the density gradient separation of all par-
ticles due to excellent compatibility and stability for NPs. Compared with the
above, iodixanol (C35H44I6N6O5) has a relatively larger formula weight and lower
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viscosity; thus, its density gradient is readily formed and most widely used in
separating carbon-based materials [7–13]. Isosmotic solution with diverse con-
centrations can be prepared using 60% w/v iodixanol aqueous solution (purchased
as OptiprepTM, 1.32 g/cm3).

Ethanol
Ethanol (EtOH), which is also called alcohol or ethyl alcohol, is the principal

type of alcohol found in alcoholic beverages. As well known, it is a volatile,
flammable, colorless liquid with a slight characteristic odor.

Solutions of ethanol in water with different volume ratios (e.g., 20, 30, 40, and
50%) can be used as the density gradient, which, more importantly, can even
provide the hydrophilicity difference to capture NPs with different hydrophilicity/
polarity. For instance, Deng et al. [14] developed a hydrophilicity gradient ultra-
centrifuge separation technique based on solubility/stability difference of carbon
nanodots (CDs) in gradient of ethanol/water solutions to separate CDs.

Ethylene Glycol
Regarded as the simplest diol, ethylene glycol (EG) is moderately toxic and

miscible with water. The density gradient based on different concentrations of EG/
water solutions has been widely applied to separate NPs, such as Ag nanoplates
(NPTs) [15], Pd nanoplates, and the Au nanoparticles [16]. Besides, Chang et al.
[17] successfully sorted the colloidal MgAl LDHs nanosheets and NiAl LDHs
nanosheets by their lateral size using the EG aqueous gradient, indicating the
potential of extending the density gradient ultracentrifugation separation (DGUS)
method for the further study of structure, composition, and properties of multi-
component nanomaterials.

Inappropriate Media for Nanoseparation:
Alkali Metal Salts
In addition to the above mentioned, gradients using alkali metal salts, including

sodium bromide (NaBr), sodium iodide (NaI), cesium chloride (CsCl), cesium
bromide (CsBr), are widely used for the separation of biological materials (e.g.,
DNA, RNA, nucleic acid), while for the separation of inorganic NPs there are only
a few cases using the CsCl solution [18–20] which can reach 1.92 g/cm3 in density
as a gradient media, since salts in density gradient media will reduce the electro-
static stability of charged NPs in liquid solutions and induce the aggregation [16].

3.1.2.2 Organic Gradient Media

The separation of biomolecules usually needs strict osmotic and viscous liquid
environment, namely aqueous gradient. While a lot of nanoparticles were synthe-
sized in the organic phase and got solubilized therein (such as Au, CdSe, and Si
nanocrystals), phase transfer might cause serious aggregation. In addition to
extending the range of colloidal systems which can be separated, there are several
other advantages of using an organic density gradient rather than the conventional
aqueous gradients. To begin with, combining synthesis optimization and separation
together can prepare samples that cannot be prepared by synthesis optimization
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alone. Secondly, colloidal NPs synthesized and dispersed in an organic medium can
be directly separated after synthesis without transferring to an aqueous medium,
which avoids the possible aggregation and clustering of NPs under non-optimized
conditions. Thirdly, since the density gradients are composed of organic solvents
without any solid additives, the solvents can be evaporated without leaving any
residue, to get “pure” sample. Colloidal NPs with constant size distribution can thus
be captured in the gradient together with polymers.

Cyclohexane/Carbon Tetrachloride
Cyclohexane is a cycloalkane with the molecular formula of C6H12 and a normal

density of 0.779 g/cm3, which is miscible with various organic solvents and fre-
quently used as a non-polar organic gradient media in density centrifugation.
Carbon tetrachloride (CCl4) is a colorless and volatile liquid with a slight sweet
smell and a normal density of 1.595 g/cm3. The density gradient based on the
combination of non-polar cyclohexane and CCl4 can realize a large density range,
which is ideal for the separation of NPs [21–23].

Chlorobenzene/2,4,6-Tribromotoluene
Chlorobenzene is a colorless liquid with a density of 1.484 g/cm2, and the

mixture of chlorobenzene and 2,4,6-tribromotoluene (TBT) is usually used as a
density gradient to separate carbon nanotubes [24] and monodisperse silicon
nanocrystals [25].

Other macromolecular organics such as Ficoll and dextran are also suitable for
fractionating biological materials, while the difficult handing procedure hinders the
applications due to their relative low density and high viscosity.

3.2 Choice of Density Gradient

In order to obtain the maximum resolution, the suspension samples on gradient
should be as thin as possible. In a given centrifugal field, when particles move
through the density gradient, the buoyancy density and viscous resistance should be
minimal, and the gradient density range should be small [26]. In this case, the
centrifugal separation time will be shorter and there will be minimum diffusion
effect. Gradients can be divided into continuous and discontinuous (step) gradients,
as illustrated in Fig. 3.1.

3.2.1 Step Gradient

Discontinuous (step) density gradient is primarily restricted to isopycnic separations
where it obtains sharper bands.

The preparation method for step gradients is quite simple. A series of solutions
with increasing density are prepared, and orderly add these solutions to the cen-
trifuge tube or zonal rotor by using the liquid transfer tube, syringe, or density
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gradient pump. According to the operation sequence, it can be divided into over-
layering and underlayering method.

Overlayering Method

Overlayering method is the method to prepare gradients simply by adding solutions
from bottom to up, starting with the highest concentrated solution first. After adding
the bottom layer, the subsequent solutions should be added as per the following
instructions: (1) The centrifugal tube should be kept upright, and the solutions
should be syringed enough slowly along the tube wall to the lower part. (2) The
long needle tip can be bent into “L” shape, and the upper surface of the lower layer
is covered by solution with low density. (3) A gradient instrument, such as
DCF-U-type gradient instrument and can be used to track the liquid concentration.

Typically, for the preparation of a three-layer discontinuous gradient with the
density of each layer of 1.2, 1.4, 1.6, and 1.8 g/cm3, the solution with greatest
density (1.8 g/cm3) should be added to the bottom of the centrifuge tube according
to the required volume, and then the solutions should be added with 1.6, 1.4, 1.2,
and 1.2 g/cm3 on the top step by step (Fig. 3.2).

Underlayering Method

The underlayering method is the method to prepare gradients by underlayering the
required solutions one under the other, starting with the lightest solution first.
A long and thin tube or needle can be inserted into the bottom of a centrifuge tube,

Fig. 3.1 Models of different types of gradients. Step gradients a are used only for isopycnic
separations. Continuous gradients are b linear, c convex, d concave and could be used for
rate-zonal separations or isopycnic separations
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Fig. 3.2 Scheme of preparing density gradient via upper-spread method

Fig. 3.3 Scheme of preparing density gradient via bottom-spread method

3.2 Choice of Density Gradient 43



as shown in Fig. 3.3. The preparation process should be very careful, and the needle
cannot be shaken and has to be maintained vertically, so as not to have a large
impact on each layer.

It is worth noting that bubbles should be avoided during the gradient preparation.
Too many bubbles will inevitably interfere the interfaces between the layers.
Further, after layering the step gradient, it is necessary to check that there are sharp,
refractive interfaces between each of the solutions to ensure that the gradient has
been made correctly.

Once prepared, the step gradient should be used immediately; otherwise, it
would probably transform into continuous gradient over several hours owing to
solvent diffusion. If required, the sharp steps can be “rounded” by leaving the
gradient standing vertically for about 2 h.

3.2.2 Continuous Gradient

The density of continuous gradient varies smoothly and continuously, which are
usually linear or exponential, and has been advocated for particular separations.
Besides, gradients with more complex shapes are only used for centrifugal sepa-
rations in zonal rotors.

The shapes of the continuous density gradient can be designed as linear, con-
cave, or convex curve type (Fig. 3.1) according to the characteristics and require-
ments of samples. Among them, the linear gradient is the most common instance
which could be prepared in the following strategies.

Diffusion Method

A linear gradient placed for a period of time can be formed with diffusion. This
method starts with preparing a step gradient whose density interval should be about
1–2 cm thickness of each layer of liquid and the relative linear gradient ought to be
formed through free diffusion in a vibration-free condition.

Since the time required for diffusion varies according to the diffusion coefficient
of gradient materials, it would be better to select the gradient media of low
molecular weight. In addition, the difference of temperature, concentration, vis-
cosity, thickness, and density of each layer has certain influence on the time to form
a gradient. In order to shorten the diffusion time, a wire ring can be used by moving
along the wall up and down for several times [6]. The diffusion method can stabilize
the sample zone, which is suitable for the coarse separation process. However, it is
not strict for quantitative analysis and time-consuming.

Gradiometer Method

A linear gradient can be easily prepared using an apparatus, as shown in Fig. 3.4. It
is composed of two chambers with an outlet and a stirrer in the mixing chamber
while the other chamber is the reservoir. The gradient is prepared with two different
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concentrations of solution, a high-density solution (the heavy solution) and a
solution of low density (the light solution). The equal volume of light solution and
heavy solution was added into two chambers, and a solution flows at a rate of dV/
dt (V is the volume, t is the time) from one room to the other one. The mixed liquid
flows out at a rate 2dV/dt.

The concentration of the solution from the mixing chamber can be calculated by
using Eq. 3.1.

Ct ¼ CM þ CR � CMð ÞVt=V1 ð3:1Þ

where Ct is the concentration of the liquid outflows from the mixing chamber at
time “t”, CR is the concentration of the liquid in the storage chamber, CM is the
initial concentration of the liquid in the mixing room, Vt is the volume of the liquid
flows out at the time “t”, and V1 is the original volume of the liquid in each room.

If CR equals the concentration of the gradient light edge, V0 becomes the final
volume of the gradient, so that the bigger CM is, the larger step the gradient has.

The formation of linear gradient is assumed simple, but, in fact, it is rather
difficult to obtain real linear gradient. In order to gain a satisfactory linear gradient,
the following conditions must be achieved: The two rooms must have the same
geometric shape, and their respective liquid volumes should be the same at any time
as well as reduce at equal rate, so the corresponding device must be utilized to
control the flow rate.

Fig. 3.4 Scheme of a simple two-cylinder gradient apparatus [6]
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As stated previously, the density gradient can be prepared by several methods
relying on the type of gradient required and individual preferences. Figure 3.5
schematically presents the category of gradients and preparation methods.

Based on the above analysis, the advantages of discontinuous (step) gradient can
be summed up as: (1) simply made without special equipment; (2) high efficiency,
10 min is enough to finish separations in most cases; (3) high repeatability, the
gradient solutions remain stable for at least 1 h; (4) adjustable, the density range
could be further narrowed down according to practical preseparation results.
Therefore, the step gradient is widely applied for NPs separations.

3.3 Choice of a Rotor Type

Centrifugal rotor is the core component of the centrifuge, and all systems in cen-
trifuge are configured to ensure the rotor under proper conditions. Rotor not only
affects the separation effect, but also it is the main stress component of the cen-
trifuge, so the safe operation of the centrifuge is very important. This section mainly
introduces the classification of the centrifuge rotor and rotor-type selection.

3.3.1 Classification of Centrifuge Rotors

According to the properties, the centrifugal rotor can be divided into two types: the
analysis of the rotor and the preparation of the rotor. Here, we mainly discuss the
classification of the rotors. Material, shape, volume, and utility of each rotor are not
identical, what we commonly use are fixed-angle rotor, swing-out rotor, zonal rotor,
and vertical rotor.

Fig. 3.5 Schematic of the gradient types and relevant preparation methods
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3.3.1.1 Fixed-Angle Rotors

Fixed-angle rotors (Fig. 3.6), as the name suggests, usually have several centrifugal
tube cavities with a fixed angle. Angles between the center of the cavity axis and the
axis of rotation range from 14 to 40°. The greater the angle, the better separation
effect is.

Under the centrifugal force, particles will settle across the tube until hitting to
centrifuge tube wall and then slide down to the bottom of the tube, which is called
“wall effect” phenomenon.

The advantage here is that fixed-angle rotor has a large capacity, the center of
gravity is low, the operation is balanced, and so fixed-angle rotor has a long
lifetime.

The disadvantage is that the wall effect is easy to cause the settling particles to be
disturbed by the sudden change of speed.

3.3.1.2 Swing-Out Rotors

Swing-out rotor (Fig. 3.7) usually has four or six free buckets (centrifugal casing);
when the rotor is in static status, buckets are hung vertically. When the rotating
speed reaches 200–800 rpm per minute, buckets will swing horizontally; this rotor
is the best choice for density gradient zone centrifugation.

The advantage is that gradient material can be placed in the vertical centrifugal
tube. Unlike the sediment samples in fixed-angle rotor, it is easy to take out the
separated sample from the tube after the separation. While the disadvantage is that

Fig. 3.6 Schematic diagram of a fixed-angle rotor
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the sedimentation distance of particles is long, correspondingly the centrifugal time
will be long.

3.3.1.3 Zonal Rotors

Zonal rotor is mainly composed of a rotor barrel and an unscrewed top cover.
Wherein, the rotor barrel is equipped with a cross-shaped clapboard device, which
divides the rotor barrel into four or more chambers. The gradient liquid or sample
liquid is pumped from the inlet pipe in the center of the rotor and is distributed
around the rotor through a conduit inside the clapboard. The clapboard in the rotor
can maintain the stability of the sample band and the gradient medium.

The sedimentation situation in zonal rotor differs from fixed-angle rotor or
swing-out rotor. Under radial scattering effect of centrifugal force, particle settling
distance will be unchanged, so the zonal rotor has a little “wall effect.”

Fig. 3.7 Separations in swing-out rotors. The tubes are filled. Loaded into each bucket and
attached to central body of the rotor, at rest the buckets of the rotor hang vertically. a As the rotor
begins to move, the buckets move out so that they are perpendicular to the axis of rotation. bDuring
centrifugation, the particles sediment down the tube. cWhen the rotor come to a stop. d The bucket
return to a vertical position, and there is no reorientation of the liquid in the tubes
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The advantage is that zonal rotor can avoid zone and settling particles becoming
disorderly, which can also avoid disturbance of zone and settling particles.
Furthermore, good separation effect, high speed, easy for gradient recovery, and
having no influence on the resolution are the merits. In particular, this method can
separate a large quantity of samples at once, about 60 ml. Compared to the chro-
matographic separation method, this method has great advantage in separation of
sample with large capacity.

The disadvantage of zonal rotor is that the direct contact is inevitable between
the sample and the medium, the corrosion resistance is high, and the operation
procedure is complex.

3.3.1.4 Vertical Rotors

The centrifuge tubes of vertical rotor (Fig. 3.8) in the centrifugal process are kept to
be vertical, that is the parallel orientation of the rotating shaft and the centrifuge
tube. Compared to the fixed-angle rotor and swing-out rotor, the vertical rotor

Fig. 3.8 Separation in vertical rotors. The tube is filled completely, sealed, and loaded into the
pockets of the rotor (a). As the rotor begins to move, the liquid in the rotor reorientates through 90°
(b). And the particles start to sediment across the tube (c). As the rotor decelerates below
1000 rpm, the bands reorientate (d). And as the rotor comes to a stop, this process is completed (e)
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shortens the centrifugal time and at the same time improves the separation
resolution.

Advantages are listed as following. The vertical rotor is mainly used for
isopycnic gradient centrifugation. And because there is no wall effect (at least in the
early stage of the gradient), it is also ideal for rate-zonal centrifugation. The dif-
ference between the minimum centrifugal acceleration and the maximum cen-
trifugal acceleration of the vertical rotor is not very obvious, and all kinds of
particles are in the strong centrifugal field, so the separation speed is fast and the
resolution is high.

Disadvantages of vertical rotor are also illustrated here. Due to the redirection of
the vertical rotor, the sample band in the centrifuge is wider in the latter part of the
centrifuge than in the other rotor samples. Another problem is that the material that
precipitates or floats on the gradient will be distributed over the length of the tube,
and it can contaminate the supernatant when the centrifuge is complete.

3.3.2 The Selection Principle of the Rotors

Fixed-angle rotor has a relatively short distance for the centrifugal settling and
recovery. That is to say, gradient curve flattens and the extension of the distance are
conducive to the recycle of particles after centrifugation, so the settling distance of
vertical rotor extends greater than the fixed-angle rotor; so vertical rotor is more
conducive to isopycnic separation. On the contrary, granular zone width in the
swing-out rotor is the narrowest, and the width of vertical rotor is the widest. It must
be pointed out to in order to use the fixed-angle rotor for density gradient cen-
trifugation, the separation of sample should not be too much, centrifugal speed is
unfavorable and exorbitant, separation time should not be too long, otherwise, the
precipitation will be attached to the wall, and the following causes pollution and
influences the separation effect.

Swing-out rotor has the longest particle settling path, from meniscus to the
bottom of the centrifuge tube. It also has merits including a wide range of density
change toward to distance, easy to keep a wide gap between particles zones, can
effectively prevent the formation of mixture, suitable for the separation and
purification of larger virus particles and subcellular particles, but the swing-out
rotor forming gradient costs a long time and, as a result, low efficiency of
centrifugal.

Zonal rotor has the largest volume, which can separate about 60 mL samples
once, so it is convenient for large quantity separation. Moreover, this method can
avoid disorder of zone and settling particles and ensure good separation efficiency.

Vertical rotor has the shortest settling distance, centrifugal time, and the highest
centrifugal efficiency, which is suitable for the extraction and purification of small
particles. Due to the reorientation of liquid gradient medium in the centrifugal
process and the centrifugal stop, the sample which is easy to produce “attached
wall” is not suitable. And due to the circulation mixing and certain requirements for
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the concentration of the gradient, the viscosity of the medium, the use of fixed-angle
rotor has a certain limit in the density gradient centrifugation.

3.3.3 The Relationship Between the Type of the Rotor
and Centrifugal Force

In the ultracentrifuge, the specific rotor type corresponds to a specific speed range,
and the specific speed relates to centrifugal force. Therefore, in different systems,
the choice of rotor type is actually the choice of centrifugal force. It is well known
that the sedimentation speed of the particles goes up as the centrifugal force
increases. Thus, more rapid separation can be achieved by increasing centrifugation
speed. Here, we briefly introduce some of the concepts of centrifugal force and the
relationship between sedimentation speed and centrifugal force.

3.3.3.1 Centrifugal Force

At a certain angular velocity, any object that has a circular motion is subjected to an
outward centrifugal force. The size of centrifugal force (Fc) is equal to the product
of the centrifugal acceleration (x2X) and the particle mass (m), that is:

Fc ¼ mx2X ð3:2Þ

The x is the rotating angular, unit in radians/second; X is the distance from the
center of the rotation to the particles; use cm as a unit; m is the mass in (g).

It can be seen that the size of the centrifugal force is proportional to the square of
the rotational speed and the radius of rotation. Under certain conditions, the more
far away from the axis of the particle, the greater the centrifugal force is. In the
process of centrifugation, as the particles move in the centrifuge tube, the cen-
trifugal force is also changed.

In practical work, the applied centrifugal force data is the mean data of cen-
trifugal force which distributed throughout the centrifugal tube. That is, particles are
affected by centrifugal force at the midpoint of the centrifugal solution.

3.3.3.2 Relative Centrifugal Force (RCF)

Commonly used “relative centrifugal force” or “digital * G” indicates that the
centrifugal force, as long as the RCF value is constant, a sample can get the same
centrifugal results under different centrifuge.

RCF is the actual centrifugal field that is converted to multiples of acceleration
of gravity. That is:
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RCF ¼ FCentrifugal force

FGravity
¼ mx2X

mg
¼ x2X

g
¼ 2pnX

60=980
¼ 1:118� 105 � X � n ð3:3Þ

The X is the distance from the center of the rotation to the particles; use cm as a
unit and n on behalf of the centrifuge speed (rpm/min).

3.3.3.3 The Selection of Speed (N) and Relative Centrifugal Force
(RCF)

As shown in Fig. 3.9, the “r” is the distance from the middle of the centrifuge tube
to the center of the centrifuge shaft center (cm) and “n” on behalf of the centrifuge
speed (rpm/min).

If the centrifuge speed needs to be converted to centrifugal force, firstly a known
radius should be picked up in the “r” scale and the centrifugal speed should be
taken in the “n” scale and extends to the RCF scale; intersection of lines is the
corresponding value of the centrifugal force. If RCF is known, centrifuge speed can
also be got.

Fig. 3.9 Conversion
of speed and relative
centrifugal force
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In order to make specific rotor centrifugal conditions and get the same separation
effect on another type of rotor, the relationship between the relative centrifugal
force and the centrifugal time should be considered.

T1RCF1 ¼ T2RCF2 ð3:4Þ

3.4 Choice of an Appropriate Separation Speed and Time

As discussed in the introduction of Sect. 3.2.1, we know that the density gradient
centrifugation mainly includes three ways: differential centrifugation, isopycnic
centrifugation, and rate-zonal centrifugation. With different choices of various
methods, the calculation of the centrifugal time is also different.

In general, due to the changing shape of the gradient, the separation time of
rate-zonal centrifugation is no more than 2 h. In terms of isopycnic centrifugation, it
takes at least 9 h for the samples to be separated thoroughly. There is no clear
statement for the separation time between 2 and 9 h, and the exact time depends on
the specific samples. The general rule is that with the speed increases, the less
time-consuming.

3.4.1 Differential Centrifugation

For differential centrifugation, the centrifugal time is the time when a particle is
completely settled to the bottom of the tube. It is different from the isopycnic
centrifugation or rate-zonal centrifugation; the influencing factors on centrifugal
time of differential centrifugation are not complex, and the settling time can be
obtained through calculation.

K coefficient is a characteristic parameter to characterize the efficiency of rotor
centrifugal separation. The K coefficient of the rotor is taken into account in the
centrifugal distance and the maximum centrifugal acceleration, when S20,W is
known (sedimentation coefficient of water at 20 °C); the K coefficient can be used
to calculate the centrifugal time of the maximum speed.

t ¼ K
S20;W

ð3:5Þ

Therefore, if the K coefficient of a rotor and S20, w value are known, then the
centrifugal time can be calculated at the maximum speed.

Among them, the K coefficient is related to the centrifugal distance and rota-
tional speed of the rotor.
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K ¼ ln r2 � ln r1ð Þ
x2 � 1013

3600
ð3:6Þ

In the above formula, speed of revolution x = 0.10472n(r/min); r1: the distance
from the center of the rotating shaft to the liquid level of the sample (cm); r2: the
distance from the center of the rotating shaft to the bottom of the centrifuge tube
(cm).

Practical Application

Chen and co-workers reported the isolation of Au nanoparticle dimers in high purity
by exploiting the high density of CsCl solutions. There is a typical setup of dif-
ferential centrifugation, where 62% of CsCl and 11% of Au nanoparticle clusters
with polystyrene-block-poly (acrylic acid) (AuNPn@PSPAA) in water were lay-
ered from bottom to top. To partition the AuNPn@PSPAA, a concentrated
nanoparticle solution was carefully overlayered atop the 11 + 62% CsCl gradient,
and the solution was then centrifuged in a desktop microcentrifuge at 8500 rpm
(5800 g) for 20 min. The resulting solution showed two distinct bands of red and
purple color, separated by a gap. The sample was extracted, purified to remove the
excess CsCl, and then got the Au nanoparticle dimers with high purity [28].

3.4.2 Isopycnic Centrifugation

For isopycnic centrifugation, the time of centrifugation is equivalent to the time
when the particles reach the point of equal density completely.

In most of the equilibrium gradient centrifugation, what added to the centrifuge
tube is the mixture that evenly mixed with the sample and gradient medium. As
long as the centrifugal time is long enough, the centrifugal gradient medium would
form equilibrium gradient under the action of centrifugal force; at the same time,
samples exist in each settling or floating, which close to their density, and finally
the sample zone is formed. In the centrifuge, large particles reach the equilibrium
position very quickly, and the smaller particles take a longer time. Therefore, the
estimated time required to reach the equilibrium position of the particle is the
standard time for small particles. Through the next calculation:

T ¼ 9:831013b0 qP � 1ð Þ
N4r2S20; W

ð3:7Þ

In the above formula, N is the actual speed, r/min; qp stands for the buoyant
density of samples; r is the distance from the center of rotation to the sample zone
center, cm; b0 see b0 coefficient table; S20, w is the sedimentation coefficient for the
sample at 20 °C, water as the medium.
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Practical Application

Christine M. Nolan et al. separated the PEG cross-linked poly(N-isopropylacrylamide)
microgel particles using isopycnic centrifugation in sucrose medium. The sucrose
density gradient equilibrium centrifugation studies were carried out using a Beckman
ultracentrifuge with 10-mL ultraclear centrifuge tubes. A sucrose density gradient was
made by carefully layering 25, 20, 15, and 10% sucrose solutions (2.0 mL each) within
the centrifuge tubes and then depositing 0.03 mL of the PEG cross-linked pNIPAm
microgel dispersion on top.The sampleswere then centrifuged at 26 °Cand 25,000 rpm
for 4 h to allow the particle bands to reach their equilibrium density zones. Actual
densities of these particleswere not calculated, but qualitative differenceswere obtained
by comparing the distances travelled down the sucrose density gradient. Samples were
prepared in triplicate and presented as an average value ±1 standard deviation [27].

3.4.3 Rate-Zonal Centrifugation

For rate-zonal centrifugation, centrifugal time is the time of the formation of a
well-defined zone.

Unlike differential centrifugation, there are many factors that affect the separa-
tion effect of particles in rate-zonal centrifugation. Due to the big difference
between qTsolv; gTsolv and q20;w; g20;w, even in the top of the gradient, and the
qTsolv; gTsolv is continuous changing, the separation requirements for particle cen-
trifugation speed and time are affected not only by the influence of particle size, but
also by gradient density range, the gradient shape, and concentration. Therefore, it
is very difficult to determine the centrifugal state of the rate-zonal centrifugation.
The most commonly used are the following two methods of estimation.

3.4.3.1 x2t Calculation Method

This approach is to divide gradient into a series of small radius of components
along the direction of the centrifugal force field. With the average density qMð Þ of
each increment of radius and viscosity gMð Þ to calculate the time that the particle
through the incremental required, the total of centrifugal effect is computed as:

x2t ¼ qp � qM
� �

S20;Wg20;W

Xr2

r1

gMDr

qp � qM
� �

r
ð3:8Þ

In the above formula, qM and gM refer to the density and viscosity of the center
of each gradient in radius; r is the radius of increment center; r1 and r2 refer to the
radius of the distance of the particle zone at the beginning and end of the operation,
respectively.

3.4 Choice of an Appropriate Separation Speed and Time 55



The calculation process of the method is complex, so it is rarely used in actual
work, but the x2t calculation method with many applications is applied in cen-
trifugal experiment.

3.4.3.2 K′ Coefficient Estimation Method

In the rate-zonal centrifugation, the K′ coefficient is used to estimate the time of
particle precipitation, and the equation is as follows:

t ¼ K0

S20;W
ð3:9Þ

In the formula, t is the centrifugal time; S20, w refers to particle sedimentation
coefficient in standard condition; K′ for the rotor’s clarification coefficient; its value
depends on the gradient, temperature, and particle density.

Table 3.2 lists some of the K′ coefficients of the rotor, which is a linear sucrose
gradient of 5–20%, with a temperature of 5 °C. With the K coefficient of each
circumstance is close to each other, the lower K′ coefficient is, the higher separation
efficiency is.

Practical Application
George M. Whitesides et al. created a new approach to size-dependent and

shape-dependent separation of nanoparticles through rate zonal centrifugation using
multiphase systems as separation media. They use this method to separate the
reaction product (nanorods) and byproducts (nanospheres and bigger particles) of a
synthesis of gold nanorods. After estimation, they found the RCF must be greater
than 8,800 g for a 25-nm (diameter) gold nanosphere (dgold = 19.3 g/cm3) in
order to overcome the effect of the interfacial surface energy. They chose to use
16,000 g to ensure that they were well beyond the limit and also to reduce the time
required to separate the objects [28].

Table 3.2 K′ coefficient of some rotors

Rotor The highest speed(r/min) K′ coefficient

1.2 g/cm3 1.4 g/cm3 1.6 g/cm3 1.8 g/cm3

Beckman

SW60Ti 60,000 160 135 128 124

SW41Ti 41,000 379 317 300 292

SW25.1 25,000 1035 867 822 799

Dupont/Sorvall

AH627 27,000 816 683 646 629

TST60.4 60,000 301 252 239 232

TH41 41,000 420 353 334 325

TV-850 50,000 115 95
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