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We detail the analysis of centrifugal homogenization process by a hydrodynamic model and the model-
guided design of a low-cost centrifugal homogenizer. During operation, centrifugal force pushes a mul-
tiphase solution to be homogenized through a thin nozzle, consequently homogenizing its contents.
We demonstrate and assess the homogenization of coarse emulsions into relatively monodisperse emul-
sions, as well as the application of centrifugal homogenization in the mechanical lysis of mpkCCD mouse
kidney cells. To gain insight into the homogenization mechanism, we investigate the dependence of
emulsion droplet size on geometrical parameters, centrifugal acceleration, and dispersed phase viscosity.
Our experimental results are in qualitative agreement with models predicting the droplet size.
Furthermore, they indicate that high shear rates kept constant throughout operation produce more
monodisperse droplets. We show this ideal homogenization condition can be realized through hydrody-
namic model-guided design minimizing transient effects inherent to centrifugal homogenization.
Moreover, we achieved power densities comparable to commercial homogenizers by model guided opti-
mization of homogenizer design and experimental conditions. Centrifugal homogenization using the pro-
posed homogenizer design thus offers a low-cost alternative to existing technologies as it is constructed
from off-the-shelf parts (Falcon tubes, syringe, needles) and used with a centrifuge, readily available in
standard laboratory environment.
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1. Introduction

Emulsification is an essential process in colloid and interface
science [1]. Emulsions have been utilized as templates for self-
assembly [2,3] and synthesis of tailored materials [4,5]. Emulsion
stability is intimately related to droplet size distribution dictated
by the preparation techniques i.e. details of the emulsification pro-
cess (also known as homogenization) [6–8]. Consequently, a funda-
mental understanding of the process of homogenization and the
mechanisms dictating the droplet size distribution will inform not
only development of novel materials but also contribute to improv-
ing the stability of commonly used emulsions in industrial practice.

In a homogenizer, hydrodynamic shear forces break colloidal
scale entities such as droplets, particles, and cells [9–15]. The phar-
maceutical industry uses homogenizers to create micron-sized
crystals to enhance dissolution rates of active pharmaceutical
ingredients [16–18]. In the food industry, homogenizers are
employed to create droplets that carry hydrophobic nutrients
[19,20]. Additionally, homogenizers are used to create personal
care products such as creams and lotions [21] even artificial blood
cells [22]. The aforementioned applications often involve an emul-
sification step, i.e. breakup of oil droplets suspended in water or
vice versa [7,23]. For emulsification, typical homogenizer designs
include microfluidic homogenizers [24–26], high pressure homog-
enizers [14,27–30] and ultrasonic homogenizers [23,27,28].
Though these approaches excel at high-throughput applications
(volume rates order liters per hour), they require high capital
investment and are not designed to handle small volumes on the
order of 1–10 mL.

Owing to their ability to manipulate small volumes, microflu-
idic homogenizers have attracted high levels of attention over
the past two decades [31]. Microfluidic homogenization, utilizing
micromanufactured structures such as barbs or nanowires, have
been successfully demonstrated for emulsification and cell lysis
[32–35]. Furthermore, microfluidic devices where the fluids are
driven by centrifugal forces have shown promise in cell homoge-
nization in lab-on-chip applications [36,37]. Such microfluidic
platforms however usually require dedicated manufacturing
equipment or trained personnel.

Centrifugal force has been utilized in combination with
microstructured meshes and membranes to generate high shear
for industrial homogenization applications [38]. Similar techniques
have been exploited in synthesis of hydrogels [39–41], blood
serum separation [42], and mixing of liquids in microfluidic chan-
nels [43,44]. Centrifugal force coupled with step emulsification in
laminar flow conditions has also been used for digital droplet
recombinase polymerase amplification [45,46] and producing high
internal volume fraction emulsions [47]. However, a model guiding
rational choice of experimental parameters across laminar and tur-
bulent flow regimes has, to best of our knowledge, not previously
been proposed. Therefore, we propose a hydrodynamic model
and a simple experimental setup by eliminating the meshes and
membrane, and instead simply forcing the mixture of oil, water,
and surfactant through a thin nozzle. Guided by the proposed
model, we detail the design of a low-cost centrifugal homogeniza-
tion device (CHD) that is able to process volumes on the order of
1—10 mL while maintaining shear rates comparable to commercial
homogenizers. The proposed CHD can be constructed using com-
ponents (centrifuge, syringes and needle as nozzle) available in
standard laboratories. Therefore, our design is, due to its simplicity
and low cost, of potential use for the broader effort of developing
low-tech solutions for developing world in the context of point-
of-care diagnostics and low-cost global health solutions [48–52].

In this article, we first elucidate the working mechanism of cen-
trifugal homogenization for emulsification though experiments
and analytical modelling. Next, we detail the model-guided exper-
imental design of the CHD. The influence of centrifugal speed,
number of passes, dispersed phase viscosity and nozzle size on
the droplet size distribution is studied. Moreover, we demonstrate
utility of CHD for emulsification and mechanical cell lysis. The nov-
elty of our study lies in the development of a hydrodynamic model
providing a physical understanding of centrifugal homogenization.
Guided by this model, we were able to account for transient effects
inherent to centrifugation with important practical consequences
for centrifugal homogenization, eg. time-dependent liquid column
height and centrifugal speed. We explained the interplay of exper-
imental parameters dictating the droplet size distribution, and
consequently emulsion stability. Moreover, we reached power
densities comparable to commercial homogenizers through the
hydrodynamic model guided design, despite the use of only readily
available and inexpensive lab supplies in its construction. We
believe physical insights drawn from this study will guide future
optimization of centrifugal homogenization applications.
2. Materials and methods

2.1. Assembly of the centrifugal homogenization device

The basic architecture of the CHD consists of a reservoir within
which the pre-emulsion to be homogenized is stored, and a nozzle
through which the emulsion is forced by way of centrifugation
(Universal 320 R, Hettich lab technologies), as illustrated in
Fig. 1a. Two versions of the CHD device were constructed and
tested: one with a single-diameter reservoir (the ‘‘single-stage
device”), and one with an extra, wider, reservoir section (the
‘‘double-stage device”). These two arrangements are shown
schematically in Fig. 1b and c, wherein the flow direction is ori-
ented downwards. Photographs of the assembled single and dou-
ble CHDs are given in Supplementary Information. The reasoning
behind the double stage design is explained in Section 3.

All parts used in the construction of the device are readily avail-
able in a standard laboratory. The single stage reservoir for the pre-
emulsion is constructed from a 2 mL transparent plastic syringe
purchased with VWR catalog number 613-1629. For the double
stage device, a 20 mL plastic sample bottle serves as the second,
wider, reservoir section, and is glued to the upper end of the syr-
inge (see Fig. 1c and supplementary information).

The nozzle is made from a standard stainless steel fluid dispens-
ing needle, purchased from Nordson. Gauges (G) 27, 30 & 32, with
inner diameter dn ¼ ½108;160;210� lm, are tested. The length of
these stainless steel needles is always hn ¼ 1:4 cm. The needles
are attached to the syringe and are secured with a Luer lock
connection.

The apparatus is inserted inside a standard 50 mL Falcon tube
by drilling a hole in the cap of the tube that matches the outer
diameter of the reservoir. The gap between the syringe and the Fal-
con tube is sealed by using Parafilm. The Falcon tube serves as a
collector for the homogenized emulsions.
2.2. Experimental procedure for emulsification

First, we prepared a pre-emulsion my mixing silicone oil (Sigma
Aldrich, CAS: 63148-62-9,99% purity) with a 0.01 % w/w aqueous
sodium dodecyl sulfate (SDS) (Sigma Aldrich, CAS: 151-21-3,98%
purity) solution using a magnetic stirrer for 5 min at 200 RPM. The
composition of the pre-emulsions was kept constant at 1% w/w oil
- aqueous solution. We found the pre-emulsion to contain polydis-
perse oil dropletswith average droplet size on the order of hundreds
of microns (Fig. 1d). Next, the pre-emulsion was placed in the syr-
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Fig. 1. (a) Illustration of the centrifugal homogenization device (CHD). A reservoir constructed of a 2 mL syringe (and plastic sample bottle in the double-stage case) is
connected to a needle of diameter dn and fitted inside a 50 mL Falcon tube through a hole drilled in the cap. The syringe is filled with oil (yellow)-in-water (blue) pre-
emulsion. The device is positioned at an angle of h ¼ 45� with the vertical axis of the centrifuge rotor. We define the coordinate along the axial direction of syringe and nozzle
as x, and the perpendicular radial coordinate as r. Panels (b) & (c) illustrate the layout of the single and double stage CHDs, indicating the nomenclature used throughout this
paper to refer to the CHD geometry. Since xgap � xL; xL � h1 for the single stage device and xL � h1 þ h2 for the double stage device. Panels (d), (e) & (f) are light microscopy
images of the coarse pre-emulsion and the resulting emulsions after homogenization at 4000 RPM with 5 passes from single stage and double stage CHDs, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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inge and forced through the needle by centrifugation at four differ-
ent rotational speedsxset ¼ ½3000;4000;5000;6000� RPM for 3 min.
The centrifugation breaks the big droplets to create smaller sized
emulsions. The centrifugation step was repeated 5 times at each
rotational speed, i.e. the solution was passed through the nozzle 5
times. Unless otherwise stated, the number of passes was always
equal to 5. The resulting emulsion was imaged under bright field
usingan invertedmicroscope (NikonTE) equippedwith a20�objec-
tive (Fig. 1d–f).Wevaried the needle size as dn ¼ ½108;160;210� lm,
and the oil viscosity ld ¼ ½5;350;1000� cP. All experiments were
repeated 3 times, and an average value is reported here. The micro-
scopy images were analyzed with commercial software Matlab
using its circle-finder routine following a thresholding and binariza-
tion step. We have also explored the possibility of eliminating the
premixing step. Without the premixing step, the homogenization
process still took place yet more disperse droplet size distributions
were observed at 4000 rpm.

2.3. Experimental procedure for cell lysis

A total of 24 flasks (T75, 75 cm2 surface area) of mpkCCD [53]
mouse kidney cell culture were grown in DMEM/F-12 Glutamax
medium (Gibco) supplemented with ITS-G (Gibco), Dexametha-
sone (Sigma Aldrich), Triiodotyrine (Sigma Aldrich), Epidermal
growth Factor (EGF; Sigma Aldrich), HEPES buffer (Gibco), Fetal
Calf Serum (FCS; Gibco) and Penicillin/Stroptomycin (Gibco) for
7 days until > 90% confluence. All chemicals are Mammalian Cell
Culture applications purity. Each flask contained 10 mL of growth
medium. Cells were then trypsinized to detach the cells from the
flask surface. After cells were detached, trypsinization was inhib-
ited by addition of 9 mL cell medium. Cell cultures were then
pooled and pelleted by centrifugation for 15 min, 1000g, at 4 �C.
Pelleted cells were re-suspended in medium to a total volume of
90 mL, yielding a culture with concentration 1:3� 106 cells=mL.
Cells were counted using a cell counting chamber (Marienfield)
and cell viability (> 99%) was checked by trypan-blue staining.
The culture was refrigerated at 4 �C to prevent further growth.

Volumes of the cell culture of 10 mL were placed in the CHD and
extruded at xset ¼ 3000;6000, or 9000 RPM for two minutes. The
resulting homogenized culturewas then re-introduced into the cen-
trifugal homogenization device and the process repeated ten times.

3. Design evolution of the centrifugal homogenization device

We first focus on the evolution of our design from a single stage
to a double stage CHD, informed by a theoretical analysis of the
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factors pertinent to effective homogenization. For optimum perfor-
mance, the exit velocity of the mixture from the nozzle should be
large and relatively constant with time. However, since the height
of the liquid column in the syringe changes with time, the exit
velocity from the nozzle varies, which is detrimental to the perfor-
mance of CHD, possibly increasing the polydispersity of the result-
ing emulsion. Furthermore, the rotational speed x increases with
time and then attains a constant value equal to the specified value
xset (see Fig. 2a). The time-dependent behavior of x also leads to a
non-uniform shear rate, as explained later.

To quantify the aforementioned effects, we model the nozzle,
syringe, and additional reservoir as cylindrical pipes with diame-
ters dn; d1 and d2 respectively (Fig. 1b and c). We denote the length
of the nozzle as hn, length of the syringe as h1, and length of addi-
tional reservoir as h2. We assume that for the single stage device
the volume of liquid inside the nozzle is negligible compared to
the amount of liquid inside the syringe. We denote the height of
the air column in the syringe as hairðtÞ. Similarly, for the double
stage device, we assume that the volume of liquid inside the nozzle
and syringe is negligible compared to the volume of liquid inside
reservoir. Here, the height of the air column in the reservoir is
denoted as hairðtÞ. We also assume that the viscosity and density
of the mixture are given by the continuous phase density qc and
viscosity lc , and Uexit is the exit velocity from the nozzle. Further,
we assume that the flow velocity inside the syringe and the reser-
voir is negligible as compared to the flow velocity inside the noz-
zle. We also assume that the velocity is unidirectional and is
parallel to the axial direction of the nozzle. We neglect the effect
of gravity and assume that the flow is quasi-steady and
incompressible.
Fig. 2. Evolution of the CHD design from single stage to double stage. (a) Measured rot
the nozzle for a single stage device for varying xset as given by Eq. (4) and (c) Uexit fro
emulsion height has been redefined as H ¼ hn þ h1 þ h2 and the wider diameter of the do
to 108 lm. Variation of eav for both devices with (d) xset (for dn ¼ 108 lm) and (e) dn (f
held constant as: hn ¼ 1:4 cm, h1 ¼ 6:6 cm, h2 = 4.6 cm, qc ¼ 100 kg/m3; lc ¼ 10�3 Pa�s.
First, we focus on the single stage device. We define the coordi-
nate along the length of the tubes as x and radial coordinate as r;
see Fig. 1(a). Since xgap � xL, we approximate xL � h1. Assuming
the flow is laminar, invoking the equation of continuity, utilizing
that the velocity u in the syringe is negligible and u is unidirec-
tional inside the nozzle, we write the momentum conservation in
a rotating frame of reference as

dP
dx

¼
qcx2 sin2 h

2 x hair 6 x 6 xL;
lc
r

d
dr r du

dr

� �þ qcx2 sin2 h
2 x xL 6 x 6 xL þ hn;

8<
: ð1aÞ

where P is the pressure. By integrating Eq. (1a) with boundary con-
ditions Pðx ¼ hairÞ ¼ Patm and Pðx ¼ xL þ hnÞ ¼ Patm, and ensuring
that pressure is equal at x ¼ xL, we obtain

lc

r
d
dr

r
du
dr

� �
¼ �qcx2 sin2 h

2
ðxL þ hnÞ2 � h2

air

hn

 !
¼ � jDPj

hn
; ð1bÞ

where jDPj is the effective pressure drop across the nozzle as given
by Eq. (1b). Eq. (1b) demonstrates that the single stage device can
be treated as a circular pipe with an effective jDPj. In the remaining
derivation, we write xL � h1. Therefore, utilizing the relations for
circular pipe (for both laminar and turbulent flows), we obtain

dhair

dt
¼ d2

n

d2
1

Uexit; ð2aÞ

jDPj ¼ qc
x2 sin2 h

2
ðh1 þ hnÞ2 � h2

air

� �
; ð2bÞ
ational speedsxðtÞ for different set valuesxset . (b) Computed exit velocity Uexit from
m a double stage device for varying xset , again calculated using (4) but where the
uble-stage reservoir has been accounted for by replacing d1 with d2. dn is here equal
or xset ¼ 6000 RPM), as given by Eq. (6). In these calculations, other parameters are
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jDPj ¼ 2fqcU
2
exithn

dn
; ð2cÞ

f ¼
16
Re ; Re 6 2100;

0:079Re�1=4; Re > 2100;

(
ð2dÞ

where Re ¼ qcUexitdn
lc

; f is a friction factor, and the angle h is as

defined in Fig. 1a. Based on the experimental results shown in
Fig. 2a, we approximate xðtÞ as

xðtÞ ¼ _xt t 6 _x�1xset;

xset t P _x�1xset:

(
ð3Þ

To simplify calculations, we define H ¼ hn þ h1 and combine
Eqs. ((2a)–(2c)), to get

dhair

dt
¼

U0
d2n
d21

x2

x2
set

1� h2air
H2

� �
Re 6 2100

U0
d2n
d21

x2

x2
set

1� h2air
H2

� �� �4=7
Re > 2100

8><
>: ð4aÞ

U0 ¼
qcx2

setd
2
nH

2 sin2 h
64lchn

Re 6 2100

1:93 qcd
5
nx8

setH
8 sin8 h

lch
4
n

� �1=7
Re > 2100

8><
>: ð4bÞ

where hairð0Þ ¼ 0 and U0 is the maximum exit velocity from the
nozzle. Numerical integration of Eqs. (4), gives the solution of
hairðtÞ, and we evaluate Uexit by using Eq. (2a) and (4a). During
numerical integration, we only integrate up until the moment the
syringe is completely emptied, 0 6 t 6 tf , such that hairðtf Þ ¼ h1.
This condition ensures that we integrate until all the liquid inside
the syringe has been homogenized.

We plot the results for Uexit as a function of time for typical
experimental conditions and different rotation rates xset (see
Fig. 2b). The plot shows that Uexit varies with time, increasing to
a maximum value, and reducing afterwards. Our results demon-
strate that a largerxset increases the peak magnitude of Uexit. How-
ever, the increase in xset also leads to a more rapid decline in Uexit.
Physically, increasing xset increases the driving force which
increases Uexit. However, this also results in a faster decay in the
height of liquid inside the homogenizer, leading to a faster decay
in Uexit. Overall, since the volume of the liquid homogenized is con-
stant irrespective of change inxset, the area under the curve is con-
stant for different xset.

Since Eq. (2d) includes both laminar and turbulent regimes, we
discuss the effect of these regimes on the centrifugal emulsification
process. To compare the laminar and turbulent regimes, we focus
on Eq. (4b). For the same value of H1; hair; d1 and dn, we find that

U0 / x2
set in the laminar regime whereas U0 / x

8
7
set in the turbulent

regime. Since U0 directly influences Uexit (see Eqs. (2a) and (4a)),
the laminar regime is more efficient in increasing shear rates with
an increase inxset. However, an increase inxset implies an increase
in Uexit, which in turn increases the Re and modifies the regime
from laminar to turbulent.

Following Eqs. (4a, 4b), d1 can be increased to minimize the
unsteady behavior of Uexit. This is the rationale for a double stage
device that has an additional reservoir of a larger diameter d2

(see Fig. 1c). For this case we now redefine H ¼ hn þ h1 þ h2 and
hairðtÞ as the height of air column in the double-stage reservoir.
For this double-stage device, Eqs. (4a), remain otherwise identical
except that d1 is replaced by d2. We integrate the modified equa-
tions for 0 6 t 6 tf such that hairðtf Þ ¼ h1 þ h2.

One of the important parameters that characterizes a homoge-
nizing device is the power density e, i.e. energy per unit mass per
unit time. e is estimated as [54]
e ¼ ðcUexitðtÞÞ3d�1
n ; ð5Þ

where c is a constant with c ¼ Oð1Þ [54,55]. Physically, c represents
the level of turbulence in the system [56,57]. Eq. (5) shows that e is
a function of time and thus we define an average shear rate eav as

eav ¼
R tf
0 eUexitdtR tf
0 Uexitdt

: ð6Þ

Assuming c ¼ 0:2 [55–58], we plot the variation of eav with xset

and dn in Fig. 2d and e. We note that trends will remain the same
even if we choose a different value of c. The results indicate that
the double stage device is superior in homogenization as compared
to the single stage device due to the higher average shear rate
imparted on the emulsion. We note that the kink in the variation
of eav with xset for the double stage device is due to the transition
from laminar to turbulent regime, which leads to a less efficient
homogenization process, as discussed above. To clarify, the kink
is more apparent in the double stage process because the process
is less time-dependent (Fig. 2b and c) and thus the transition from
laminar to turbulent flow conditions is better observed in eav.
Moreover, we learn that for high xset, further increase in xset has
little effect on eav. Physically, this occurs because the increase in
the maximum magnitude of Uexit is compensated by a faster con-
sumption of the liquid processed. We observe a similar behavior
for dn. In fact, the results show that a decrease in dn beyond an opti-
mum value can even reduce eav.

Overall, we find that our homogenizer is able to provide
eav ¼ Oð105ÞW=kg, even with only a single stage. This is compara-
ble to the performance achieved using classical commercial
homogenizer designs producing similar final emulsion droplet
sizes (dp � 10—20 lm) to us, as reported in the literature
[9,10,24–26].

Emulsions typically follow a Newtonian behavior for volume
fraction of / < 0:6 [59] and therefore, we expect our model to hold
for volume fractions up to / � 0:6. For larger values of /, i.e.
/ > 0:6, emulsions follow a shear thinning behavior [59], and the
model needs to be corrected. We note that Eqs. ((2a)–(2c)), are
independent of the rheological properties of the emulsions, and
only Eq. (2d) and the definition of Re would need to be appropri-
ately modified for a non-Newtonian fluid. Physically, a shear thin-
ning fluid would only improve the homogenization process and
thus a simplistic model with zero-shear viscosity might serve as
a good first order approximation to predict a lower bound of eav.

4. Experimental observations during emulsification

To demonstrate the capability of the homogenizer, we prepared
emulsions consisting of small-sized droplets by centrifuging a mix-
ture of oil, water, and surfactant (as described in Section 2.2)
through the device. Though the results presented here are for an
emulsification application, the trends observed are also relevant
to other homogenizer applications such as cell lysis (as is demon-
strated later in this paper), mixing of high-viscosity fluids, and
breakup of aggregates [60,61].

Using CHD, we homogenized 1% oil-in-water pre-emulsion
with droplet size dp � 102 lm and approximately 60% polydis-
persed for 4 different values of xset. We conducted a pass-by-
pass analysis of CHD, i.e. we investigated the emulsion before it
was re-introduced in the device. Fig. 3a and b show that beyond
one pass (N ¼ 1), the average droplet size dp and polydispersity
cv (ratio of dp standard deviation and mean) are relatively insensi-
tive to N. We note that using the double stage CHD yields emul-
sions with smaller size and narrower distributions. Similarly,
Fig. 3c and d show that dp decreases with increasing xset for both
the single and the double stage CHD, but that cv is relatively insen-



Fig. 3. Comparison between single stage and double stage emulsification. (a) Variation of average droplet size dp and (b) polydispersity cv with number of passes N for
single stage and double stage devices. dn ¼ 108 lm, xset ¼ 6000 RPM, and oil viscosity ld ¼ 5 cP. Variation of (c) dp and (d) cv with xset for both types of devices.
N ¼ 5; dn ¼ 108 lm, and ld ¼ 5 cP.
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sitive to xset. Furthermore, the double stage CHD consistently pro-
duces smaller droplet sizes with narrower size distributions (see
Fig. 3d).

To interpret the experimental data, we invoke the following
relation for equilibrium droplet size (N ! 1), as proposed by
Gupta et al. [7,27,28]:

We ¼ c1 þ c2Oh
0:4
; ð7aÞ
We ¼ qce2=3d
5=3
p

r ; ð7bÞ
Oh ¼ ldffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qdrdp

p ; ð7cÞ

where We is the Weber number that quantifies the ratio of applied
stress to the interfacial stress, Oh is the Ohnesorge number that
quantified the ratio of internal viscous stress of the droplet to inter-
facial and inertial stress, r is the interfacial tension between oil and
water phases, qd and ld are droplet density and viscosity, and c1
and c2 are constants, generally obtained from fitting. For Oh� 1,
we obtain We ¼ c1, or Hinze’s prediction for emulsions with

dp � 1 mm [62]. For Oh	 1, we obtain We ¼ c2 Oh
0:4, the relation

proposed by Gupta et al. for nanoemulsions where dp � 100 nm.
Since our dp lies in the middle of the two limits, we use a combina-
tion of both the limits.

First, we discuss the effect of N. We find that dp is insensitive to
N. This is expected since in our system Oh < 1, suggesting a rela-
tively efficient droplet breakup [28]. Moreover, within one pass
(t ¼ 180 s), almost the entire volume is processed, see Fig. 2b and
c. Next, we compare the mean dp between the single-stage device
and the double-stage device. Eqs. (7a, 7b) suggest that irrespective
of Oh, dp / e�2=5. Based on our calculations in Fig. 2d, we find that
eav for the double stage device is about 25 times that of the single
stage device. Accordingly, dp for the double stage device is pre-
dicted to be about 30% of dp for the single stage device. Similarly,
an increase of xset from 3000 to 6000 RPM suggests a reduction to
about 25% in dp. However, experimentally, we observe that dp for
the double stage device is about 70% of dp for the single stage
device, and the dp for 6000 RPM is about 70% of dp for 3000
RPM. We argue that this discrepancy occurs due to the assumption
made in estimating Uexit of fully developed flow that leads to an
over prediction of sensitivity withxset, especially for the large noz-
zle diameter cases where the ratio of nozzle length to diameter is
not very large. However, the experimental trends are in qualitative
agreement with our model. We note that cv is always lower for the
double stage device (Fig. 3b and d). This is explained through a
more uniform Uexit for a double stage device (Fig. 2b and c).

We also examine the effect of dn on dp and cv (see Fig. 4c and d).
We find that a larger dn leads to a slightly larger dp, despite the rel-
atively weak dependence of eav on dn when compared with the sin-
gle stage device. The effect of dn is non-monotonic due the non-
linear dependence of eav (see Fig. 2e). Interestingly, we note that
the experimental results are qualitatively consistent with our pre-
diction for single stage device where e decreases with increase in
dn. The dependence of dp on dn places a practical limitation on
the smallest droplets CHD can prepare due to availability of small
diameter needles. For a given centrifugal speed dn strongly influ-
ences the eav, and consequently droplet size. Next, we study the
influence of the dispersed phase viscosity ld on dp; see Fig. 4a
and b. We observe that dp is larger for a larger ld. This trend is
explained through the effect of Oh on dp (see Eqs. 7a, 7b). A larger
Oh leads to a higher dp. However, a quantitative comparison is not
possible since our experimental data is insufficient to reliably fit



Fig. 4. Effect of nozzle diameter ld and droplet viscosity dn. The results presented here are for a double stage device. Variation of (a) dp and (b) cv withxset for different ld .
N ¼ 5 and dn ¼ 108 lm. Variation of (c) average droplet size dp and (d) polydispersity cv with xset for different dn . N ¼ 5 and ld ¼ 5 cP.
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values of c1 and c2. The polydispersity cv of the resulting emulsion
displays no clear trend with either dn or ld.

As opposed to microfluidic devices that utilize low Reynolds
number multiphase flows driven by centrifugal forces[45], our
CHD operates at significantly higher Reynolds numbers, in a turbu-
lent flow regime. Consequently, it can process 10 mL fluid volumes
within 30 s i.e. approximately 0.3 mL/s at Reynolds numbers in
excess of 2000. Operation at high flow rates compromises however
the ability to produce monodisperse droplets. The lowest polydis-
persity achieved in our experiments is 20%.
5. Application to mechanical cell lysis

As a further presentation of the utility of CHD, the mechanical
lysis of cells is demonstrated in Fig. 5. Lysis is the process of remov-
ing contents of a cell, for example DNA, certain proteins, or orga-
nelles, through rupture of the cell’s outer lipid membrane. This
may be desired so that these contents are available for use in sub-
sequent processes or analysis, such as DNA sequencing [63]. Lysis
is often achieved through the introduction of chemicals, such as
a detergent-based buffer solution, but has also been performed
mechanically [64]. Mechanical lysis has the advantage of avoiding
contamination of the culture sample, but has previously required
complex manufactured geometries or equipment [65]. The pre-
sently considered centrifugal homogenization device is con-
structed of simple, readily available, and low-cost components.

In the cell lysis experiments detailed in Section 2.3, portions of
the cell culture measuring 10 mL were placed in the centrifugal
homogenization device and spun at 3000; 6000, or 9000 RPM for
two minutes. The resulting homogenized culture was then re-
introduced into the CHD and the process repeated ten times.

To quantify the extent of cell lysis, the concentration of protein
released by the lysed cells into solution was measured using UV
absorption spectroscopy at 280 nm wavelength. Aromatic amino
acids such as tryptophan and tyrosine have absorption peaks at
this wavelength [66], and are major components of proteins found
in eukaryotic cells such as mpkCCD. During homogenization, the
cells sediment to the bottom of the centrifuge tube, such that
post-homogenization it was possible to retrieve a cell-free sample
from the upper part of the tube, for subsequent UV absorption test-
ing. Proteins which have been released from the cells due to
mechanical lysis remain in solution as their sedimentation coeffi-
cient is several orders of magnitude lower. The 280 nmwavelength
absorption was measured for each homogenized sample, and nor-
malized with the absorption value of the original cell culture prior
to the homogenization step. Hence the absorption values lie in the
range 2 ½0;1�, where 0 represents the value for medium containing
no cells and 1 represents the value for the cell culture containing
cells at the original culture density prior to homogenization. The
homogenization and UV absorption measurements were per-
formed four times at each centrifuge rotation speed. These results
(shown in Fig. 5) indicate that the centrifugal homogenization is
successful at releasing a significant portion of the protein from
the cells into solution. With increasing rotation speed, the propor-
tion of protein released also increases. At 9000 RPM, the value of
the normalized absorption is 0:90
 0:08, indicating that almost
all protein content initially in the mpkCCD cells is suspended in
the medium, and therefore our procedure leads to the successful
lysis of almost all cells initially in the culture.

Before homogenization and after homogenization, small sam-
ples of culture were imaged under an inverted microscope at
40� magnification to observe the physical effect of homogeniza-
tion on the cells directly. Images of the unhomogenized sample
and the sample after homogenization at 9000 RPM are given in
Fig. 5b and c. Although some cells maintain their structural integ-
rity through the homogenization process, the presence of cell deb-
ris post-homogenization confirms that lysis has occurred.
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Fig. 5. (a) Absorption of UV at 280 nm wavelength by samples of mpkCCD cells homogenized at various rotation speeds. (b,c) Light microscopy images at 40� magnification
of mpkCCD cells (b) before, and (c) after homogenization at 9000 RPM.
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6. Conclusion

In this study, the hydrodynamic mechanisms governing cen-
trifugal homogenization were elucidated, and a theoretical model
guiding future applications of centrifugal homogenization is devel-
oped. The theoretical modelling covering both the laminar and tur-
bulent flow regimes supported by experiments is a novel addition
to this field. Guided by our theoretical developments, we have
detailed the design of a low-cost centrifugal homogenizer device
(CHD), constructed using only off-the-shelf parts commonly avail-
able in a standard laboratory environment. We have demonstrated
successful application of this CHD in both emulsification and
mechanical cell lysis.

The dependence of emulsion droplet size on centrifugal speed,
dispersed phase viscosity, and nozzle size was examined, and
showed qualitative agreement between the experiments and our
theoretical modelling. Consistent with our modelling, we showed
that double stage CHD improves homogenization performance, pri-
marily through enforcing more constant nozzle velocities through-
out operation compared to single stage CHD. Furthermore our
device design is able to achieve a power density,
eav ¼ Oð105ÞW=kg, which is comparable to what has been reported
in the literature [9,10,24–26] for commercial homogenizers but
with much greater throughput when compared to microfluidic
emulsification approaches leveraging centrifugal forces [45].

Since we are able to achieve reasonably high power densities,
our method may provide a new route to mix high viscosity fluids
and breakup of aggregates. In future, we will pursue further
improvement and optimization in the design of CHD through addi-
tive manufacturing. Of particular interest is the potential for appli-
cation in fast lysis of different cell types including the more
challenging problem of bacterial lysis.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcis.2019.03.036.
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