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ABSTRACT

After a brief review of microfluidics, a bio-MEMS application in terms of nanofluid flow in microchannels
is presented. Specifically, the transient 3-D problem of controlled nano-drug delivery in a heated micro-
channel has been numerically solved to gain new physical insight and to determine suitable geometric
and operational system parameters. Computer model accuracy was verified via numerical tests and com-
parisons with benchmark experimental data sets. The overall design goals of near-uniform nano-drug
concentration at the microchannel exit plane and desired mixture fluid temperature were achieved with
computer experiments considering different microchannel lengths, nanoparticle diameters, channel flow
rates, wall heat flux areas, and nanofluid supply rates.

Such micro-systems, featuring controlled transport processes for optimal nano-drug delivery, are impor-
tant in laboratory-testing of predecessors of implantable smart devices as well as for analyzing pharma-
ceuticals and performing biomedical precision tasks.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Microfluidics is the study of transport processes in microchan-
nels, i.e.,, methods and devices for controlling and manipulating
fluid flow and particle transport at the microscale. Microfluidic de-
vices, consisting in general of reservoirs, channels, pumps, valves,
mixers, actuators, filters and/or heat exchangers, are primary com-
ponents of lab-on-a-chip and total analysis systems [1] or function
as bio-MEMS for precise drug delivery by implanted or transder-
mal techniques. Larger versions may be used as micro-heat sinks
in miniature electronic systems (see Kleinstreuer and Li, [2]). The
basics of microfluidics are discussed in the books by Tabeling [3]
and Nguyen and Wereley [4], while bio-MEMS fundamentals,
technologies, and applications for drug delivery have been re-
viewed by Tay [5] as well as in selected chapters by Saliterman
[6] and Wang and Soper [7]. Beebe et al. [8] summarized the phys-
ics and applications of microfluidics in biology, discussing micro-
device components as well as manufacturing methods, such as
micromachining, soft lithography, embossing, in situ construction,
injection molding, and laser ablation. As Beebe et al. [8] illustrated,
the main component in any microfluidic device is the channel
network.
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Bio-MEMS can be considered as having at least one system
dimension in the submicron or micron range (100 nm-200 pm)
and other dimensions of up to several millimeters [6]. With the
increasing awareness of microfluidic physics and the surface sci-
ence of building materials, such as silicon, polymers, glass and
ceramics, the traditional fabrication techniques previously im-
ported from integrated circuit manufacturing to MEMS have been
also applied to bio-MEMS. The central question in microfluidics
modeling is the validity of the continuum assumption, and if so
(as may be the case for standard water flow in microchannels with
Dy, > 0.1 pum), which are the dominant forces? Important character-
istics and phenomena in the microscale environment include lam-
inar flow, entrance effects, surface roughness effects, diffusion,
wall forces, surface tension, very high surface-area-to-volume ra-
tio, and microfluidic resistance. For example, some experimental
evidence indicates that the Reynolds number for transition from
laminar to turbulent flow may be different in microchannels from
that predicted by macrochannel-flow theory. Indeed, recent works
analyzed by Koo and Kleinstreuer [9] showed that a lot of contro-
versy exists between experimental reports on (thermal) microscale
flows, explaining that surface roughness and entrance effects may
cause early turbulence.

In the 1990s most bio-MEMS studies were concentrated in aca-
demia, while in recent years commercialization of such devices be-
gan. Examples include an electronically activated drug delivery
microchip (Shawgo et al, [10]); a controlled delivery system via
integration of silicon and electroactive polymer technologies; a
MEMS-based DNA sequencer developed by Cepheid [11]; and
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Nomenclature

Ag geometric area

Ay valid area

c concentration

Cp specific heat capacity
d diameter

D diffusivity coefficient
Dy hydraulic diameter
H channel height

k thermal conductivity
L channel length

Nu Nusselt number

p pressure

Po Poiseuille number

Pr Prandtl number

q" uniform heat flux

Ry interface thermal resistance
Re Reynolds number

T temperature

t time
u, v velocity components
w channel width

Greek symbols

o aspect ratio

1) volume fraction

Kg Boltzmann constant
u dynamic viscosity

\J kinematic viscosity
p density

4 Reynolds number ratio
Subscripts

eff effective

f base fluid

p particle

arrays of in-plane and out-of-plane hollow micro-needles for der-
mal/transdermal drug delivery (Ovsianikov et al., [12] and Kim
and Lee, [13] among others) as well as nanomedicine applications
of nanogels or gold-coated nanoparticles (Labhasetwar and Leslie-
Pelecky, [14]). Part of the advanced endeavors in developing inte-
grated micro- or nano-drug delivery systems is the interest in eas-
ily monitoring and controlling target-cell responses to
pharmaceutical stimuli, to understand biological cell activities, or
to facilitate drug development processes.

While micro-devices allow precise drug delivery by both im-
planted and transdermal techniques, conventional drug delivery
is characterized by the “hill-and-valley” phenomenon. It implies
that when a drug is dispensed, drug concentration in the blood will
increase, peak and then drop as the drug is metabolized, where the
cycle is repeated for each drug dose. In nano-drug delivery (ND)
systems, controlled drug release occurs over an extended period
of time. Hence, the desired drug concentration will remain within
the therapeutic window as needed. Usually, an integrated ND sys-
tem is composed of drug preparation, feeding, sensing (test), and
feedback parts. The types and doses of drugs are selected in the
drug preparation part, while the feeding system guides drugs and
buffer fluids into the test part. Test cells are placed into the test
section, where they react to drugs and resulting (electric) response
signals are monitored via the feedback part.

Of interest here is the optimal delivery of nanoparticles (drugs)
in an aqueous solution in terms of predetermined uniform particle
concentration and mixture temperature. Such a dilute suspension,

Variable nano-drug inlets
(Nanofluid) _=*

Multiple microchannels
# (Attached to wells with cells)

Surface heating
Plenum chamb

Ll Buffer fluid inlet

Fig. 1a. Nanomedicine delivery system with eight microchannels.

called a nanofluid, is conveyed via microchannels to recipient liv-
ing cells situated in a well (see Fig. 1a). Controlled dosages of
nano-drugs allow for simultaneous testing of living cells and stim-
uli responses. Those micro-systems, featuring controlled transport
processes for optimal nano-drug delivery, are important in labora-
tory-testing of predecessors of implantable smart devices which
may offer closed-loop sensing, result interpretation, and automatic
nano-drug dispensation. Other applications for this basic microflu-
idic device include testing of pharmaceuticals and performing effi-
cient biomedical analyses.

2. Theory

In the controlled multiple nano-drug-stream system (Fig. 1a),
the plenum chamber functions as a reservoir of an aqueous nutri-
ent-supply and/or purging fluid. The microchannels can alter the
incoming fluid to the test section, i.e., target-well with living cells,
by adjusting the individual inlet pressure or resistance. Nano-drugs
can be supplied by setting the supply pressure of the nano-drug
solution higher than that of the fluid supply side, while purging
fluid can go through the testing section by lowering or eliminating
the drug supply pressure. An appropriate wall heat flux beneath
the microchannels ensures that delivery of the drug-fluid mixture
to the living cells occurs at an optimal temperature, i.e., 37 °C. Due
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Fig. 1b. Representative microchannel with controlled nanofluid injection.
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to the temperature dependent fluid properties, i.e., viscosity, den-
sity, diffusivity and thermal conductivity, the heat flux was also as-
sumed to have an influence on the drug concentration and velocity
distribution. Selecting one representative microchannel, the cho-
sen unit has a hydraulic diameter of 40 pm for the main channel
and 20 pm for the drug inlet branch. The Reynolds number ratio
of drug-inlet to main-channel flows is defined as

X:Rez/Rel (])

The associated Reynolds numbers are

(uDy),

Re; =
Vi

(2)

with i=1 indicating the purging or nutrient-supply channel and
i =2 denoting the nanofluid channel (see Fig. 1b).

The drug concentration distribution for different main-channel
lengths and inlet Reynolds numbers was analyzed. The effects of
the Reynolds number ratio, y, and thermal boundary condition,
Qwai, Were also compared and analyzed. Both the purging/nutri-
ent-supply fluid and nano-drug solution were at inlet room tem-
perature (T;, = 293 K).

2.1. Nanofluid property correlations

To evaluate the impact of nanoparticles (i.e., drugs) and wall
heat flux on the velocity field as well as temperature and concen-
tration profiles, the nanofluid properties have to be identified. Typ-
ically, for a very dilute suspension, the effective viscosity, density
and specific heat capacity have the following forms (Xuan and
Roetzel, [15]):

1
— . 3
Hegr = Ug (1- @)2'5 3)

Petr = @Pp + (1 — @) ps 4)
(PCp)ess = P(PCp), + (1 = @)(PCp)e (3)

Here, pefr is the nanofluid density, ps is the nanofluid viscosity, and
(pcp)efr is the nanofluid specific heat capacity. The nanoparticle dif-
fusivity follows the Stokes-Einstein equation:

KBT
" 3nud, ®)
where k3 is the Boltzmann constant, T is the fluid temperature, and
d,, is the nanoparticle diameter.

Most challenging is the thermal conductivity of nanofluids, for
which benchmark experimental data sets show that the thermal
conductivity of a nanofluid has strong volume fraction as well as
temperature dependences (Das et al., [16]; Li and Peterson, [17]).
Some researchers introduced different effective thermal conduc-
tivity theories which directly or indirectly considered temperature
dependence, e.g., Koo and Kleinstreuer [18], Prasher et al. [19], and
Jang and Choi [20]. In comparison studies, Kleinstreuer and Li [21]
and Li and Kleinstreuer [22] analyzed the models of Jang and Choi
[20] and Prasher et al. [19], and updated their KKL (Koo-Kle-
instreuer-Li) model. The KKL model is based on Brownian-mo-
tion-induced micro-mixing and achieved good agreements with
various experimental data sets. Specifically, the KKL thermal con-
ductivity model, kes, takes into account the effects of particle size,
particle volume fraction and temperature dependence as well as
the type of nanoparticle and base fluid combinations in form of
(Koo and Kleinstreuer, [9]):

keff = kstatic + kBrownian (7)

The static part is from Maxwell’s model and the dynamic part was
developed based on kinetic theory together with Stokes’ flow of mi-
cro-scale convective heat transfer, i.e., micro-mixing. Hence,

Kstatic 3(fr -1 4
TR = ?
and

[ KT
Kgrownian = 5 x 10* PPCp s ppd g<T P dp’pp) (3)

where p is the density, c,¢is fluid thermal capacity, and ¢ is the vol-
ume fraction, while the subscripts f and p indicate fluid and particle,
respectively. The g-function, determined semi-empirically, was
introduced to encapsulate the thermo-hydrodynamic interactions
among all nanoparticles and affected micro-scale fluid parcels. For
Al,05-water and CuO-water nanofluids, the nonlinear g-function
generated r? values of 96% and 98%, respectively (Li, [23]). The
KKL model was employed in the current study.

2.2. Governing equations

Assuming the continuum approach to be valid (i.e., here
Dy, = 20 um) for transient 3-D laminar incompressible flow in a
microchannel, the continuity, momentum, energy and species
transfer equations have to be solved, considering temperature-
dependent fluid properties (see Section 2.1).

Continuity equation

V- [p(M)u] =0 (10)
Momentum equation

ou . . 1 -
a+(u-Vu)_—5Vp+V-(vVu) (11)

Energy equation

PCh E—f + (- V)T} = V*(kT) + pd (12)
where

_ (0u;  ouy\ dy;
?= <6X]' * ax1> X, (13)
Mass transfer equation
%w Vc=DVic (14)

Here, ii is the velocity vector, D is the nanoparticle diffusivity, and @
is the viscous dissipation function. For nanofluid flow and pure fluid
flow, the corresponding physical properties will be chosen, i.e., the
thermal conductivities, kegr and kg, respectively.

For the design analysis, uniform inlet velocity conditions and an
ambient pressure condition for the outlet were applied. A 5%
volume fraction of d,=10 and 500 nm nanoparticles in water
was selected to enter the drug supply channel in the form of a
rectangular pulse function. The cycle, shows as part of Fig. 1b, is
centered with basically a one-second pulse during the observation

time tr=30s. It starts at dimensionless time t =0.49, which is
defined as
t=t/tr, 0<t'<1 (15)

where t1 = Lihax/u; is the pulse period, and t is the real time, while
Limax =10 mm being the maximum length used, and u; :%. A
heat flux variable in magnitude and extent was applied along part
of the bottom wall, starting at z=0.02 mm and ending selectively
at z=2.5, 3, 4 or 5 mm (see Fig. 1b).
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2.3. Numerical method

The numerical solution of the Eulerian transport equations were
carried out with a user-enhanced, unstructured finite-volume
based program, i.e, CFX 11 from Ansys, Inc. (Canonsburg, PA).
The mesh size of the computational domain used in this study
was refined until acceptable levels of grid independence of the
solutions were achieved. Furthermore, both the maximum mass
and momentum residuals were less than 1074,

3. Results
3.1. Model validations

Classical friction factor correlations as well as keg-comparisons
are discussed. Specifically, for laminar fully-developed flow of a
pure fluid, the Poiseuille number is defined as

Ap-D}

Po = fRe = 25cul

(16)

where Po = 16 for circular conduits.

0.12 T Theoretical prediction (Po=fRe=constant)
. Simulation results (constant fluid properties)
: A Simulation results (with temperature dependence)
01
3 0.08
2 B
[
& B
-
c B
O 0.06
=
L i
S =
u -
0.04
0.02
- L l L L L l L L L l L L L l L L L l L L L l L L

200 400 600 800 1000 1200
Re

Fig. 2. Apparent friction factor vs. Reynolds number.

3.1.1. Friction factor

For rectangular microchannels, the Poiseuille number is a func-
tion of aspect ratio (o = channel width/channel height). It can be
determined using Eq. (17) from Shah and London [24].

Po = 24(1 - 1.35530 + 1.94670 — 1.7012¢
+0.95640* — 0.25370°) (17)

where for square ducts, Po = 14.23. Fig. 2 provides a comparison of
friction factors at different Reynolds number. Clearly, the computed
friction factor is in very good agreement with the theoretical re-
sults. With an increase in inlet velocity, the temperature range
and average temperature in the fluid decreases, i.e., from 304 K to
296 K, and the fluid kinematic viscosity increases. Thus, for the
same velocity, the Reynolds number, Re; = (2), is different for
water with temperature-dependent properties when compared to
constant properties. The reason is that the bottom heat flux influ-
ences the temperature distribution and, via the changing fluid prop-
erties, also the velocity field, especially where the temperature
difference is large. The inset plot in Fig. 2 indicates the friction fac-
tor differences between water with temperature-dependent prop-
erties and constant properties for the same velocity. Specifically,

(fc.p _fv.p) (18)

g=——""r

fep

where f., is the friction factor for water with constant properties,
fu.p is the friction factor for water with variable properties, i.e., tem-
perature dependent. In the lower velocity range, the higher fluid
temperature induced a lower kinematic viscosity for the tempera-
ture-dependent fluid which introduced a higher Reynolds number
and hence a smaller friction factor. As the velocity increases, the
friction factor increases because of the decrease in the fluid’s aver-
age temperature. Fig. 3a and b show the axial velocity distribution
at the channel outlet for water with temperature-dependent and
constant properties, respectively. As Fig. 3a indicates, the tempera-
ture generated a decrease in viscosity near the bottom surface and
as a result lowers the location of the maximum velocity, while for
water with constant properties the maximum velocity always ap-
pears at the centerline (see Fig. 3b).

3.1.2. Pressure gradient

Li and Kleinstreuer [22] analyzed the influence of nanoparticle
volume fraction on the pressure gradient for fully-developed flow.
Selecting nanofluids with 4% volume fractions of 28.6 nm CuO-
water mixtures, the pressure gradient increased an average 13%
for a constant flow rate, which matched measured data. Fig. 4 de-
picts the pressure gradients at different mean velocities when
employing a 5% gold-particle-and-water mixture with different

v(z)

Fig. 3. Velocity distribution in channel outlet (a) water with temperature dependent properties and (b) water with constant physical properties.
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Fig. 4. Pressure gradient vs. velocity.

nanoparticle sizes, i.e., 10 and 500 nm (see Labhasetwar & Leslie-
Pelecky, [14]). Clearly, nanoparticle size does not influence the
pressure gradient when the same volume fraction is employed
(see Egs. (3)-(5)). The pressure gradient increases by 13-18% when
employing the 5% nanofluids, confirming the results of Li and Kle-
instreuer [22].

3.1.3. Enhanced thermal conductivity

In Fig. 5, the KKL model is compared with experimental data for
CuO-water nanofluid at different temperatures (21 °C, 36 °C, 51 °C)
and volume fractions (1-4%). The KKL model compares well with
the experimental observations of Das et al. [16]. Because of the lack
of quantitative information concerning therapeutic nanoparticles,
other than their mean diameters, the practical range for Keg/ks
was assumed to be 1.0-2.5 and the g-function was taken to be lin-

1.6~
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L A Das et al.(2003) T=36°C
= * Das et al.(2003) T=51°C
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+ 1.3
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o
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Volume fraction (%)

Fig. 5. Comparison of KKL model with experimental data of Das et al. [16] for CuO-
water mixture.

early dependent on temperature (20-70 °C), generating a value
range for gof 0.3 x 103 to 7 x 1073,

3.2. Concentration distributions of drug nano-particles

The distributions of nanoparticle concentrations and tempera-
tures at the main microchannel outlets with variable channel
lengths were compared for different particle sizes and boundary
conditions, i.e., different Reynolds numbers Re; and Re; and for dif-
ferent Reynolds numbers ratios y as well as different heating
modes q,. The desired nano-drug particle uniformity at z =L is de-
fined as

Ue = A,/Ag x 100% (19)

where A, is the valid area, i.e., the area where the drug particle con-
centration is equal or larger than 90% of local maximum concentra-
tion, and Ag is the actual geometric channel-exit area. Fig. 6
compares the dimensionless drug concentration distributions
(dp = 10 nm) at different cross sections in the microchannel for dif-
ferent times. Comparing the U(t) graphs for the outlet cross section
at z=10 mm, it is evident that the added heat measurably increases
nanoparticle diffusion (D = 3%}1,) and hence the drug distribution
two-fold, i.e., via the mixture temperature and the reduced fluid vis-
cosity. At station z =3 mm, the nanoparticles are still concentrated
in a small part of the channel cross section and hence the drug uni-
formity U, is very low. Clearly, nanoparticle (i.e., drug) mixing
develops as the two streams merge, and for z=10 mm the desired
near-uniform concentration profile is achieved. There, the differ-
ence is less than 10% between the maximum value and the mini-
mum value in the particular cross section.

Figs. 7a-d and 8a-d depict the velocity and dimensionless
nano-drug concentration distributions along the center line
(—2x107°<y<2x107°) at three flow-developing phases
(z=0.5 mm, 5 mm and 10 mm) at different time levels for the case
of y=1.69 and L = 10 mm. The dimensionless nano-drug concen-
tration is defined as:

¢ =c/co (20)
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Fig. 6. Comparison of drug concentration uniformity for different thermal bound-
ary conditions in outlet planes and/or different axial stations (d, = 10 nm).
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Fig. 7. Comparison of velocity profiles in the main microchannel at different phases of mixture flow evolution at stations z=0.5, 5 and 10 mm (d, = 10 nm, and y = 1.69).

here c is the local drug concentration, and cy is the drug concentra-
tion at the drug-channel inlet, which is assumed to be unity.

The intensity of drug supply measurably influences the velocity
distribution (Fig. 7). At t =0.51, in the middle of nanofluid injec-
tion, the main-channel velocity is at a maximum. The velocity
down stream of z> 0.5 mm is somewhat elevated because of the
nano-drug influence (see Fig. 8a). For the same reason, at
t'=0.68 and t = 0.85, the velocity distribution exhibits the lowest
values at z=5 mm and z =10 mm, respectively (Fig. 7b and c). At
t'=1.0, most of the nano-drug particles supplied have left the
delivery microchannel and hence the velocity distributions at the
three axial stations (i.e., z=0.5, 5, and 10 mm) exhibit no differ-
ences any more (Fig. 7d).

At the middle of the one-second nanofluid cycle (i.e., t = 0.51),
the resulting nano-drug pulse is registered near the inlet at
z=0.5mm but is not felt further downstream (Fig. 8). The
nanoparticles diffuse and they are conveyed through the channel
leading to highly nonlinear “time- and space-"dependent concen-
tration profiles (Fig. 8a-d). For example, at ¢ = 0.85 the nano-drug
distribution is almost uniform across the channel exit plane (see
Fig. 8¢).

Fig. 9 compares the uniformity of drug-particle concentration at
different Re; numbers and microchannel lengths. With the de-

crease of Re; values from 0.04 to 0.004 and with an increase of
the channel length, which implies much larger diffusion times,
the uniformity of drug-particle distribution improves. As expected,
at small Reynolds numbers, drug uniformity can be much more
rapidly achieved.

Fig. 10 depicts the drug uniformity at channel outlet z=10 mm
for drugs with a particle diameter of 500 nm at different Reynolds
numbers. It shows that the decrease of Re; can improve drug uni-
formity. Comparison of Figs. 10 and 6 shows that smaller drug-par-
ticles may greatly benefit the drug concentration uniformity.

Figs. 11 and 12 summarize the percentage changes in minimum
microchannel-length in order to achieve near-uniform exit concen-
tration for different Reynolds number ratios and different wall-
heat-flux extents, respectively. The “minimum uniformity-length”
is defined as the required main-channel length where the drug-
particle concentration in the exit area is equal or larger than 90%
of the local maximum concentration. Selecting y = 1.26 as the ref-
erence ratio, the dimensionless minimum uniformity length
change is compared for different Reynolds number ratios in
Fig. 11, an increase of y measurably decreases the minimum uni-
formity length. As Fig. 12 shows, a decrease of the heated area also
decreases the minimum uniformity length. Because the fluid tem-
perature increase is fixed (from room temperature 293 K to body
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Fig. 9. Comparison of drug-concentration uniformity at different microchannel

lengths for different Reynolds numbers (d, = 10 nm).
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temperature 310 K), the effect on the drug diffusivity is not prom-
inent by just decreasing the heated area.

4. Conclusions

In the present study a nano-drug-supply system, i.e., a bio-
MEMS, was introduced. Of main interest were the conditions
for achieving uniform concentrations at the microchannel exit
of the supplied nano-drugs. A heat flux which depends on the
levels of nano-fluid and purging fluid velocity was added to en-
sure that drug delivery to the living cells occurs at an optimal
temperature, i.e., 37 °C. The added wall heat flux had also a po-
sitive influence on drug-concentration uniformity. Overall, the

nano-drug concentration uniformity is influenced by channel
length, particle diameter and the Reynolds number of both the
nanofluid supply and main microchannels. In light of the convec-
tion-diffusion controlled transport mechanisms, longer channels,
smaller particle diameters as well as lower Reynolds numbers
are desirable for best, i.e., uniform drug delivery. Furthermore,
the Reynolds number ratio and the extent of heated area also
measurably influence the minimum microchannel length re-
quired for achieving the desired drug-concentration uniformity.
Future work will focus on the effects of angled drug-delivery
channel and static mixer in the main channel.
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