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Nanoparticles enhanced freezing, termed as nanocryosurgery, is a newly emerging cryosurgical
technique which has potential advantage in targeted tumor treatment. However, there are currently
no models available to predict the effects of nanoparticles on cell-level biophysical events during
cryosurgery. Here, we present a theoretical model through modifying Mazur’s equation and ice
nucleation theory to predict the kinetic course of the target cell such as water transport and ice
nucleation during nanocryosurgical process. The transient temperature response of the target cell,
which was a major influential variable of the model, was calculated by coupling the Pennes bioheat
equation and the thermal conductivity model of nanoparticle-fluid mixture. With the model, the
freezing effect of nanocryosurgical process on target cell at varying distances from cryoprobe can be
comprehensively characterized from micro- to macroscale. Parametric studies revealed that the
kinds of nanoparticles and their extracellular volume fraction are two important factors to affect
cell-level freezing response compared with other factors such as the cell radius and intracellular
volume fraction of nanoparticles. The corresponding sensitivity analysis of various parameters is
also reported. This study would help to better understand the role of nanoparticles in the freezing
process and benefit to optimize the protocol of tumor treatment when nanocryosurgery is
administrated. © 2008 American Institute of Physics. [DOI: 10.1063/1.2910676]

I. INTRODUCTION conventional heating protocol. It will not only evidently in-

crease the curative effect of conformal treatment of tumors

Cryosurgery has become more and more popular owing
to its specific advantages such as less invasive than conven-
tional surgery; minimizing pain, bleeding, and other compli-
cations of surgery; and less expensive than other treatments
and requiring a shorter recovery time and a shorter hospital
stay.l’2 Although currently, it is still not a routine treatment
protocol, it is rather rapidly developing as an alternative tu-
mor therapy. A major concern involved in a cryosurgery is to
maximize the efficiency of freezing to enhance cryodestruc-
tion to the targeted tissues. Along with the fast progress of
nanotechnology in medical field, the nanoparticles involved
cell freezing method was recently found highly useful in
improving the freezing capability of a cryosurgery.

The earliest studies of using nanoparticles to enhance
cryosurgery may be dated back to 2005.% It was found that
injecting certain high thermal conductivity nanoparticle so-
lution into localized tissues could significantly improve the
freezing rate, change the formation of iceball, and affect the
growing direction of iceball there. In fact, noticing the par-
ticularity of nanoparticles, certain concerns are being focused
on their unique applications in medicine. One of such en-
deavors is the nanohyperthermia which relies on using high
temperature to destroy diseased tissues loaded with
rlanoparticles.é_8 As is gradually known, the nanoparticles
induced hyperthermia has many additional advantages over
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but also help deliver antineoplastic drug or angiogenesis to
damage targeted tumors combined with surgery.9’10 Obyvi-
ously, such benefits can also be anticipated when introducing
nanoparticles to cryosurgery.

In order to better understand the thermal and kinetic be-
haviors in both tissue and cellular level during a nanocryo-
surgical treatment, it is imperative to establish a theoretical
model for characterizing such freezing process. At present,
the most commonly used model predicting the cell volumet-
ric change is developed by Mazur. Based on this classical
model, the well known two factor hypotheses” were pro-
posed to describe the biophysical responses coupled to tissue
injury during freezing process. Cell dehydration and intrac-
ellular ice formation (IIF) are two major factors which have
been proven and recognized as an important mechanism to
explain cell injury as a result of the freezing process.lz_17
However, until now, no existing model can be directly
adopted to predict the dynamics of both the thermal condi-
tions inside frozen tissue and cellular-level biophysical
events when nanoparticles are loaded into tissues and cells.
For such reason, a modified Mazur’s model is developed in
this paper to probe into the biophysical events such as water
transport (or cell volumetric change) and IIF, experienced by
cells with nanoparticles during freezing. The Pennes bioheat
equation using effective heat capacity18 as a governing equa-
tion is applied to describe the phase change process of tissues
during cryosurgery. For unfrozen particle embedded tissues,
a model of the effective thermal conductivity of
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FIG. 1. (Color online) Transient temperature response at measurement po-
sitions with or without nano-Ag on pork tissues.

nanoparticle-fluid mixture which considers the effects of
nanolayer thickness, nanoparticle size, and volume fraction
is adopted.19 On the other hand, the Hamilton—Crosser
model® is applied to calculate the effective thermal conduc-
tivity of frozen particle embedded tissues. The modified
model and numerical results are expected to provide valuable
information to optimize the protocol of nanocryosurgery.

Il. TYPICAL EXPERIMENTS ABOUT
NANOCRYOSURGERY

To assess the influence of nanoparticles upon freezing
effects, two in vitro experimental results were presented in
this paper. What were depicted in Fig. 1 were typical tem-
perature response curves of pork tissues when subjected to
freezing by one cryoprobe, either loading with or without
nano-Ag, respectively. The measurement point is at one
place away from the probe tip by 5 mm. Moreover, 20 ml
particulate suspension (5 mg/ml) is directly injected by sy-
ringe into the sample surrounding the probe. It can be found
that the lowest temperature at the selected position for the
case of injecting nano-Ag can reach —80 °C, which is much
lower than its counterpart case without injection. Meanwhile,
the freezing rate was also comparatively increased at the
measurement position where nano-Ag was locally injected.
This was owed to the enhanced heat conduction due to ad-
dition of metal nanoparticles into tissues. Figure 2 shows the
thermal image for temperature distribution on pork tissues
injected with different volumes of particulate solution.> We
injected aqueous suspension of nanoaluminum in water
clockwise from sign 1 to sign 4 at the same distance from the
cryoprobe. The volumes for the injection are 1, 2, 3, and
4 ml. Clearly, as revealed by the thermal images, different
doses of injecting solution have resulted in various magni-
tudes on iceball formation. The more volume for the solution
to be injected, the more possible the iceball will grow fast
toward that direction. Additional experimental measurements
on using nano particle to enhance tissue freezing can also be
found from our previous work.* Readers are referred there
for further information. For brevity, they will not be provided
here.
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FIG. 2. (Color online) Thermal image for temperature distribution on pork
tissues injected with 1, 2, 3 and 4 ml (from signs 1 to 4) aqueous suspension
of nanoaluminum, respectively.

lll. THEORETICAL MODEL

A. Bioheat transfer model in tissue level

Nanoparticle enhanced cryosurgery can produce a pre-
dictable improvement of temperature response on the target
cell or tissue. In the theoretical model, as established below,
a 5 mm probe was considered and perpendicularly inserted
into the tissues. The computational domain is schematically
shown in Fig. 3. Due to the symmetric feature of the space,
the three-dimensional geometry can be reduced to a two-
dimensional domain in a cylindrical coordinate system. In
addition, considering the extremely small volume of a single
cell compared to that of the whole tissue, each point of the
computational domain is assumed to be a target cell whose
volume can be ignored while the temperature can be re-
garded as the lumped one in the heat transfer model. The
uniforlrg governing equation during cryosurgery can be writ-
ten as

6(9T E<&2T 19T (?2T> ~. T -T) E M
—=K|—S+-—+5 |+ -1+ 0,
at g rar | g2) T @rria m

where T(r) is the lumped cell temperature at the position r;
Cys a;b are the heat capacity and the blood perfusion of bio-

logical tissues, respectively; K, C are the equivalent thermal
conductivity and heat capacity of biomaterial which has in-
cluded contribution of the loaded nanoparticles; respectively,
Q~m is the equivalent metabolic heat generation; and 7T, is the
arterial temperature. Since the phase change of real biologi-
cal tissue does not take place at a fixed temperature but
within a temperature range, it is reasonable to substitute a
large effective heat capacity over a temperature range
(T, T, for the latent heat, where T,,; and T,,, are the lower
and upper phase transition temperatures of the tissue, respec-
tively. The specific definitions of those equivalent parameters
are given as follows:

= 9 Cr+ G,
C(7T) = + , T,<T<T,, ., 2
( ) Tmu_Tml 2 : ( )
Cy,, T>T,,
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FIG. 3. (Color online) Schematic for computational do-
main when nanoparticles are embedded into tissues dur-
ing freezing procedure (not to scale).
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K, T<T,, where subscripts f and u represent frozen and unfrozen mi-
5 K.+ K ture, respectively; Cf, C, are the effective thermal
K(T) = ‘%, Ty<T<T,, , (3)  capacity;K;, K, are the effective thermal conductivity; and
0,, is the metabolic heat generation.
K., T> T The heat transfer model employed here is based on three
principal assumptions: (1) the spatial temperature variation
—~ 0, T<T,, within the cell is omitted for simplicity; (2) cell is regarded
0,(T) = {Q T>T (4) as ideal sphere and the mediums embedded with nanopar-
" " ticles are homogeneous; and (3) the thermal properties of
nanoparticles are treated as temperature independent.
z;(T) _ { 0, T<T,, ’ (5) The condition at the boundary of cylindrical calculation
w,, T>T,, domain is prescribed as follows:
ar . S
P 0 (symmetric axis in tissue), (6)
ar . . . .
P 0 (insulation wall of probe and both sides of tissue), (7)
T=310K (body core), (8)
{—(310—77)/180><t+310, 1<180s )
T= (working part of probe), 9)
77, 180 s<r=<1200s
aT
- k&—Z =h{T;~T) (skin surface), (10)
[
where hy is the convective heat transfer coefficient between Ci=C(1 - ap) + C,, (11)
the environment and the surface and 7 is temperature of the
surrounding air. The initial temperature field in tissue is T Cy=Cy(l = ) + Cpaxy, (12)

=310 K.

Considering the energy equation for a binary system (bi-
ology part and nanoparticle part), the effective thermal ca-
pacity is determined by the volume fraction of particle «j
outside the cell and reads in the following forms:

where the subscrips ft and ut mean frozen and unfrozen pure
tissues, respectively. Subscript p stands for the loaded nano-
particles.

As for the effective thermal conductivity of unfrozen
particle embedded tissue, a model'® which had included the
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FIG. 4. (Color online) Schematic structures for nanoparticle and its interfa-
cial nanolayer in a homogeneous nanofluid.

effects of nanolayer thickness, nanoparticle size, volume
fraction, and different kinds of nanoparticles is adopted in
this study. Figure 4 denotes the schematic structures of the
model. The final expression of effective thermal conductivity
in unfrozen area is set as

30%a2
K,=30ar+ ——L 1 1)k, (13a)
1- @CYT
with
0 BA(1+7) - sz/,Bﬂ]’ (13b)

(1+ %) +2B,B,

where a7 is the total volume fraction of the original nano-
particle and nanolayer; vy is the ratio of the nanolayer thick-
ness to the original particle radius; By, By, B, are the ratio
coefficient of thermal conductivities of the nanofluid, nano-
layer, and nanoparticles, respectively. For brevity, we will
not discuss this model here. Readers are referred to Ref. 19
for more details.

As for the effective thermal conductivity of frozen par-
ticle embedded tissue, Hamilton—-Crosser (HC) model in
which nanoparticles are all treated as ideal spheres is used
and depicted as”

kﬂkp + 2k — 200 (kg — k) ’
kp + 2kft + ao(kf[ - kp)

r= (14)
where k, and k, are thermal conductivities of nanoparticles
and frozen pure tissues, respectively.

B. Mathematical model of water transport in cellular
level

In 1963, Mazur proposed a two-compartmental, lumped
parameter model to quantitatively describe the dehydration
course of cells during freezing process.11 The intra- and ex-
tracellular compartments were assumed to be well mixed and
separated by a semipermeable membrane which only admit-
ted transport of water. However, due to the introduction of
nanoparticles, Mazur’s model may not accurately predict the
water transport across the cell membrane during freezing
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process. For this reason, a modified Mazur’s model is pro-
posed in a system comprising a biological cell with im-
planted nanoparticles and extracellular ice.

In Mazur’s membrane-limited transport model, the molar
flux of water from the intracellular to the extracellular com-
partment was given byll

LoA E, 1 1
J, = Ozlu exp[—ﬁ(;—;)}, (15)
Yy g 0

where L is the reference membrane water permeability; E,
is the activation energy; R, is universal gas constant; 7} is
the equilibrium freezing temperature of water; v,, is the mo-
lar specific volume of water; and Au= p;..— M,,, Which is the
chemical potential difference across the membrane. u;.. is
the chemical potential of extracellular ice and u,, is the
chemical potential of water at the intracellular surface of the
cell membrane. The water chemical potential difference is a
result of depletion of extracellular water by ice formation.

As water leaves the cell, the cell will shrink. The rate of
change of the cell volume can be expressed as

av dR
— =47R>—, (16)
dt dt

where ¢ is time and R is the cell radius. Because the intrac-
ellular fluid is incompressible, volume changes are caused
only by the transmembrane water flux. Thus, continuity re-
quires that

dR

E ==J, V. (17)
With the assumption that the extracellular environment con-
sists of ice and unfrozen aqueous solution in mutual equilib-
rium, the chemical potential of the extracellular water can be

determined from the Clausius—Clapeyron relationship,
yielding"'
T
Mice=l'L0+AHf —-1, (18)
Ty

where w, is the chemical potential of water at T, and AH is
the molar specific heat of fusion of water.

If one approximates the cytosol-nanoparticle mixture as
an ideal solution, Raoult’s law can be used to approximate
the chemical potential of the intracellular water,

My = lu’O+RgT ln(Xw)’ (19)
with
C
=—, 20
= e o C (20)

where o,=2 represents the salt dissociation constant and y,,
is the mole fraction of intracellular water. Considering the
hypothesis that C,, is uniform and water is the only species
that can be transferred across the cell membrane, there is a
one-to-one correspondence between the intracellular water
concentration and the cell volume V.,
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Vo=V, =V,)Cpov,, = (Vo= V)
(Vc - Vb - Vp) Vy

C,= , (21)

where V|, and C, are the initial values of V. and C,,, respec-
tively; V), is the osmotically inactive volume; and V), is the
total volume of nanoparticles loaded in cell.

According to the equations as mentioned above, the
modified Mazur’s equation can be given as follows:

av, L,(367V2)'"R,T AHf( 11 )

R, \T, T

—ln( V.-V, =V, = Cory(Vo—=V, = V) )]
Vc_ Vb_ Vp - CSO(VS - O'st)(Vo— Vb_ Vp)

dt v,

(22)

C. Ice nucleation model

The number of intracellular ice nuclei as a function of
time follows a stochastic process as expressed by

() = f o, (23)
0

where n is the average nucleation rate of a cell. A detailed
treatment of the stochastic behavior of the intracellular crys-
tal growth is beyond the scope of this study. More explana-

tions on N(z) can be found elsewhere.?!

The average nucleation rate n is a function of tempera-
ture and cytoplasm composition. By applying the Eyring re-
action rate theory, n can be described as

n(c,T) = Qc,Texpl[- ' (¢c,T)7(c,T)], (24)

where, () and «’ are the kinetic and thermodynamic coeffi-
cients, respectively. The value of k' is cell type-dependent
constant. Due to limitation of data source, it was set to 1.5
(I-2) in this study. Further, one has T(C,T)ZTSm(Tm
—T)72T3 in which the equilibrium melting point T, reads as
follows:

R -1
T,=|—--—%1 ) 25
m <T0 A, "X (25)

The nucleation coefficient (), which depends on concen-
. . 2]
tration and temperature, can be estimated by scaling

T\ ¢,
Q(c,T):QO{ o ](—) (— : (26)
7(c,T) ]\ Tyo Cwo
where T, is the homogeneous nucleation temperature for
pure water.
2223

In addition, the hard-sphere model can be used to
calculate the volume fraction of the rigid spheres ¢,, which
is used to estimate the viscosity # of the intracellular solu-
tion in this study. That is,

2.5¢, ]

T -1.64
77(C,T)=0139(10_3)|:__1:| exp|:1—Q¢5

225
27)

where 0=0.609 375 represents the hydrodynamic interaction
constant. Considering the hard spheres will comprise hy-
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FIG. 5. (Color online) Illustration of ¢, containing NaCl, one water mol-
ecule and one nano-Au.

drated ions and nanoparticles, as shown in Fig. 5, ¢, can be
given as

d=Clv,+hv,+h'v,], (28)

where C, is the salt concentration; v,, v, are the molar spe-
cific volume of salt and nanoparticles, respectively; / is the
effective number of water molecules in the hydration shell
and was set to typical value 1; &’ is the coefficient of nano-
particles in the hydration shell and was set to 0.5 when using
nano-Fe;O, particle, or 1 when using nano-Ag or nano-Au
particle.

All of the necessary thermophysical, biophysical, and
geometric constants and parameters are summarized in
Tables I and II. The structural and biophysical characteristics
of rat embryos were used for the tissue medium and the
corresponding parameters can be found in Refs. 21, 23, and
24

TABLE 1. Thermophysical properties of biological tissues and nanopar-
ticles.

Properties Units Values

W/m °C 2.0
W/m °C 0.5

Thermal conductivity of frozen tissue, kg
Thermal conductivity of unfrozen tissue, k,

Thermal conductivity of Fe;Oy, &, W/m °C 7.1
Heat capacity of Fe;0,, C, J/m3°C 3.2X10°
Thermal conductivity of Au, kp W/m °C 297.7
Heat capacity of Au, C, J/m*°C  2.2X10°
Thermal conductivity of Ag, k, W/m °C 417.5
Heat capacity of Ag, C, J/m?°C  2.5X10°
Heat capacity of frozen tissue, Cy, J/m*°C  2.0x10°
Heat capacity of blood, C,, J/m?°C  3.6Xx10°
Heat capacity of unfrozen tissue, Cy, J/m3°C  3.6x10°
Lower phase transition temperature of tissue, 7, K 265
Higher phase transition temperature of tissue, 7, K 272
Metabolic rate of unfrozen tissue, Q,, W/m? 4200
Arterial temperature, 7, K 310
The molar specific heat of fusion of water, AHf J/mol 6017
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TABLE II. Parameter values used in the model.
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Items Units Values
Initial cell volume, V, m? 2.62x 10713
Osmotically inactive volume, V), m? 5.58x 10714
Intracellular volume fraction, «; 0.02
Extracellular volume fraction, «, .- 0.01-0.2
Occupied volume by nanoparticle, V, m3 Voo
Nanolayer of thickness, & m 2.0X107°
Radius of nanoparticle, r, m 0.6X108-1.0x 1078
The molar specific volume of salt, v, m?/mol 2.7X 107
The molar specific volume of water, v, m?/mol 1.8X107°
The molar specific volume of nanoparticle, v, m?/mol 4.55X107° (Fe;04)

Initial salt concentration, Cy,

Initial water concentration, C,,

Membrane permeability reference value, L,
Membrane permeability activation energy, E,
Reference temperature, 7|

Homogeneous nucleation temperature for pure water, 75,

Nucleation rate kinetics coefficient, £},

1.03X 1075 (Ag)
1.02X 1075 (Au)

mol/m? 142
mol/m? 55343
m?s/kg 477%10713
J/mol 5.3x10*
K 273
K 235
s”'m3 2 10%

IV. RESULTS AND DISCUSSION

Figure 6 shows the influence of various volume fraction
of nano-Ag on the temperature profile of tissue and the for-
mation of iceball at 7=1200 s. The temperature contour lines
for T=233 K, T=T,,(265 K), and T=T,,,(272 K) differenti-
ate between the effective killing zone, mushy zone and un-
frozen zone, respectively. It can be seen that once nano-Ag is
loaded, the size of iceball becomes enlarged than that of no
particle case. The higher volume fraction of nano-Ag is, the
larger volume of iceball can be formed. If contour line of 7,,,,
is regarded as the edge of iceball in Fig. 6(c), the length of
maximum semiaxis of iceball along r and z directions can,
respectively, reach 0.033 and 0.06 m, which are about 27%
and 7% increases compared to Fig. 6(a). The corresponding
effective killing area and mushy zone are also enlarged with
the increase of volume fraction of nano-Ag. Therefore, it can
be found that nanoparticles are beneficial to increase the vol-
ume of iceball as well as extend the frozen injury zone.

Figures 7(a)-7(f) give the transient temperature re-

(a) No particle

b) a,=10%

© a,=20%

sponses of cell at measurement points during freezing pro-
cess and their corresponding transient cell volume responses,
which reflect the influence of volume fraction of nano-Ag on
the biophysical events at different target cell during freezing
process. It can be seen that, for M5, the predicted results
show good accordance with the currently available experi-
mental data, as shown in Fig. 1. Moreover, for each measure-
ment point (M2-M35) in Figs. 7(c) and 7(e), the freezing rate
becomes higher and the end temperature is lower than that of
no particle case, as shown in Fig. 7(a). Such thermal dy-
namic change has a strong effect on the water transport pro-
cess of the target cell. With the increase in freezing rate at
the target cell, the time for water transport process to reach-
the new equilibrium state is greatly shortened, and thus, the
final cell volume [shown in Figs. 7(d) and 7(f)] is larger than
that of no particle case [shown in Fig. 7(b)]. At the position
of M5, for no particle case, the time of water transport pro-
cess is 700 s and the final cell volume is 2.24 X 1073 m3.
However, when the extracellular volume fraction of nano-Ag

FIG. 6. (Color online) Effects of various volume frac-
tions of nano-Ag on the temperature profile of tissue
and the formation of iceball at t=1200s. (1) Cryo-
probe; (2) effective killing zone; (3) mushy zone; and

(4) unfrozen zone.
150

100
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FIG. 7. (Color online) The transient temperature responses of cell at measurement points during freezing procedure and their corresponding transient cell

volume response during freezing procedure [(a) and (b)] without nano-Ag; [(c) and (d)] nano-Ag, @;=2%, ay=10%, r,=1X 107% m; and [(e) and (f)] nano-Ag,
a@;=2%, ay=20%, r,=1X 1078 m.

reaches 20% (ap=20%), as shown in Fig. 7(f), the time for ~ 2.37X 107'3 m®. Therefore, it can be indicated that for the
water transport process to reach equilibrium can be reduced same distance from the probe, the freezing effect of nanopar-
to 500 s and the final cell volume is found to be kept at  ticles case on target cell is much stronger than that of no
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FIG. 8. (Color online) The final cell volume at each measurement points
(M2-M35) with different volume fractions «, of nano-Ag at r=1200s (r,
=1X10"° m,,=2%).

particle case. That is to say, it is feasible to enhance freezing
effects of conventional cryosurgery by using nanoparticles.
In addition, Fig. 8 shows the final cell volume of each mea-
surement points (M2-M5) with different volume factions of
nano-Ag at t=1200 s. It is clearly seen that once the volume
fraction of nano-Ag increased, its influence on the target cell
far from the probe could be stronger than the one near the
probe and this could be useful to improve killing effects of
the cells far away from the probe.

Figure 9 reflects the influence of various kinds of nano-
particles on the thermal history of the cell (M5) and its cor-
responding volume response during freezing process. It can
be easily seen that various kinds of nanoparticles result in
different transient temperature profiles which leads to differ-
ent water transport processes. The reason lying in those vari-
ous kinds of nanoparticles leads to different thermal conduc-
tivities of particle-tissue mixtures which create different
thermal dynamics. Consequently, the whole water transport
process which has a close relationship with the characteristic
temperature 7 would be different. The higher value of ther-
mal conductivity of nanoparticles is the higher value of final
cell volume will be. From Fig. 9(b), it can be concluded that
the nano-Ag which has the highest thermal conductivity
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value produces much more influence on freezing process as
well as water transport process of target cell than that by
nano-Au or nano-Fe;Oy.

Figure 10 shows the influence of different radius of the
same nanoparticles on thermal history of the cell (M5) and
its corresponding volume response during freezing process.
Figure 10(b) illustrates that the final cell volume will in-
crease with the increasing radius of nano-Au. However, such
effect is not very much strong compared to the volume frac-
tion of nano-Au. The relative change (increase) in the final
cell volume is only about 0.4% when the radius increases
from 6 X 10~ to 1 X 1078 m.

Figure 11 shows the effect of various kinds of nanopar-
ticles on cell (M5) nucleation rate during freezing process.
The case of nano-Ag has the shortest time (650 s) to reach
maximum nucleation rate (5.82x 107! m=3s~!) while the
case of no particles has the longest one (1150 s). Therefore,
it can be seen that, at the same position, intracellular ice
formation happens earlier in the cell with nanoparticles than
the one without nanoparticles. In addition, various kinds of
nanoparticles have different influences on the IIF of the tar-
get cell. From Fig. 11, it can be observed that IIF is mainly
dependent on the thermal history of the cell. The cell with
nano-Ag which results in the fastest freezing process leads to
the earliest IIF. However, a faster freezing process does not
necessarily leads to an earlier IIF. When comparing
nano-Fe;O, case with nano-Au case, the cell with
nano-Fe;O, results in an earlier IIF than the one with nano-
Au, although the freezing rate of the latter case is higher than
the former one. The reason lies in that nano-Fe;O,4 has a high
v, which has more influence on the nucleation rate than the
characteristic temperature 7. Therefore, it can be said that
some characteristic features of nanoparticles can also play
important role along with characteristic temperature 7 to in-
fluence the IIF which is commonly believed as the major
factor leading to irreversible damage to the cell. If proper
characteristic features of nanoparticles are taken in cryosur-
gery, it is possible to realize the maximum killing effect.

From the above simulation, it can be readily concluded
that nanocryosurgey has stronger freezing effects than that of
conventional one. By taking full use of this advantage, some
insufficient freezing area usually occurred when treating
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FIG. 9. (Color online) (a) The transient temperatures and (b) volume responses of cell (M5) during freezing procedure for different kinds of nanoparticles with
same radius r,=1X 10~ m when the intracellular volume friction of particles is ;=2% and outside-cell one is «y=10%, respectively.
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FIG. 10. (Color online) (a) The transient temperature and (b) volume responses of cell (M5) during freezing procedure when the intracellular volume friction

of nano-Au is @;=2% and outside-cell one is a,=10%, respectively.

large tumors in a conventional cryosurgery could be pre-
vented. In addition, it can be found that when nanoparticles
are introduced into tumor cells, they would result in an ear-
lier IIF which could accelerate the death of the target cells.
On the other hand, using nanoparticles as seeds, heteroge-
neous nucleation rate could be significantly improved. This
will help to dramatically increase the possibility of nucle-
ation in cells, which in turn results in a higher probability of
IIF leading to a lethal killing of tumor cells. Thus, it may be
concluded that the use of nanoparticles in cryosurgery is fea-
sible and could serve as an effective supplement to the con-
ventional cryosurgery.

V. SENSITIVITY ANALYSIS OF MODEL PARAMETERS

Efforts made in this paper provide the first theoretical
interpretation on the detailed events occurred in a nanocryo-
surgical process. However, it should be pointed out that the
predicted results are sensitive to the values of some impor-
tant model parameters of nanoparticles such as «, «;, Fps h',
etc. Besides, the nanoparticles that could be loaded inside the
target cells may depend on the particle type and cellular en-
vironment. To address such issue, a sensitivity analysis is
also performed in this study to identify and rank the most
influential variables in the model. It is a routine procedure in
estimating the change in the output with respect to changes
in only one input parameter.25 With all other parameters held
constant, this one-dimensional analysis assumes that the in-
put parameters are independent of each other. This is usually
not the case when considering the complex relationships in
the thermal-kinetic coupled system. However, this method
allows the identification of those parameters which have a
crucial impact on the model predictions. The sensitivity mea-
sure is based on the deterministic sensitivity concept formu-
lated by McCuen, which is defined by the following ex-
pression:

0,-0 I,—-1
g &2 1/ il (29)
Oy, P

where § is dimensionless sensitivity measure; /; and I, are
the least and greatest input values, respectively; O and O,
are the corresponding outputs of argument /; and /,, respec-
tively; I, is the average of /; and I,; and O, is the average

of O; and O,. As it is the primary purpose of using the
effective thermal conductivity model and HC model to illus-
trate the influence of nanoparticles on the thermal conductiv-
ity of binary system, the thermal conductivity of particle-
tissue mixture (including unfrozen part and frozen part) was
chosen as the output parameter from which the sensitivity
measure was calculated. Table III lists the sensitivity analysis
of the main input parameters. The compilation shows that
most of those parameters of nanoparticles influence the ther-
mal conductivity. Extracellular volume fraction «, as one of
the input parameters, has the highest impact on the model
predictions. Another important output parameter which re-
flects the influence of nanoparticles on freezing dynamics is
the nucleation rate. Considering the high complexity and ap-
parent nonlinear behavior of the nucleation rate as output
parameter, only some typical input parameters were consid-
ered to calculate the sensitivity measure for the characteristic
interval but not the entire input-output range. Since the input
parameters are highly dependent of each other, for simplicity,
we define the range of temperature 7 and cell volume V.,
according to the freezing process of cell (M5) with nano-Ag.
The specific main input parameters with sensitivity S are
listed in Table IV. It can be seen that 7 has the highest
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FIG. 11. (Color online) Effect of various kinds of nanoparticles on cell (M5)
nucleation rate during freezing procedure.
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TABLE III. Sensitivity analysis of the thermal conductivity of particle-tissue mixture.

S1 (unfrozen

Parameter Unit Range part) S2 (frozen part)
Extracellular volume fraction, 0.0-0.2 0.49 0.27
@
Radius of nanoparticle, r,, m 6.0x10°-10.0x 10~ -0.09 0
Thermal conductivity of W/m-°C 5.0-2000 0.08 0.08

particles, kp

sensitivity value, the next is «;. h’, V., and «’ are the input
parameters to which the ice nucleation rate is less sensitive.
According to the calculation, the parameters of nanoparticles
which are related to thermodynamics are more influential to
the model than other parameters of nanoparticles. However,
it should be noted that since the sensitivity analysis method
as adopted in this study is highly sensitive to the input range,
the sensitivity values of some input parameters could be vari-
ous with different input conditions. Clearly, further cellular
level experimental justifications of the temperature and con-
centration dependence of these parameters are crucial to im-
prove model accuracy. This needs further work in the near
future.

VL. CONCLUSION

In this study, through incorporating the nanoparticle
terms into Mazur’s equation and combining with the Pennes
bioheat model, the classical equations are modified to be
capable of predicting the thermal dynamics of the cell and
the cell-level biophysical events such as IIF when nanopar-
ticles are involved during cryosurgery. Some conclusions
from the present parametric analysis can be drawn as fol-
lows. First, nanoparticles involved cryosurgery could en-
hance the freezing effect and speed up the water transport
process which results in an earlier intracellular ice nucleation
on the target cell compared with conventional cryosurgery.
Second, different kinds, radius, and volume fraction of nano-
particles have different influences on the cell freezing pro-
cess. The larger thermal conductivity of nanoparticle, the
more extent of enhancement of the cell freezing will be. In
this way, although only three well biocompatible particles
are proposed in calculation, some other nanomaterials with a
higher thermal conductivity such as carbon nanotubes are
expected to produce stronger effects on cell freezing re-
sponse and damage to the target cells. Lastly, compared to

TABLE IV. Sensitivity analysis of the ice nucleation rate.

Parameter Unit Range S
Intracellular volume 0.0-0.02 0.04
fraction, «;

The coefficient of 0.0-3.0 0.008
nanoparticles in the

hydration shell, i’

Thermodynamic 1.0-2.0 0
coefficient, '

Temperature, T K 273-195 -0.72
Cell volume, V., m3 2.62X10713-2.37%x 10713 -0.002

intracellular volume fraction and radius of nanoparticles, the
extracellular volume fraction and kinds of nanoparticles play
more important roles in the freezing process and ice nucle-
ation process. The reason for the capability of accommodat-
ing nanoparticles by cell is limited which results in a low
intracellular volume fraction. And thus, it produces a little
effect on the viscosity # and water concentration C,, which
have close relationship with the IIF. In the present study, the
thermal dynamics of the cell during the freezing process is
mainly determined by the high effective thermal conductivity
of the outside cell environment due to high value of extra-
cellular volume fraction of nanoparticles and their high ther-
mal conductivity. Therefore, they have more effect on the
biophysical events induced by the thermal history. In general,
the present model could provide important information for
the nanoparticles involved freezing process and serve as
guidance for future nanocryosurgery.
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