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Cryospray is a process of skin cancer treatment in which liquid nitrogen is sprayed on the lesion to achieve
necrosis. In order to achieve necrosis through cryospray, a combination of particular cooling rate and lethal
temperature is required. The small aperture of single hole nozzle (SHN) and the less mass flow rate associated
with it reduce the rate of heat transfer from the lesion. Moreover, the low thermal conductivity of lesion further
reduces the rate of energy diffusion inside it. These limitations associated with the existing method of cryospray
fail to provide complete necrosis in the lesions of size larger than 15 mm in diameter. The present study addresses
these issues through the modification in the existing spraying technique, i.e. inclusion of multihole nozzle (MHN)
in cryospray and administration of Magnesium Oxide (MgO) nanoparticles as an adjuvant in the lesion to in-
crease its rate of energy diffusion. The influence of mass flow rate and the rate of evaporation of cryogen on
cryoablation are analysed experimentally while changing the geometrical parameters of 6 MHNs. To quantify the
necrosis, thermocouples and FLIR thermal imaging camera are used to ascertain temperature profile below and
above the gel surface respectively. The crystalline nature of nanoparticles is confirmed through TEM and XRD
results with a particle diameter ranging between 10 and 40 nm. A comparative study of cryoablation is carried
out between nano-phantom and normal-phantom. An increase of 59%, 96% and 64% in the area of necrotic zone
is observed on the surface of nano-phantom for MHNs with 5 holes and margin of 1 mm, 1.5 mm and 2 mm
respectively. The radius of interacellular ice formation has increased by 5 mm at an axial depth of 2 mm for
MHNSs with 5 holes in the nano-phantom than that in normal-phantom due to the increase in cooling rate. It is
also observed that nano-phantom achieves a lower end temperature than the normal-phantom at every ther-
mocouple position. Among the 6 MHNSs selected for the study, MHN with 5 holes and 1.5 mm margin provides
the most optimised result with the ablation zone of 42 mm on the surface of gel. Thus, it can be concluded that
because of the introduction of adjuvant and modification in spraying device, cryoablation outcomes have been
improved both quantitatively and qualitatively. The proposed approach will increase the scope of cryospray in
the treatment of larger lesions.

1. Introduction

Oral drug administration has drawbacks like poor drug absorption or
enzymatic degradation in the gastrointestinal tract or liver. The most
common alternative to oral drug administration is the painful hypo-
dermic injection [39]. Transdermal drug administration methods
(TDDAM) are always considered superior than these methods because
they eliminate first pass effect [8]. But the stratum corneum (the
outermost layer of skin) constrains the transport of external agents
through skin; however it also saves our body from pathogens. Specially
formulated drugs in terms of size, surface charge and composition are
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necessary to meet the requirement of transdermal transport. Therefore,
there are two prerequisites of TDDAM; (i) Methods to circumvent stra-
tum corneum and (ii) formulation of drugs. There are four physical
enhancement methods to evade the stratum corneum [56]. They are
microneedles, inophorosis, sonophorosis and velocity based devices.
Very recently, heat based removal of stratum corneum has replaced the
traditional process like tapes stripping, mechanical abrasion and
chemical treatment. Since its inception from the first generation
three-day patch, that delivers scopolamine to treat motion sickness, to
the third generation delivery systems like microneedles, micro-
dermabrasion etc., transdermal drug delivery has revolutionised the
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medical practice [36]. Apart from that, innovations in the field of
nanotechnology has provided leverage to researchers in the synthesis of
nano-meter sized specially formulated drugs for various biomedical
applications [13]. Literature suggests that the pronounced effect of
nanoparticles (as adjuvants) can be easily acknowledged in the field of
molecular diagnostic, cancer therapy, gene delivery vehicles and anti-
bacterial drug [9,38]. Nanoparticle assisted drug delivery has also
gained immense popularity in dermatology; photoprotection, barrier
creams, treatments of hair disorders.

The race of mankind has achieved immense advancement in the field
of medical science, but an effective therapy to treat cancer remains
elusive. Cancer is characterised as an uncontrolled growth of cells in any
part of the body. It is responsible of 6 million casualties across the globe
each year [57]. Current methods of cancer treatment like surgery, ra-
diation, photodynamic therapy and conventional chemotherapy have
certain limitations, for example whole body endure their side effects
[34]. In this perspective, an alternative technique to treat cancer, termed
as cryotherapy, is becoming popular nowadays. Cryotheray is further
classified in two parts as cryosurgery and cryospray. Cryosurgery deals
with lesions occurring inside the body whereas cryospray deals with the
superficial lesions. Biocompatible nanoparticles (as adjuvants) are
extensively used in the cryosurgery process for the treatment of larger
lesions [24,48,65-67]. A solution loaded with nanoparticles is injected
inside the tissue and enhancement in necrosis is achieved through
extreme cooling. Administration of nanoparticles improves the thermal
conductivity of the tissue and increase the rate of tissue destruction.
Zhang et al. [63] suggested that administration of Fe3O4 nanoparticles
inside the tissue can increase the rate of freezing leading to faster cell
destruction. A study conducted on healthy male rabbit by Di et al. [15]
to examine the role of MgO nanoparticles in cryosurgery revealed that
nanoparticles promote and enhance the cryoinjury. Proper selection and
dosing of nanoparticles are very important parameters in such studies, as
they are administered in the living organisms. Yan and Liu [30] studied
the impact of Fe3O4, diamond, carbon nanotubes and silver nano-
particles in cryosurgery through their computational model. They
further reported that choosing optimal concentration with appropriate
particle plays an important role in maximising the cryoablation. In the
current scenario, administration of nanoparticles inside the tissue for
cryosurgery is well explored by the researchers. They can be injected
directly as nanofluid in the biological matrix of the tissue. However,
similar approach can not be opted for cryospray, because it deals with
superficial lesions and earlier trnasdermal drug transport was a chal-
lenging task. Due to this reason, adjuvant assisted cryospray is less
explored in the literature.

Cryospray is a non-invasive process which employs the application of
extreme cold to destroy the cutaneous cancerous tissue. Superficial le-
sions are treated while spraying liquid nitrogen (LN2) through a cryo-
spray nozzle on the target tissue. It is well proven fact that skin cancers
of smaller size (less than 15 mm) can effectively be treated with the
cryospray process [35,49]. However, irregular and larger lesions are not
treated effectively by cryospray. This is because the current practice
compels surgeons to go for multiple sittings or multiple freeze-thaw
cycles or overlapping fields of freezing which increase the healing
time and chances of infection. For such cases, the recurrence rate is also
high [12]. In addition, the current practice increases the discomfort to
the patients and chances of healthy tissue destruction also persists. An
in-vivo study is conducted while applying intralesional and cryospray
techniques in the treatment of keloids by Mourad et al. [2]. They re-
ported that interalesional techniques require less number of session as
compared to the spray technique. They have also observed that lower
mass flow rate of cryogen is responsible for a longer duration of the
treatment. Sehdev et al. [55] and Ahlgrimm-Siess et al. [59] have used
multiple freeze thaw cycles for the treatment of planter warts and Basal
cell carcinoma (BCC) respectively. The influence of hole diameter and
spraying distance on cryoablation is studied by Kumari et al. [6]. The
results reveal that hole diameter has greater impact on cryoablation as
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(b) Normal-phantom

(a) Nano-phantom

Fig. 1. Phantoms used in the study.

compared to the spraying distance. It means cryoablation can be
increased through device modification.

As far as the scope of cryospray is concerned, there are studies that
encourage the application of cryospray in the treatment of Bowen’s
disease, which is an intraepidermal squamous cell carcinoma (SCC) [28,
58]. However, size and multiple or special anatomical sites of tumour
prohibit its application in this field. Moreover, cryospray is a preferred
method in the treatment of Barrett’s esophagus [1,17,18,31,42] and port
wine stain birthmark (PWS) [29,51,69]. It should be noted here that the
motive of cryospray depends on the disease. In PWS treatment it is
employed to reduce the localised heating of superficial skin caused by
laser pulses whereas in the present case (cancer treatment) and Barrett’s
esophagus it is used to destruct the lesion occurring on the superficial
skin and esophagus respectively. Aguilar et al. [20-22] have customised
cryogen spray nozzles while changing their length and diameter to in-
crease the amount of cooling. They concluded that narrow nozzles (d =
0.7 mm) produces fine spray as compared to wide nozzle (d = 1.4 mm).
They further reported that wide nozzles have more heat extraction ca-
pacity than narrow nozzles.

Thus, acknowledging the advancement in transdermal drug delivery
systems which leads to promising results of nanoparticle administration
through stratum corneum [27,40]. The motive of the research is to
explore an adjuvant assisted approach to increase the efficacy of cryo-
spray. The reason behind the administration of adjuvant in the lesion is
to improve the thermophysical properties of the lesion which will in-
crease the rate of heat transfer in the lesion and decrease the duration of
treatment. Moreover, larger lesions can also be treated through the
proposed approach. It has been observed in the previous study that
device modifications can eliminate the existing limitation of cryospray
process [46,47]. Hence, customised multihole nozzles (MHN) compat-
ible with commercial cryogun is used to spray the cryogen on adjuvant
loaded phantom in the present study.

2. Materials and method

The Magnesium Oxide nanoparticles are used as adjuvant in the
present study. A tissue phantom is prepared using agarose powder (Low
EEO, HIMEDIA Chemicals, CAS: 9012-36-6, catalogue no. MB002-
500G). The normal-phantom is made as per the procedure followed in
the previous study [47]. Nano-phantom is made using the Magnesium
Oxide (MgO) nanoparticles procured from Adnano Technologies. A
mixture of surfactant span 20 (CAS No: 1338-39-2) 5% w/v, double
distilled water (200 ml) and nanoparticles 0.2% w/v is stirred for 45 min
with the help of magnetic stirrer at 900 rpm. Further, the prepared
mixture is sonicated at 20 kHz for 60 min in the bath sonication. Agarose
is added afterwards to form an adjuvant loaded gel. The solution is
heated in the microwave oven at 900 W for 3 min. In order to mimic the
actual conditions, layered phantom is made because studies of trans-
dermal drug delivery suggest accumulation of drug in the vicinity of area
of application [4,26]. Furthermore, the penetration of drug depends on
the amount and the duration of dosing. Therefore, two layers are made
in nano-phantom. The top layer comprises of agarose gel loaded with
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Table 1
Nozzle geometry.
Schematic Diagram of MHN Nomenclature
I 4A
4B
.]3 .
4C
. 4 mm
5A
‘2 .
5B
5C

. 8

nanoparticles whereas the bottom layer is made of agarose gel only. The
thickness of top layer is taken as 5 mm to replicate the thickness of
human skin [14]. A sample of normal-phantom and nano-phantom is

ntre of spray (CS)
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shown in Fig. 1].

A commercial cryogun (CS-1) procured from SMT Praha, Czech Re-
public is used to spray the cryogen. Six customised MHNs are used in the
present study to demarcate the impact of nozzle geometry on cryoa-
blation. The orientation of holes in MHNSs are shown in Table 11. Further
specification of MHNs can be found elsewhere [46]. The diameter of
each hole is 0.8 mm. Liquid nitrogen is used as the cryogen in the present
case due to its lower boiling point (—196 °C) and non-toxic nature. The
position of thermocouples and the design of experimental setup are kept
same as in the previous study [46]. The location of thermocouples inside
the phantom is shown in Fig. 2] .

3. 3 characterisation of nanofluid

The purity of MgO nanoparticles are confirmed through the XRD
results (refer Fig. 3bt). It clearly exhibits the peaks at angle 18.57°,
36.96°, 42.98°, 62.36°, 74.71° and 78.66° corresponding to (00 1), (11
1), (200),(220), (311)and (2 2 2) planes. It reflects that MgO
nanoparticles possess cubic structure without any impurity phase [23,
37]. The diffusion and transport of nanoparticles in skin depends on the
size of nanoparticles [4,45]. Studies suggest that the particle size less
than 40 nm can penetrate easily in the human skin [8,19]. The TEM
images of MgO nanoparticles are shown in Fig. 3at. It can be seen in the
image that particle size is less than 40 nm, so smooth penetration of
particles can be ensured. A digital pH meter is used to measure the pH of
nanofluid in order to verify the stability of nanofluid. If pH of nanofluid
is far away from the isoelectric point (IEP) then its stability can be
ensured. The observed IEP signifies that nanoparticles carry no charge,
hence the zeta potential of solid is zero [53]. It causes reduction in
electrostatic force of repulsion and agglomeration of nanoparticles due
to the van der Waals force of attraction [52]. The IEP of MgO nano-
particle is 10.5 [60] whereas the pH of MgO nanofluid is 8.5, which
means the nanofluid is stable.

The nanoparticles as adjuvants improve the thermal conductivity of
the nano-phantom; hence, diffusion of heat in nano-phantom increases.
The Hot Disk TPS 500 Thermal Constants Analyser is used to determine
the thermal conductivity of the manufactured nano-phantom and
normal-phantom. The thermal conductivity is found to be 0.71 + 0.01
W/mK for nano-phantom and 0.59 + 0.02 W/mK for the normal-
phantom.

ATC200: 2 mm below the gel surface and 0 mm away from CS
TC210: 2 mm below the gel surface and 10 mm away from CS
@ TC215:2 mm below the gel surface and 15 mm away from CS
@ TC220:2 mm below the gel surface and 20 mm away from CS
@ TC225:2 mm below the gel surface and 25 mm away from CS
@ TC500: 5 mm below the gel surface and 0 mm away from CS
i TC510: 5 mm below the gel surface and 10 mm away from CS

@ TC515: 5 mm below the gel surface and 15 mm away from CS

Fig. 2. Position of thermocouple.
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(a) TEM Images of MgO nanoparticles
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(b) XRD pattern of MgO nanoparticles

Fig. 3. Characterisation of nanoparticles.
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4. Results and discussion

To determine the influence of adjuvant in cryospray process, two
different tissue phantoms namely nano-phantom and normal phantoms
are made. Altogether 6 MHNSs are selected to spray cryogen on different
phantoms with a freezing cycle of 120 s followed by a natural thawing.
The spraying distance is taken as 18 mm in the present study because it is
the most effective spraying distance for MHNs [46,47].

4.1. Uncertainty analysis

The uncertainty in temperature measurement arises due to the two
sources: stochastic uncertainty and the systematic uncertainty [43,61].
Systematic uncertainty accounts for the variation in temperature mea-
surement due to the device, i.e. thermocouple, whereas random varia-
tions during experiment are acknowledged under stochastic uncertainty.
The error in temperature measurement due to thermocouple is esti-
mated to be 2 °C [33]. In order to ascertain the role of random param-
eters like manual interference and natural convention currents, each
experiment is conducted 5 times. The stochastic uncertainty is calcu-
lated using student t-test. Fig. 4| represents the transient temperature

variation for MHN 5C at TC200 and TC500 locations. The error bars
shown in Fig. 4] are at 95% confidence interval. An overall uncertainty
in temperature measurement is found to be +15 °C. The experimental
studies of cryospray and cryosurgery have reported the uncertainty of
+10 °C to +15 °C in the temperature measurement [5,10,41,47]. Thus,
it can be accepted for the present case.

4.2. Axial temperature distribution

The temperature distribution in nano-phantom at different axial lo-
cations is shown in Fig. 5] and Fig. 6. At.

TC200 location, as the margin among the holes increases the end
temperature increases. The end temperatures obtained by MHNs 5A, 5B
and 5C are —158 °C, —146 °C and —144 °C whereas —157 °C, —145 °C
and —128 °C are the end temperatures obtained from MHNSs 4A, 4B and
4C respectively. Table 2| lists the difference in the end temperatures of
the nano-phantom and the normal-phantom.

The entries of Table 21 suggest similar observations in normal
phantom, because appreciable difference in end temperature of nano-
phantom and normal-phantom is not observed. It also reflects that the
role of adjuvants in cryoablation is less pronounced at TC200 location.
At TC210 location, MHNs with 5 holes follow similar trend in the tem-
perature variation with respect to time as the margin among the holes
increases. However in the case of MHNs with 4 holes, 4B registers the
lowest end temperature followed by 4A and 4C respectively. The end
temperatures registered by MHNs 5A, 5B, 5C, 4A, 4B and 4C are
—142 °C, —138 °C, —129 °C, —113 °C, —123 °C and —113 °C respec-
tively. Moreover, at TC210 location, scenario of difference in end tem-
perature of nano-phantom and normal-phantom is quite different from
the former location (TC200). An appreciable difference in the end
temperature is registered by each MHN; MHNSs 5A and 4B record highest
difference in their respective categories. An enhanced thermal conduc-
tivity and a reduced specific heat of nano-phantom are the reasons for
such variation [11]. Apart from that, the effect of margin among the
holes on cryoablation can be ascertained from the temperature readings
of MHNs with 4 holes at TC210 location in nano-phantom. The MHN 4B
continues to provide maximum cooling in case of MHNs with 4 holes at
TC215 location whereas in the case of MHNs with 5 holes, 5B provides
the lowest end temperature than MHNs 5A and 5C respectively. The
trends of end temperature at TC210 and TC215 locations indicate the
role of margin among the holes and the central hole in cryoablation. The
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Fig. 5. Transient temperature curves of thermocouples placed at 2 mm below the gel surface and at different radial locations.

effect of margin is observed near the centre of the spray (at TC210
location) in the case of MHN with 4 holes whereas in the case of MHN
with 5 holes, it is observed at TC215 location. The presence of central
hole can be the reason for such behavior. Due to the presence of the
central hole, mass flow rate of cryogen increases and the rate of evap-
oration from each individual jet reduces, thus larger droplets (in terms of
diameter) strike the phantom surface which causes the formation of

larger spray zone on the phantom surface. Therefore, in MHNs with 5
holes, the influence of margin is obtained away from the centre of the
spray than in the MHNs with 4 holes. Similarly, —48 °C, —55 °C, —32 °C,
—9°C, —24 °C and —27 °C are the end temperatures registered by MHNs
5A, 5B, 5C, 4A, 4B and 4C respectively at TC220 location. It is important
to mention here that freezing is not observed at TC225 location. More-
over, it is interesting to note here that as the distance from the centre of
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Fig. 6. Transient temperature curves of thermocouples placed at 5 mm below the gel surface and at different radial locations.

the spray increases, the difference between the end temperatures of

Table 2 nano-phantom and normal-phantom increases (refer Table 21). It re-
Difference in end temperature of nano-phantom and normal-phantom [46]. flects that adjuvant assisted approach increases cryoablation in the pe-
Position of thermocouple 5A sB 5C 4A 4B 4C ripheral region of the spray zone. Similar observation is reported by Yan
1C200 4 1 1 4 4 s and liu [30]; they concluded that intentional loading of nanoparticles in
TC210 31 13 4 8 51 36 tissue can lower the end temperature and increase the area of cryoa-
TC215 59 53 15 48 72 56 blation. The thermocouples placed at 5 mm below the gel surface
TC220 53 59 35 15 28 16 replicate the trends of end temperature as followed by thermocouples
TC225 o 17 7 1 10 0 placed at 2 mm below the gel surface. A lower end temperature in
TC500 1 7 5 6 3 11 . . .
Tes10 6 14 23 18 24 o7 nano-phantom is obtained at each location compared to the
TC515 36 33 31 39 50 51 normal-phantom. Among the 6 MHNs selected in the study, MHNs 5B
and 4B provide the most optimised result in terms of cryoablation in
their respective categories.
Table 3
Cooling rate (°C/min) of nano-phantom and normal-phantom [46].
Position of thermocouple Nano-phantom Normal-phantom
5A 5B 5C 4A 4B 4C 5A 5B 5C 4A 4B 4C
TC200 79 72 73 78 72 64 77 73 72 76 70 61
TC210 71 69 64 56 61 56 55 62 62 52 36 38
TC215 56 64 52 34 51 37 26 37 41 10 9 9
TC220 24 27 16 4 12 3 - - 1 - - -
TC225 - - - - - - - - - - - -
TC500 61 61 47 51 43 36 50 47 45 48 44 30
TC510 35 45 46 29 34 25 32 38 35 20 22 11
TC515 32 40 36 17 22 18 14 23 20 - - -

“.” Freezing of gel is not observed.
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Table 4
Movement of lethal front and freezing front (in mm) on the gel surface after 120
s of spray.

Multihole Nozzle =~ Nano-phantom Normal-phantom

Lethal front  Freezing front  Lethal front  Freezing front
5A 43 78 34 50
5B 42 82 30 50
5C 41 80 32 46
4A 36 80 32 46
4B 36 74 30 45
4C 34 72 28 42

The estimation of necrosis on the basis of lethal temperature provides
its quantitative analysis whereas qualitative analysis requires the data of
cooling rate [10,41,50]. The cooling rate governs the mechanism of
necrosis. Studies suggest that formation of interacellular ice (IIF) ball as
the main cause of cell destruction [25]. The cooling rate required for IIF
varies from 50 to 200 °C/min; above 200 °C/min destruction rate de-
creases due to the vitrification of the cell. Table 3] lists the cooling rate
for nano-phantom and normal-phantom at the discrete locations of
thermocouple. It can be interpreted through the entries of Table 3| that
the presence of adjuvants increases the zone of IIF.

In case of normal-phantom, IIF is observed up to TC210 location for
MHNSs with 5 holes whereas in nano-phantom, IIF is observed with each
nozzle. It reflects that the adjuvants assist in the rapid diffusion of
coldness. Similarly, at TC215 location, IIF is not observed with any MHN
in normal-phantom whereas it is observed in nano-phantom (for MHNs
with 5 holes). Furthermore, cooling rate is increased at each location in
the case of nano-phantom. As per the observation of Rubinsky [3],
cooling below lethal temperature guarantees cell death but cell death
can also be assured above lethal temperature if that area falls under the
specific range of cooling rate. The accepted range of lethal temperature,
i.e. temperature required for the destruction of lesion, is —40 °C for a
malignant tumour and —20 °C for a benign tumour [5,7,16,32,54].
Extracellular ice formation (EIF) is the dominant mechanism of cellular
destruction in such regions. It forms when cooling rate is below
50 °C/min and considered as less lethal. So, necrosis can be assured at
TC215, TC510 and TC515 locations through EIF in the nano-phantom.
Thus, it can be concluded that the presence of adjuvant has increased
the necrosis both quantitatively and qualitatively.

4.3. Radial temperature distribution
Table 4] represents the diameter of lethal front (temperature <

—40 °C) and freezing front (temperature <0 °C) formed on the surface of
nano-phantom and normal-phantom. The thermal images obtained after

(a) After 30 s of spray on nano-phantom
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30 s and 120 s of spray for MHN 5C in case of nano-phantom are shown
in Fig. 7|

The upper limit of the contour depicts the maximum temperature in
the domain, i.e. temperature of human hand whereas the lower limit
depicts —40 °C which is not the minimum temperature of the domain.
The thermal imaging camera operates in the range of —40 °C to 120 °C,
so the minimum temperature it can capture is —40 °C. However, the
actual temperature in those regions can be much lower than —40 °C. The
study regarding authentication of thermal images can be found else-
where [46]. The thermal images are captured through FLIR E75 thermal
imaging camera. The data extraction technique followed in the previous
studies [46,47] is used to extract the data from thermal images. The
dimensions of lethal front and freezing front are larger in nano-phantom
than in the normal-phantom. Nanoparticles promote heterogeneous ice
formation by reducing the degree of supercooling of the nano-phantom
thereby assisting in the formation of larger ice ball [15,44]. Moreover,
hydrophilic nature of MgO nanoparticles facilitates the nucleation of ice
by decreasing the Gibbs free energy [62,64,68]. The entries of Table 41
suggest that in case of nano-phantom, as the margin among the holes
increases the area of necrotic zone reduces in MHNs with 5 holes.
Moreover, MHNs with 4 holes follow the similar trend. It should be
noted here that as the margin among the holes increases the spray zone
of cryogen increases but the cooling capacity decreases which can be
attributed as a reason to such variation. The cooling capacity decreases
because the distance between each individual jet increases leading to
more evaporation of cryogen during its flight from the nozzle exit to the
phantom surface due to the entertainment of ambient air. On the basis of
radial temperature distribution, MHN 5A provides the most optimised
result among the 6 nozzles selected in the study and MHN 4B provides
the maximum cryobalation in MHNs with 4 holes. The area of necrotic
zone of 5A, 5B and 5C is 59%, 96% and 64% larger in nano-phantom
than in the normal-phantom respectively. Similarly, the area of
necrotic zone in nano-phantom is 26%, 44% and 30% larger than in
normal-phantom for 4A, 4B and 4C respectively. The diameter of
freezing front is almost twice larger than the diameter of lethal front in
nano-phanotm for each MHN whereas such trend is not observed in the
normal-phantom. It reflects that the energy diffusion ability of agarose
gel increases with the presence of nanoparticles.

5. Conclusion

The present study deals with increasing the rate of heat transfer in-
side the lesion through the modification in the spraying technique
(MHN) as well as the thermophysical properties of the lesion (adju-
vants). It has been observed that with the proposed approach, the ne-
crosis of lesion with a diameter of 10 mm and an axial depth of 2 mm can

B -20.0
1 - .

i~

(b) After 120 s of spray on nano-phantom

Fig. 7. Temperature contour on the surface of gel when MHN 5C is used to spray cryogen for reference purpose.
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be achieved within 15 s of spray (for MHN 5B) whereas it cannot be
achieved even after 120 s of spray through the conventional technique
for the same spraying distance. The conventional technique refers to a
case where commercial single hole nozzle (SHN) of 0.8 mm diameter is
used to spray cryogen on normal-phantom. The influence of adjuvant on
cryoablation is quatified while spraying cryogen with different MHNs on
nano-phantom and normal-phantom respectively. It has been ascer-
tained that the necrosis of lesion with a diameter of 15 mm and an axial
depth 2 mm is achieved within 23 s of spray in nano-phantom whereas it
is achieved after 96 s of spray in normal-phantom when MHN 5B is used
to spray the cryogen. It means that the rate of heat diffusion has
increased inside the phantom due to the presence of adjuvant.
Furthermore, the area of cryoablation in nano-phantom is more than
60% larger than that in the normal-phantom after 120 s of spray when
cryogen is sprayed through a MHN with 5 holes. Interacellular ice for-
mation is predicted up to a radius of 15 mm from the centre of the spray
at an axial depth of 2 mm for MHNs with 5 holes. However, it decreased
to a radius of 10 mm from the centre of the spray at an axial depth of 2
mm for MHNSs with 4 holes. Among the six MHNSs used in the study, MHN
5B provided the most optimised result in terms of cryoablation. Such
approach can be useful in the treatment of larger lesions like keloids and
Squamous cell carcinoma.
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