INTERNATIONAL JOURNAL OF ONCOLOGY 36: 577-584, 2010

581

Time after irradiation (min)

¢EPA (- )-
0Gy

cEPA (+) -
8 Gy

15 30

Figure 3. Detection of DNA damage in HCT116 cells by combining cEPA and X-ray radiation. Human colon carcinoma HCT 116 cells were incubated with or

without 30 #M cEPA for 30 min, and then the plates were radiated with 8 Gy X-

30 mm, the cells were lysed in m.utral buffes
ion under a fluores scope.

Effect of cEPA on survival of HCT116 cell radiosensitivity.
To determine whether cEPA enhances cellular sensitivity to
X-ray radiation, the HCT116 cell line was cultured receiving
the combined cEPA/radiation treatment, and then clonogenic
survival analysis was performed. HCT116 cells were treated
with 1% DMSO (vehicle control) or 30 M cEPA for 48 h
with 8 Gy of radiation 0, 24 or 48 h after treatment of cEPA
[(a), (b) or (c) in Fig. 4A, respectively], and subsequently
plated in 100-mm dishes at different densities based on the
stringency of treatments. This protocol was used in an
attempt to eliminate any effects of trypsinization on post-
irradiation signaling/recovery processes. The surviving frac-
tions obtained after 30 yM cEPA treatment only and 8 Gy
X-ray radiation exposure only were 0.89+0.08 and 0.12+0.01
for HCT116 cells, respectively. As shown in Fig. 4B, cEPA
exposure for 48 h after irradiation [i.c., ‘post-irradiation’ =
(a) of Fig. 4A] resulted in an increase in radiation-induced
cell killing for HCT116 cells, and the surviving fraction was
0.017+0.002; therefore, the survival rate of radiosensitive
enhancement was >7. Furthermore, treatment combining
cEPA with radiation therapy was enhanced with the ¢cEPA
dose, and 40 uM cEPA showed an approximately 10-fold
reduction in clonogenic survival compared with the control
(0 uM cEPA) (Fig. 4C). In this treatment protocol, when
cEPA was treated for 48 h with radiation 24 or 48 h after
cEPA treatment [‘mid-irradiation’ = (b) or ‘pre-irradiation’ =
(c) in Fig. 4A, respectively]. the radiosensitizing effect had
no influence compared with no treatment with cEPA. These

After irradiated cells with or without cEPA were harvested at 0, 15 and

electophoresed and stained fullo\\mg the manufacturer's instructions. The stained cells are shown by x400

data indicate that radiosensitization induced by cEPA is
mediated through a post-irradiation process or event.

Effect of cEPA on enhancement of radiation-induced apop-
tosis. X-ray radiation is known to be a strong inducer of
apoptosis (33). To examine whether susceptibility to apoptosis
can be a determinant of cEPA treatment, the effect of cEPA
on radiation-induced apoptosis in HCT116 cells was investi-
gated using flow cytometry. In this experiment, the three
combinations of 30 M cEPA and 8 Gy X-ray irradiation
were the same schedules as in Fig. 4A (a-c). After cells were
treated with cEPA for 48 h with irradiation, flow cytometric
analysis was performed instead of the clonogenic assay in
Fig. 4A. As shown in Fig. 5, a lower concentration of cEPA
(i.e., 30 uM of the LDy, value of HCT116 cell growth in
Fig. 2A) alone did not induce apoptosis, although apoptotic
cells were induced by 8 Gy X-ray radiation. Radiation-
induced apoptosis depended on the incubation time after
irradiation, and cells incubated for 48 h after irradiation [i.e.,
(a) of Fig. 4A] showed the highest apoptosis induction
compared with other cells incubated for 24 and 0 h after
irradiation; i.e., (b) and (c) of Fig. 4A. In HCT116 cells,
DNA damage occurred immediately with irradiation (Fig. 3),
although apoptosis was induced 24 h or later after irradiation.
The apoptotic level in cultures receiving combined radiation/
cEPA treatment was greater than in the radiation-only group;
therefore, the cEPA-mediated increase in radiosensitivity
could be attributed to enhanced susceptibility to apoptosis.



582
A . cEPA addition .~
T~ -
YR
| |
a) £ -
@ l
IR
by = Y {
) f 1
X IRY
]
(c) |
) | }
HH Welha ciumge
: (without cEPA)
Time (hour)
2 weeks
incubation
Colony count

B (a) q EPA ()
§; u‘: \ i CEPA (+)
Euot

[
Radiation dose (Gy)

Radiation dose (Gy)
©
§ 0.1
=
1§ 001
@»
0.001
0
Radiation dose (Gy)
Discussion

We reported previously that conjugated PUFA, such as cEPA
prepared by alkaline treatment of PUFA, was a two-fold
stronger pol inhibitor than normal PUFA (31). cEPA did not
influence pol activities from plants and prokaryotes and other
DNA metabolic enzyme activities, and no interaction of
cEPA with DNA was detected in an independent DNA-
binding assay (i.e., Tm of double-stranded DNA measure-
ments) (23). These results suggested that selective inhibitory
action by cEPA might be due to specific binding to pol
enzymes. Furthermore, the mechanisms by which cEPA
suppresses human cancer cell growth were investigated, and
it was revealed that the inhibition of pol activity by cEPA
influenced not only cell proliferation but also the cell cycle
(31). Cell cycle arrest in the G1 phase by cEPA was consi-
dered to be induced by the p53/p21 pathway from the ATR-

KUMAMOTO-YONEZAWA et al: ANTICANCER EFFECT OF THE COMBINATION OF ¢cEPA/RADIATION

C CEPA conc
OuM

10 pM 20uM 30uM 40 uM

O 0pM
—A— 10uM
—— 20 uM
—@- 30 uM
—— 40 uM

Surviving fraction
=3

Radiation dose (Gy)

Figure 4. Clonogenic survival of HCT116 cells by combining ¢EPA and
X-ray radiation. (A) Treatment schedules combining 30 xM cEPA and 8 Gy
of X-ray radiation of human colon carcinoma HCT116 cells. (a), cEPA
exposure for 48 h after irradiation (i.e., ‘ post-irradiation®); (b), mid-irradiati
and (c), cEPA exposure for 48 h before irradiation (i.c., ‘pre-irradiation”). IR
is X-ray irradiation. (B) Survival curves of HCT116 cells by clonogenic
assay following the treatment schedules (a) to (c). Cells were added with or
without 30 M ¢EPA. (C) Colony plates of clonogenic assay and survival
curves of the HCT116 cells treated by the indicated concentrations of ¢cEPA
for 48 h after radiation; i.e., schedule (a). Values are the means + SEM of
two independent experiments.

Chk1/2-signaling pathway in HCT116 cells (16). Since cEPA
did not influence the proliferation of normal cells (data not
shown), cEPA should also be considered the lead compound
of a group of potentially useful agents for cancer chemo-
therapy.

In this study, cEPA (conjugated C20:5 fatty acid) was
prepared from EPA by alkaline treatment, as described in
Materials and methods, and the chemically synthesized
fraction was used. This fraction contained 98% cEPA, which
had conjugated double bonds, but did not contain
hydroperoxy- and/or hydroxy-fatty acids (data not shown);
however, each cEPA isomer, which has a cis- or trans-double
bond compound, was not separated and purified. Jain et al
reported that trans-arachidonic acid (C20:4 fatty acid)
isomers (especially 5,6- trans-arachidonic acid) showed
distinct activity by targeting cell progression through the cell
cycle (arrest in the G1 phase) and inducing apoptosis (34).
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Figure 5. Detection of apoptosis in HCT 116 cells by combining ¢cEPA and X-ray radiation. Treatment schedules (a) to (¢) combining 30 #M cEPA and 8 Gy
X-ray radiation of human colon carcinoma HCT116 cells are shown in Fig. 4A. Treated cells were cultured for 48 h, harvested, stained with annexin V, and

then analyzed using flow cytometry.

These results suggested that the trans-cEPA isomer in the
fraction might have bio-activities, such as pol inhibition,
prevention of cancer cell growth, G1 phase arrest of the
cancer cell cycle, and apoptosis induction.

Radiotherapy remains a primary cancer treatment modality
for solid tumors, and the ability to enhance its efficacy is thus
likely to impact a significant number of cancer patients.
DNA repair-related pols, especially pol B, have been shown
to be altered in around 30% of tumors, suggesting a role in
tumor formation (35). These changes include overexpression,
truncation and mutations modulating the activity of these
enzymes and are postulated to influence DNA repair and
therefore possibly tumorigenesis (36-38). This is the initial
investigation into the combination of radiation and cEPA,

which is a selective mammalian pol inhibitor. The results of
this study indicate that cEPA enhanced the radiosensitivity of
human colon carcinoma HCT116 cells, which inhibited the
activities of pols in the cells (Fig. 1), reduced the expression
of pols, especially DNA repair-related pols such as pols 8, &
and ¢ (Fig. 2), and caused consequent DNA repair inactiva-
tion of damaged DNA, including DSBs by X-ray irradiation
(Fig. 3). Furthermore, the cell treatment of post-irradiation
addition of cEPA showed significantly greater anticancer
effects, such as inductions of cancer cell killing and
apoptosis, than other combined cEPA/radiation schedules
(Figs. 4 and 5). In conclusion, combining selective inhibitors
of DNA repair-related pols, such as ¢cEPA, and radiation
might have clinical potential as a cancer treatment strategy.
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Abstract:  Background. The aim of this study was to evaluate
the significance of nuclear factor-kappa B (NF-xB) expression
as a marker of radioresistance in early-stage laryngeal cancer.
Methods. Thirty-five patients with local recurrence and 70
case-matched patients without local recurrence were entered
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in this study. NF-xB expression was compared with Bcl-2 and
epidermal growth factor (EGF) receptor expression by immu-
nohistochemistry, using pretreatment biopsy specimens. The
prognostic value of NF-xB was also evaluated. Twenty-nine
recurrent tumors were compared with pretreatment tumors.

Results. NF-xB expression in pretreatment tumors signifi-
cantly correlated with local tumor control (p = .01), but bcl-2
and EGF receptor expression did not. Only NF-xB expression
showed prognostic significance for local tumor control in both
univariate and multivariate analyses (p = .008 and .04, respec-
tively). NF-xB expression was markedly enhanced in 23 of 29
(80%) recurrent tumors.

Conclusion. NF-xB expression may be a novel marker of
radioresistance in early-stage laryngeal cancer. © 2009
Wiley Periodicals, Inc. Head Neck 32: 646-655, 2010

Keywords: early-stage laryngeal cancer; nuclear factor-xB;
radioresistance; radiotherapy; immunohistochemistry

Head and neck cancers, which are often caused
by cigarette smoke, are the sixth most prevalent
cancers in the world, with a global incidence of
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approximately 500,000 cases per year.' Laryn-
geal cancers are dominated by squamous cell
carcinomas, of which 67% arise in the glottic
region, 31% in the supraglottis, and 2% in the
subglottis.” Treatment options for T1-T2NO
classification laryngeal cancers include transoral
laser excision, radiotherapy, and open partial
laryngectomy. Treatment goals include cure, la-
ryngeal voice preservation, improvement in
voice quality, optimization of swallowing, and
minimization of xerostomia.® Local control rates
and voice quality are comparable for patients
treated with transoral laser excision and radio-
therapy, but open partial laryngectomy leads to
poorer voice quality.*® At our institution, we
use radiotherapy as an initial treatment for
early-stage laryngeal cancer and reserve salvage
surgery for tumor recurrences.

Although most patients with early-stage
laryngeal cancer can be cured with radiother-
apy, these outcomes have not improved over the
past 2 decades, in part because there are no
clinicopathological features that can consistently
identify radioresistant tumors.'®'* Assessments
of biological markers, such as p53, bcl-2, vascu-
lar endothelial growth factor (VEGF), and
epidermal growth factor (EGF) receptor, may
provide new insights into the treatment of
early-stage laryngeal cancer.'*'7 Nix et al*
reported a correlation between the bcl family
and poor local control in early-stage laryngeal
cancer. Demiral et al'® reported a correlation
between EGF receptor expression and poor local
control in early-stage laryngeal cancer. However,
because few reports exist on how those factors
affect local disease controllability,’” new biologi-
cal markers are required.

Nuclear factor-kappa B (NF-kB) is an induci-
ble transcription factor that has been shown to
be associated with the origin and progression of
cancer by controlling the expression of genes
involved in cell growth, apoptosis, adhesion, and
migration.'® NF-«B includes subunits, known as
p50, p52, p65 (RelA), RelB, and c-Rel, that are
able to form either homodimers or hetero-
dimers.” The inactive form of NF-xB is local-
ized in the cytoplasm bound to an inhibitor IxB.
Once released from the inhibitory molecule, NF-
kB is translocated to the nucleus, where it can
bind to target sites in DNA and can regulate
transcription of certain genes.?’ The best-char-
acterized subunit of NF-xB is p65 (RelA), which
forms NF-kB heterodimers together with p50
through the classical pathway. The heterodimers

NF-xB Expression in Early-Stage Laryngeal Cancer

are potent activators of gene expression, and
p65 (RelA) is responsible for this activation.?"??
Thus, NF-xB/p65 is thought to play important
roles in carcinogenesis or resistance to anti-
cancer therapy. Recently, the RelB/p52 NF-xB
heterodimer, which forms through the nonclassi-
cal pathway, has been newly recognized as an
activator of gene expression.?®> In a clinical
study, Izzo et al>® demonstrated that activated
NF-xB had predictive value for tumor controll-
ability after neoadjuvant chemoradiotherapy in
patients with esophageal cancer. However, it is
unclear whether NF-xB activation predicts local
tumor controllability of early-stage laryngeal
cancer treated with radiotherapy as a single
modality.*

In this study, we first evaluated NF-xB
expression by immunohistochemistry using pre-
treatment biopsy specimens compared with bel-2
and EGF receptor expression. Next, we investi-
gated whether NF-kB expression had a prognos-
tic ability for local tumor control in patients
with early-stage laryngeal cancer. Moreover,
NF-kB expression in recurrent tumors was
evaluated and compared with the respective
pretreatment tumors.

MATERIALS AND METHODS

Patients. Between 1990 and 2005, 250 patients
with biopsy-proven squamous cell carcinoma of
the larynx (T1-T2NOMO classification) were
treated by definitive radiotherapy at Kobe Uni-
versity Hospital. Of these 250 patients, 48
patients experienced local recurrence. Among
these 48 patients, 35 could be evaluated with
immunohistochemical analysis using their pre-
treatment biopsy specimens. Subsequently, to
minimize confounding variables, patients with-
out local recurrence were selected to be matched
with patients with local recurrence as much as
possible to establish a 1-to-2 matching. The
matching factors were age, sex, smoking history
(Brinkman Index), tumor stage, histological
grade, radiation dose, radiation method, and
overall treatment time (OTT). Finally, 35
patients with local recurrence and 70 patients
without local recurrence were enrolled in this
study. Patients with local recurrence constituted
the “radioresistant group,” and patients without
local recurrence constituted the “radiosensitive
group.” Staging was performed according to
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Table 1. Patient, tumor, and treatment details of radioresistant and radiosensitive groups (n = 105)

Radioresistant Radiosensitive
Characteristic group (n = 35) group (n = 70) p value
Age, y
<60 6 12 78
>60 29 58
Median (range) 67 (46-85) 68 (48-83)
Sex
Male 32 65 .90
Female 3 5
Smoking (Brinkman Index)
<600 7 12 21
>600 26 45
Not available 2 13
Median (range) 1200 (0-3000) 960 (08-2600)
Tumor location
Glottic 25 63 .03
Nonglottic 10 7
Tumor classification
T 18 49 10
T2 17 21
Histology
Well-differentiated SCC 7 22 .60
Moderately differentiated SCC 10 18
Poorly differentiated SCC 2 2
SCC, NOS 16 28
Radiation dose, Gy
<66 15 42 0.15
>66 20 28
Median (range) 70 (56-76.8) 66 (60-74.4)
Radiation method
Once daily 30 60 .78
Twice daily 5 10
oTT, d
<45 12 29 .62
>45 23 41
Median (range) 48 (35-59) 47 (37-73)

iations: SCC,

TNM classification of the Union Internationale
Contre le Cancer (UICC 1997). The details of
patient and tumor characteristics in these
2 groups are shown in Table 1.

Radiotherapy. All patients were treated with
external-beam radiotherapy using high-energy
photons from a 4-MV X-ray linear accelerator.
Patients were immobilized with a thermoplastic
mask, and CT images were acquired in the
treatment position to allow for 3-dimensional
treatment planning. Typically, a parallel-
opposed field was used, and no elective irradia-
tion for neck lymph nodes was performed. The
median total doses of the radioresistant and ra-
diosensitive groups were 70 Gray (Gy) (range,
56-76.8) and 66 Gy (range, 60-74.4), respec-
tively. In the radioresistant group, 30 patients
(86%) were treated once daily (2 Gy per frac-

648 NF-xB Expression in Early-Stage Laryngeal Cancer

cell carcinoma; NOS, not otherwise specified; OTT, Overal treatment time.

tion), with the total dose ranging from 56 to 70
Gy, and 5 patients (14%) were treated twice
daily (1.2 Gy per fraction at 6-hour intervals),
with the total dose ranging from 72 to 76.8 Gy.
In the radiosensitive group, 60 patients (86%)
were treated once daily, with the total dose
ranging from 60 to 70 Gy, and 10 patients (14%)
were treated twice daily, with the total dose
ranging from 72 to 74.4 Gy. The median OTTs of
each group were 48 days (range, 35-59) and
47 days (range, 37-73), respectively. Details of
the radiotherapy are also shown in Table 1.

Immunohistochemistry. Immunohistochemical
evaluation was performed for 105 patients with
pretreatment specimens using the following pro-
cedures. Four-micrometer-thick sections from
formalin-fixed, paraffin-embedded tissue blocks
were placed on poly-L-lysine—coated slides and
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dried for 2 hours at 60°C. Immunohistochemical
staining of NF-kB p65, bcl-2, and EGF receptor
was performed with the Dako Envision Plus
System (Dako A/S, Copenhagen, Denmark) fol-
lowing the manufacturer’s instructions. Briefly,
the sections were deparaffinized in xylene and
rehydrated in graded ethanol. Endogenous
peroxidase activity was blocked using a 0.3%
solution of hydrogen peroxidase in Tris-buffered
saline (TBS) at room temperature for 10
minutes. A few drops of the diluted normal
blocking serum were placed on the tissue, which
was incubated at room temperature for 10
minutes. The sections were then incubated at
4°C overnight with primary monoclonal antibod-
ies for NF-kB p65 (1:500), bcl-2 (1:150), and
EGF receptor (1:150) (Santa Cruz Biotechnology,
Santa Cruz, CA). The next day, the sections
were rinsed 3 times with TBS for 5 minutes
each and then incubated for 60 minutes with
secondary antibody. Peroxidase activity was
visualized with 0.03% 3,3'-diaminobenzidine tet-
rahydrochloride (DAB) solution for 10 minutes.
After being counterstained with hematoxylin
and rinsed in deionized water, the sections were
mounted.

NF-«B expression was evaluated on the basis
of staining intensity and extent according to the
criteria of Ross and colleagues.?® The intensities
of cytoplasmic and/or nuclear staining were
graded as weak, moderate, or intense. The
staining extents were also graded as focal
(£10%), regional (11% to 50%), or diffuse
(>50%). Specimens graded as moderate regional,
moderate diffuse, intense regional, and intense
diffuse were considered positive (see Figure 1).
Briefly, a specimen that demonstrated >10% of
tumor cells with moderate to intense staining
was considered positive. Bcl-2 and EGF receptor
expression levels were evaluated with the same
criteria as those for cytoplasmic staining. Speci-
mens of recurrent tumors from 29 patients were
also evaluated and compared with their corre-
sponding pretreatment tumors for NF-xB
expression.

Statistics. Statistical analyses were performed
using Sigma Plot 9.0 software (Systat Corpora-
tion, San Jose, CA). The chi-square test was per-
formed to assess measures of association in a
grouped frequency table. Local control rates were
drawn using the Kaplan-Meier method and com-
pared with use of the log-rank test. The follow-up
duration of local control rates was calculated

NF-xB Expression in Early-Stage Laryngeal Cancer

FIGURE 1. A representation of positive NF-xB expression (52
years old, male, T2 glottic cancer). Note that both cytoplasmic
staining and nuclear staining were observed. Arrowheads indi-
cate the stained nucleus. NF, nuclear factor.

from the start of treatment. To identify prognos-
tic factors for local tumor control, univariate
analysis was first performed using the log-rank
test. Multivariate analysis was performed on
statistically significant variables identified in the
univariate analysis using a Cox proportional haz-
ards regression model that yields adjusted haz-
ard ratios (HRs) and 95% confidence intervals
(CIs). A value of p < .05 was considered statisti-
cally significant.

RESULTS

Correlation Between Local Tumor Control and NF-
kB, bcl-2, and EGF Receptor Expression. The
result of immunohistochemical analysis of NF-
kB expression was predominantly cytoplasmic
NF-kB expression, with or without scattered
nuclear NF-kB expression. There were no cases
that showed only nuclear expression without
cytoplasmic expression. Therefore, combined
cytoplasmic and nuclear (whole) NF-xB expres-
sion was used for the analyses as NF-kB expres-
sion. Sixty-two of 105 patients were determined
as positive for NF-kB expression. Among the 35
specimens from the radioresistant group, 27
(77%) were positive, and 8 (23%) were negative,
whereas among the 70 specimens of the radio-
sensitive group, 35 (50%) were positive, and
35 (50%) were negative. NF-xB expression sig-
nificantly correlated with local tumor recurrence
(p = .01), whereas bcl-2 and EGF receptor
expression did not (p = .75 and .48, respectively)
(Table 2). Positive predictive values (PPVs) for
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Table 2. Analyses of NF-xB, bcl-2, and EGF receptor expressions in pretreatment tumors.

Radioresistant Radiosensitive

P
value

Total (n = 105) group (n == 35) group (n =70) PPV
Single factor

NF-«xB
Positive 62 27 35 .01 0.44
Negative 43 8 35

Bcl-2
Positive 93 31 62 75 0.35
Negative 12 4 8

EGF receptor
Positive 78 28 50 48 0.42
Negative 27 7 20

Combined factors

NF-xB and bcl-2
Positive 59 25 35 .06 0.42
Negative 45 10 35

NF-kB and EGF receptor
Positive 58 23 35 19 0.40
Negative 47 12 35

NF-kB, bcl-2, and EGF receptor
Positive 57 22 35 .30 0.39
Negative 48 18 35

Abbreviations: NF-xB, nuclear factor-kappa B; EGF receptor, epidermal growth factor receptor; PPV, positive predictive value.

NF-kB, bel-2, and EGF receptor were 0.44, 0.35,
and 0.42, respectively. Subsequently, we as-
sessed whether any combination with other bio-
logical markers might improve PPV. The PPVs
of NF-kB and bcl-2, NF-xB and EGF receptor,
and a combination of NF-xB, bcl-2, and EGF re-
ceptor were 0.42, 0.40, and 0.39, respectively
(Table 2). The median duration to relapse of the
27 NF-xB positive cases was 11 months (range,
4-36), with a median follow-up of 60 months
(range, 19-192), whereas that of the 8 NF-xB
negative cases was 8 months (range, 3-23), with
a median follow-up of 57 months (range, 15—
156). Additionally, evaluation of the nuclear NF-
kB expression was performed separately.
Twenty-six of 105 specimens were determined to
be positive for nuclear NF-xB expression.
Among the 35 specimens from the radioresistant
group, 14 (40%) were positive, and 21 (60%)
were negative, whereas among the 70 specimens
from the radiosensitive group, 12 (17%) were
positive, and 58 (83%) were negative. Nuclear
NF-kB expression also significantly correlated
with local recurrence (p = .02) with a PPV of
0.54, but it did not show stronger expression.
PPV was also not remarkably changed.

The 5-year local control rate in patients with
positive NF-kB expression was significantly
worse than that in patients with negative NF-
kB expression (46% and 81%, respectively, p =

650 NF-xB Expression in Early-Stage Laryngeal Cancer

.008) (Figure 2A), but there were no differences
regarding local control rates when cases were
classified according to bcl-2 or EGF receptor
expression (p = .86 and .55, respectively) (Fig-
ures 2B and 2C). The 5-year local control rate in
patients with positive nuclear NF-kB expression
was also significantly worse than that in
patients with negative nuclear NF-kB expres-
sion (40% and 70%, respectively, p = .02).

Prognostic Factors for Local Tumor Control. Clini-
cal factors, including age, tumor location, tumor
stage, radiation dose, OTT, and Brinkman
Index, were also tested in addition to biological
markers. NF-xB expression was evaluated as a
single variable because there was a strong “posi-
tive” correlation in local control between whole
and nuclear NF-xB expression from the previous
results. In univariate analysis, NF-kB expres-
sion was a significant prognostic factor for local
tumor control (p = .008), as were tumor location
and T classification (p = .02, and .03, respec-
tively; Table 3). In multivariate analysis with
those 3 factors, only NF-kB expression main-
tained prognostic significance (p = .04, HR =
0.43, 95% CI = 0.18-0.99; Table 3).

C i of NF-xB
and Pretreatment Tumors. Among the 35 pa-
tients in the radioresistant group with
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FIGURE 2. (A) Five-year local control rates among 105 patients
selected for case-matched analysis according to NF-xB expres-
sion (positive cases: 46%; negative cases: 81%). (B) Five-year
local control rates according to Bcl-2 expression (positive
cases: 61%; negative cases: 66%). (C) Five-year local control
rates according to EGF receptor expression (positive cases:
60%; negative cases: 66%). NF, nuclear factor; EGF, epidermal
growth factor.

evaluated pretreatment specimens, recurrent
tumors from 29 (83%) patients could be eval-
uated and compared with their pretreatment
tumors, whereas those .of the 6 patients who

NF-xB Expression in Early-Stage Laryngeal Cancer

had been diagnosed at other hospitals could not.
Twenty-six of 29 (90%) recurrent tumors showed
positive NF-kB expression, compared with only
62 of 105 (60%) pretreatment tumors (p = .004)
(Table 4).

Sixteen of 22 patients (73%) with pretreat-
ment tumors that were NF-kB positive showed
enhanced expression in recurrent tumors,
whereas all patients with pretreatment tumors
negative for NF-kB converted to NF-kB—positive
recurrent tumors (see Figure 3). In total, NF-xB
expression was dramatically enhanced in 23 of
29 (80%) recurrent tumors.

DISCUSSION

Early-stage laryngeal cancer constitutes a wide
spectrum of disease, and treatment choices
depend on factors such as tumor volume and
extent; involvement of the anterior commissure;
lymph node metastasis; patient age, occupation,
preference, and compliance; availability of exper-
tise in radiotherapy or surgery; and history of a
malignant lesion in the head and neck.® There
are no randomized studies comparing radiother-
apy with conservation surgery regarding local
control or survival for patients with early-stage
laryngeal cancer. Similarly, there are no
randomized controlled data comparing functional
outcomes, specifically voice quality or swallowing
ability.” Therefore, biological markers to predict
radioresistant tumors may be useful prognostic
tools.

Several biological markers may predict the
local controllability in early-stage laryngeal can-
cer, but the findings are often controversial. For
example, bcl-2 has been proposed,'*?® but also
argued against,”"*® and EGF has also been pro-
posed'® and shown not to be an effective prognos-
tic marker.”®? Many have also argued that the
status of p53 is not an appropriate marker for
prognosis or clinical outcomes.'®'%?® We found
that NF-«B expression showed the strongest cor-
relation with local tumor control relative to bel-2
or EGF receptor expression. In our study, nuclear
NF-kB expression was also evaluated separately,
but it was difficult to determine whether NF-xB
was more tightly associated with local recur-
rence. It was speculated that this result might be
explained by the difficulty of evaluation of
nuclear expression. As for reduction of positive
tumors when nuclear NF-kB expression was
used, several investigators have reported similar
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Table 3. Analyses of prognostic factors for local tumor control

Variable Tests for favorable status HR 95% Cl p value

Univariate analyses
NF-kB expression Positive (n = 62) vs negative (n = 43) 008
Age. y <60 (n = 18) vs >60 (n = 87) .98
Sex Male (n = 97) vs female (n = 8) 93
Brinkman Index* <600 (n = 19) vs >600 (n = 71) 76
Tumor location Glottic (n = 88) vs nonglottic (. .02
Tumor classification T1 (n = 67) vs T2 (n = 38) .03
Radiation dose, Gy <66 (n 7) vs >66 (n = 48) .07
OTT, days <45 (n = 41) vs >45 (n = 64) .30
Bel-2 expression Positive (n = 93) vs negative (n = 12) 85
EGF receptor expression Positive (n = 78) vs negative (n = 27) .55

Muttivariate analyses
NF-xB expression Positive (n = 62) vs negative (n = 43) 0.43 0.18-0.99 .04
Tumor location Glottic (n = 88) vs nonglottic (n = 17) 0.53 0.24-1.13 .10
Tumor classification T1(n=67) vs T2 (n = 38) 0.75 0.37-1.56 43

Abbreviations: NF-«B, nuclear factor-kappa B; EGF receptor, epidermal growth factor receptor; OTT, overall treatment time; HR, hazard ratio; Cl, confi-

dence interval.
*In all, 90 patients were available to be analyzed.

results in other malignancies. Ross and col-
leagues®® analyzed NF-xB expression in prostate
adenocarcinomas and reported that 66 of 136
(49%) prostate adenocarcinomas expressed cyto-
plasmic NF-kB and that 20 of 136 (15%)
expressed nuclear NF-«B. Sasaki et al*® also ana-
lyzed NF-xB expression in gastric carcinomas
and reported that the mean percentages of cyto-
plasmic and nuclear expression of NF-xB in tu-
mor cells were 70.4% and 22.5%, respectively.
Our results seemed to be consistent with these
reports.

Although NF-kB expression significantly cor-
related with local control, the PPV for NF-xB
expression was slightly low, at 0.44. We assessed
whether any combination with other biological
markers might improve this PPV. The PPVs of
NF-«B and becl-2, NF-«xB, and EGF receptor and
a combination of NF-kB, bcl-2, and EGF recep-
tor were 0.42, 0.4, and 0.39, respectively (Table
2). Therefore, at least in our series, no combina-
tion showed stronger abilities compared with
the single marker of NF-kB as for PPV. Using
nuclear NF-kB expression also did not remark-
ably improve PPV. Larger scales of prospective
studies will be required to conclude whether a
single marker of the NF-kB or any combination
with other biological markers might be a more
powerful predictor for radioresistant tumors in
the future.

Our results also indicate that NF-kB expres-
sion may be an independent prognostic factor in
early-stage laryngeal cancer. Tumor classifica-
tion, total dose, and OTT are common prognostic

652 NF-xB Expression in Early-Stage Laryngeal Cancer

factors for local tumor control.>'*? In this study,
a case-control design matching those factors was
performed to minimize their influence, but both
tumor location, which was imbalanced because
of the smaller number of patients with nonglot-
tic disease, and tumor classification reached
prognostic significance in univariate analysis.
Therefore, to confirm the prognostic value of
NF-kB expression, larger and more prospective
studies are also warranted.

Another important finding in this study is
the enhanced NF-xB expression in recurrent
laryngeal cancers. NF-kB is activated by ionizing
radiation in cancer cells.***> Fan et al®® reported
that exposure to low-dose ionizing radiation
induced adaptive radioresistance in mouth skin
epithelial cells and activation of NF-kB, whereas
inhibition of NF-xB blocked this radioresistance.
Ahmed and Li*” showed that activation of NF-xB
was required for adaptive radioresistance and
might mediate tumor radioresistance. Therefore,
our results are consistent with those

Table 4. Comparison of NF-kB expression between
pretreatment and recurrent tumors

NF-xB expression

Positive Negative p value
Pretreatment tumors 62 43 .004
(n = 105)
Recurrent tumors* 26 3
(n=29)

Abbreviation: NF-xB, nuclear factor-kappa B.
*In all, 29 of 35 recurrent tumors were available.
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NF-xB
“Negative”
tumors

FIGURE 3. Comparison of NF-xB

Pretreatment tumors

p ion between pi
early-stage laryngeal cancers. (A) NF-xB “positive” cases: case 1 (65 years old, male, T2 supraglottic) and case 2 (59 years old,
male, T1a glottic). (B) NF-xB “negative” cases: case 3 (60 years old, female, T1a glottic) and case 4 (63 years old, male, T1a glottic).
NF, nuclear factor.

experiments. However, several specimen-related
factors could affect the enhancement of NF-xB
expression in recurrent tumors. One of these fac-
tors is the condition of specimen storage. At our
institution, all paraffin-embedded specimens
were stored under the correct temperature and
humidity conditions. The shorter storage times
for recurrent tumors could also affect the result,
but in fact, the specimen storage times were not
different: pretreatment tumors were stored for 93

NF-xB Expression in Early-Stage Laryngeal Cancer

Recurrent tumors

(left panels) and recurrent (right panels) tumors in 4 patients with

months (range, 28-215) after histological evalua-
tion, and recurrent tumors were stored for 86
months (range, 19-185) (p = .26 by a ¢ test), sug-
gesting that storage time did not influence these
results. Patient-related factors, such as smoking,
chemotherapy, and infection, could also enhance
NF-kB expression. We believe that the enhance-
ment was mainly attributable to radioresistance,
but further examination with extreme caution is
required to exclude the influence of these factors.
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Benefits of using such predictive radioresist-
ant markers in the treatment of early-stage
laryngeal cancer are to provide further impro-
vements in treatment outcomes, including
laryngeal preservation rate. Prediction of radio-
resistant tumors may allow us to choose more
aggressive strategies such as concurrent chemo-
radiotherapy or to choose laryngeal preserving
surgery combined with radiotherapy in such
cases instead of radiotherapy alone. Therefore,
prospective studies for the use of predictive
markers including NF-kB should be performed.
Moreover, a novel strategy targeting inhibition
of NF-xkB against radioresistant laryngeal can-
cer should also be proposed. In the clinical field,
few studies demonstrate that targeting NF-xB
might achieve improvement in treatment out-
comes. Van Waes and colleagues® reported the
results of their study targeting inhibition of NF-
kB using a proteasome inhibitor in patients
with recurrent head and neck squamous cell
carcinoma. In that study, some cases showed
effective responses, whereas others progressed.
Thus, effectiveness of the inhibition of NF-kB
has not yet been proven. Several investigators
have reported that activation of NF-xB is an im-
portant step for protection from radiation-
induced damage in normal tissue.*' There-
fore, when a novel radiotherapeutic strategy
combined with inhibition of NF-kB is proposed,
attention must be paid to the possibility that
the combination may increase not only the toxic-
ity of the radiotherapy, but also its efficacy. Our
results also involve the possibility that targeting
NF-xB combined with radiotherapy may be a
useful tool for radioresistant tumors, but many
problems must be overcome.

In conclusion, this report includes 2 impor-
tant findings. First, NF-xB expression was cor-
related with local tumor control and was a
strong prognostic factor in early-stage laryngeal
cancer. Second, NF-kB expression was dramati-
cally enhanced in recurrent laryngeal cancer.
Thus, NF-xB may play an important role in the
radioresistant mechanisms of early-stage laryn-
geal cancer.
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TEHA AU, i, BB A% D FDGPET AYREICHH
Lans BOT, BEHREROKRE %2V 7
Mo EEETEL IR, FICIIRRE O BB AT
BWT, FDGPET % EDMRITIERTIIL #s L
SHIZHMTIEM TEAMCERZR > THIRIL, #%¥
Tld FDGPET O¥ERIED—~DTH5 Standardized
Uptake Value (SUV)Z AW /= I/ NIERTREZ BV 5T
HBFENZBEL TOHFOME 705 BT D,

2. TREHRCARRICE TS FDG-PET &R

FDG-PET O 312072 0 £k % 12351 THE
INTVLBA, KT 3 (1) Initial Staging FIElHEHHR:
ORI, (2) Restaging(FFERF OIFZE DIRAT D BT,
(3) Response Evaluation (&% & R P d). @)
Delineating Tumor Targets (HSHSERDOEERERLIO
el 2BHTY) . (5) Predict Outcome (PPN E725.,
L7255 T FDGPET Bt 2 (K3 MO, Hift
D EMNIFAITH BN ZEYITREMZ LA, FDGPET
BB OF R L R— b2 B 2 Ei 6. KEEOHIL
a7 2 fegB L Gl U) /e i M & U T LR — b & fEk
THENNEEND, (6) &L T, BiBGHRaRED
TBORFRITHRAEIE N O B FE I O HIE 1 B9 2 EaIci L
THETREIWEERNRD,

2.1 Initial Staging

FDG-PET (33E/MilfafitiZs v, Foiini A, BIED 2N
filf, SR A, FFREAIAAEGOHRET
FHHRE IEICHE T H H05, £ 0 Tl B A A
%, MALT Lymphoma % T3 FDG OERHEHL TR
M%<, RUIE OBRIC © 2 OIS ORHEICRICTEREAS
RETH D, iU NHEBOA L T CT i
AT PET 2195 Z Ik DZOEBSHENM L.
Baardwijk %3 ° flidt AORERY > NEBENC BN T
13 Sensitivity 7% 71~91% (PET with CT) vs. 22~83%
(CT): Specificity 73 67~92% (PET with CT) vs. 66~
90% (CT);, Accuracy A% 73~92% vs. 65~80% & #it L
TWwa,

FEA DY) 2 HIBENIC BN TS, Sensitivity 45 5
~74% (PET with CT) va 47~50% (CT); Specificity 73
84~90% (PET with CT) vs. 69% (CT); Accuracy 7% 82
~83%(PET with CT) vs. 64~68%(CT)& % DA ZMEAT

1 62 #%. Bt RETHFAR) o\ WEBEAT
BEHTH =A% FIG-PET (< TTIHEERE & UERERY
VB EEE SN,

WEXNTVWS, RHEAENFICBN TS, K5 *
AU AR S AR U /2 1 Mk Ml As Al
3t D AR ERE AL U AR RIC BV TS, FDG-PET
Z T 2 NHfRE-ORRIRE D E L IR L2
FITDHTERMOTERETH S, F/o. B1IEIERAD
AiA & UTHERY > SHIT 2 BatiiR R e ks n
THEBITH 5o KN TTORIRE TRV —F > OWFEH - W5
#E e CT. MRI OB/ THFERAME TE20
o7=hl. FDGPET Z3%Hid 5 Z & C FIREHICEEL T
W BN B2 TR TE, REHREIIC B D160 )7
SAVETIIR o i TH B, ITFETI3E < DX T
FEARBA AT LT FDGPET WA Okt & LU TN
TNTVWBHL AGEGIDL D I KERER D 1% (5
£, WAGHR) CELUTHE TEERERERDZE
EEELN,
2. 2 Restaging

i AP REA A BN TIIES T THHL, WA
MY 2N E S < OEMERTE, ERIEE
XN T, FNLSOEAOMIEER I H S 5785
FASASEE L TS TTREM 2 HEICH B D Z L HTHG
BIEEE % 56 = 2T OAABIRIEITRO S5, bk
27D &5 IR THENEERIE D & FDG-PET Wi %
KIS N BT, FOKEEMOEE 20T HR
L7=2WiL R— b 2ERT 5 2 ENEREI NS, #DiR
TANEHR I RIE#IL DT, FDGPET ZHW e
LEOWEEICTREDIL TEAY 29 5 BRI
DTREV, WEREFEIEORMICH X B8, HFHSI3M
MR v WA AL EDREFITII, FHIRIEEI
T HREBAREKEINZHEIE. TESRY
FDG-PET TO4 BB MOER MRI Z#lAaHET
Restaging ZEEL T 5, FHTHASASER] TR
B I EREGS Y O NEERASSE S N &I
SR O NIRRT U T OERINIR LIRS Ok
HEZTZM. ZOLSRBAE TS FDGPET (34 T
A T IOORZA 12T B E TR E T 5 Z Lh% 0.
EICE 2 0m< . BlEHRO CT Mt TR 72

PET Journal 2010 55108 13

Presented by Medical*Online



TR RAHRERRO R

B2 708, &t IHADILBYIGRE,
EROHELE~HE FR) (CRT DHETRA
RERS A, FOGPET IC& Y ZRB#HB (B
R, RHD) AERMSARAHOEE LGS,

WEWS B OICIZREIR) > N HifE T 5 2 B o8E
LR DR 2 Kig X 7 ERIZ 5L T FDG-PET %
FMET B &, BROEEER e S . st E
V2730 TSERI 2 #6503 5 33 %\, FDG-PET #MEfTL
RINIMEORENIBFOEEME L. ERRICHK
LRI &7 572 NI R U T PRI 2 T B &
SHTITHARV ARG, ZOLSEA. (KEI N
L~V T OS2 4058 U 7= 345 L3 o higigg o
BERIMD TZ LW, FDGPET 12k 22MiTHE5
NI IERMBHRE B IEA, BREEEETS &
&75%, ZOXDIZ, FDGPET 2l U7 FRERRIR
EEETICL T, RlEOBBRORINEORRE L T
LENL, TS OERROBBE THARAMA TN 2 &
ErPans,
2. 3 Response evaluation

LA, HRATRRIE RS HOHR L E B I LT o
FDG-PET %MW ziBeh R I ICl LT A M i
NEHRD SN D 7, FDG-PET IIMAERIETH D, CT
° MRI 75 & OJFHERIRIZ & DGR FAHIE 13, AR
IZZDEHRT HNE, BRSNS, FIEEROAE
RS TS BERHA RO B L Eiakk 1o, s ok

REENIRE B3 & HFPRBUEENEA D 5N,

Hx ORBBRIZBNTHEEOEREREVI LB dH
%, B 3 ICEHBFIZ/RTHCT Tlrd £ 0 Eidn T,
PR %> NC O#ilEDIERNE TH > TH FDG-PET Tidid
SR LTS Z &2 RIT BH55 (biological CR) 7%
o, ZTOBROKBBE THEEEED T, FDGPET
DOFERAPER K DRI L TS Z & b2 f8
IND. Fle, —HTHAILA A DIEFNC BTG
FITS IR RS 6 1 A 2488 L T B MR U
ME Y, RERICEMIE T LER b HRTIR® 2
MR IND, DX DT FDG-PET %\ /= iaiesh i
OHEIBL T, 25 57— OEFIWE & Bbh,
RHIZENTHhOBRIITHE L 7= FDGPET {7051 2 >
TRt s L ESEREEDONS,

ZD XS ITHER, BWiHIHREE T - 733l T FDGPET
ZIEATIUL BUEOREBIER O 2 69" & biflk

IZBWTATREZZ LA, 772 L, BRE AT, BN .

SO BHITEMEEI L T FDG OfERcRE
L TEEF S HEEROSNT, BEORIT52
HEAVE Y, TOEKTH FDG-PET Z25HIEIHL DE
HITBEL TS S ERDRADIRE THHEE AN D,
2. 4 Delineating Tumor Targets

SRR R HE Tl 5 O#gh 2 B4 (Contouring)
@S AFE (Gross Target Volume = GTV., Clinical

14 PETJournal2010 %108

E3 76, Bt J/MERLAHHA, TIN2MO (Stage 111b) DEEM.
Lk BHRATCT, AT : SAHRATFDG-PET, AL : ARk 6 » AR
DT, ZETF : &k 6 n AFFROD FOG-PET, aM# 6 » HOBET
(3 CT TIX PR DBERTHAHH, FDG-PET Tlkbiological CR &Eo8
Sh. BREEB5FTHL RERMLTLS,

Target Volume = CTV). 7L THiHES - Bihsing

(Organs at Risk) O#IEGHARIE DEROHT, il
DHREZ BT DIEEN L L7125, ORBEHET
% 3~5mm [l CT ACERT 2 VL TiThbh 71, JF5E
HEEEBI L THMEERY > NEIZB L T2 DatE#F L
BT ZmMOEA S OERNMBEERS, 20
Accuracy 2B L T3 Initial staging 2§k L7Z0TZ
TR ARG 2% REITlPtiAs AT DRI
MU % S U /= 3875 & T FDGPET A3 IC4i T 5,
CT @A T CTV O%EHNWETH 5% FDGPET %
NS ZEIZ&D, MEEOEH% LD ERIORT 2 &8
RETHS (®4). DEDEFHEIZHBWT FDGPET
DHHE AT O BRI B W T H RIS L Tn
{TENRETHY, ML CQ3#ROMmE 25%
zEhn T,
2.5 Predict Outcomes

e NRaGAS A2 BV B FDG-PET @ SUV % iz
THRTENCEL TR T 2, QESH0MROMEN S
3 FENHIRAS A TIRIERD K E X #TTIC L =Rl

(TNM) 20Tl 72 & A BRI A THIEBORS
EHARRERT B2, HEIC X BRI ES T TR EN
TNOEBOFHEZTFHTS 2 L30T LRSS TS
<o S DRENEEE DAL & OWREE KR L 7= 515>
HHWIRF SN TS, F4l3KE MD Anderson Cancer
Center THHAMIERZM{TINZ 162 FICBIL T (FHkE
93 i, FUERHIRFERE 69 B1) . ZDHF#RTD FDG-PET O
SR RN IR AT 7,

25 OBEHES] TOMYT CIIFREEE D SUV 0
v MATEE 5T MeRdtER, MRS bk
HAMRMETH/2DT, FhEMVTRILEED A,
SITRY LD ICFMlE, HHRARR LI RS O
SUV fEASREFHICA @SN T Th o Z &t
MEREEN, Ele—HTE60M<[F UHEH (stage 1/1I,
vsStage I) TH- TH SUV HIC & > THEEHIAEIZRA
MO THIZD Z & &M Uiz, TICK A O T%E 728
AR TR
FEHT U\ 2 DRSS 2 LUl U 7= b TR SRS O SUV 138
AW TRETFTHo 2 &), FEANCBIL T3
DG b SGR 1 2B N0,
2. 6 BESHRITREENTORSFNEROBWIZS T
% FDG-PET ;& RtE

JFFENE, AR PRI ot U T BORIR R & Ja T,
CT T BURIHRAEE ORI B 5 R E RS %
FUNCZWT 5 2 SR 21%0, FDGPET I
FRIER OBKICAM TH LN EHE T DL T02
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AR R

JENERRTAS A< 3513 B RFTHIEI RS 5 BT OREAT,

REIEH D UV BIXMOETF & L THHELBEVEREHORFTHD,

Factors Relative risk | P value
SOV for primary tumor (=5.0 vs. >5.0) 5.09 <0.0001
Treatment (Surgery vs. Radiotherapy) 0.81 0.405
T stage (T1, T2 vs. T3,T4) 297 < 0.0001
N stage (NO,N1 vs. N2,N3) 1.77 0.025
Clinical stage (Stage I /Il vs. stage lla/b) 218 0.002
Tumor size (<4.0cm vs, Z4. lcm) 1.20 0.001
Histology (Squamous vs. non—squamous) 0.76 0.264
Age (<60 vs. =60 0.97 0.922
Gender (Male vs. Female) 1.20 0.270
KPS =80 ) 0.58 0.031
Weight loss =5% ) 1.16 0617
vs. >5/0) 0.60 0.049

SUV for LNs

1 - .

4 T3k, Bt JEINERANHAA DREB.
CT OAHTITEHE ) ERIMOERIE OBRATHT
HY.CV EEEEHT (i) Boet & 2 E B LS, FDE-PET
gf*ﬁl?‘é Z&lzkY OV ZESMICRB L CERICRETE

Uiseasr-tree survival rate

5  FDG-PET % FALV=3k/MERERE I8 1 2 iARGER ORE
F4ii (Surgery) B (n=93) & AH#RUAAE Radiotherapy) B (n=69)
WA=+ 2 EHHEEE SUV {E (cut-off, 5.0) ZALTLH
B, FHE. REHUARE. LWThIZELTH SWATS LT
BTRFLESHMEELRT. CUR1&YSIA)

TV AR T AR & T L 7 B O AR
[ D i &R BRSERY /AR D VLB 2 FEfiR L. FDGPET
OEREHHNIE L TED X D IR 5t % i L
TWBNEBRT HEND D, BRBICIIRGHRE R
#% 3 1 HLUN TR Tl 2 RS 24 @
HHGIC L DA M HIA S DRWMBIERTH D, IR
SEfINEEAS N B & B, FDGPET Ti3Ehs0
RS EHRE 2 KT S0, IEHOREIR<Ed
TREHARE AR BRI Z LAY T H D, DD
Z ORIz FDG-PET #if & %2 i L T b FIEIER OHIE
WRHTH B EEZON D, HEHRARSE 6 » A LR
SRR T B OB AT TR B 72,

FDG-PET W TEMEAGED S N BIIIRFTRETEZE
Bk 2z LA, L L, BEREALIZ FDG O%/T
P 5N A I DR SIRYUET E1T K B EE D

Uiseasr-tree survival rate
(=3
=

3033 36

036 912151821
months
6 FDG-PET Z FALV=J/MERDAE I 85 1+ BRI <HRET
BB (Stage I/11, n=90) &i#f78 (Stage III, n=72) T
O SWV{E (cut-off, 5.0) ZRLVTHE. BRIR. ETHNT
%I:ij“-ﬁg SWV A5 LIF O3 T BT IEMHIEE R Y, (X
1&YSIA)

BEHH 0. BRI & HORIERE ORGSR 2 HE
ZHEL THTL TWL ZEAHFETH 5.

3. BhYIz
FDG-PET 134 H O ABRO T TRICEMEIEE 2 5

W BT TRIBENICR NS T Tal, RSROHE
P THIT EREHEIARIE 2V Tla < SVRHE RSN
FHEIZH L THR NS X HHARIERERRT ST
EMARETH D, EETHRBRROTTL oM ZOF
FEHELZZDONEZEVS THBE TRV, 51T
SUV {lidE s e v b & sich iz bl
59 Z EMBLA PESIEIZ L ST SUV DKL T
B REERRR Y, R TR TE 2 50T
FrenwZ &S SRl TBBENDH S, TNTH
FDGPET \3SHIEEF OFRIRE & & bIZ T Ok
1BE5HIC AL TR 2L FEn 5,
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ABSTRACT: We are reporting a novel synthetic approach to prepare organic modified Ba-hexaferrite nanocrystals with controlled
size and morphology under a supercritical water (SCW) flow reactor process. The surface of the Ba-hexaferrite nanocrystal was capped
with oleic acid ligand to control the particle growth, size, and morphology. The results showed that the concentration of oleic acid
reagent played a key role in controlling the cubic and octahedral shape of Ba-hexaferrite nanocrystals. This indicates that the size and
morphology of nanocrystals were greatly influenced by the organic modification under the SCW process, resulting in a drastic
reduction in the particle size from 30 to 9 nm. The organic ligand capped Ba-hexaferrite nanocrystals exhibit a higher coercivity (about
2800 Oe) at Sand 280 K temperature. This study provides a novel approach for large-scale production of complex metal oxide colloidal

nanocrystals with uniform size, well-defined shape, and controlled surface chemistry.

Barium hexaferrite nanocrystals are scientifically and techno-
logically very important material. It has been intensively investi-
gated as a high-density media for perpendicular and longitudinal
recording, because of its high saturation magnetization, good
chemical stability, and large magnetocrystalline anisotropy, as
well as for its mechanical hardness.' In nano composite form, it
can be used for the absorption of microwave radiation, where the
ferrimagnetic nanopowders exhibit a higher absorption at low
field strength and a broader absorption range in the microwave
region than multidomain powders.” For ideal performance in
high density magnetic recording, BaFe,,0,9 nanocrystals with a
particle size of less than 20 nm and high coercivity are required. A
special synthetic approach is required to fulfill this requirement.’
Various synthetic methods have been proposed to produce
Ba-hexaferrite nanoparticles: microemulsion, chemical coprecipi-
tation, glass crystallization, combustion, sol—gel synthesis, and
hydrothermal synthesis.* Hakuta et al. developed a supercritical
water method for the rapid production of Ba-hexaferrite.” How-
ever, it is difficult to obtain size- and shape-controlled Ba-
hexaferrite nanocrystals, due to the lack of a suitable synthetic
process.

Colloidal science obviously offers versatile routes for the
control of bulk composition, size, shape, and the surface
properties of nanoparticles.®’ Organic molecules, inorganic
precursors, polymers, copolymers, and surface active agents
are involved in the preparation of colloidal nanoparticles and
their assembly into complex ordered architectures. By combin-
ing this concept and the properties of supercritical water
(SCW).* our group and others have been successful in synthe-
sizing the different metal oxide and hydroxide nanocrystals in a
batch type reactor.”'® Using organic ligand molecules that are
miscible with SCW, crystal growth can be limited and agglom-
eration can be inhibited in favor of small, well-dispersed
particles.'!

In this paper, we are reporting a facile method for the produc-
tion of size- and shape-controlled Ba-hexaferrite nanocrystals
capped with the oleic acid ligand by SCW flow reactor.

*To whom should be add: . E-mail: di
gmail.com (D.R.); ajiri@tagen.tohoku.ac.jp (T.A.).

/2009 American Chemical Socicty

Experimental Procedures. The feed solution used in the flow
reactor experiments was prepared by dissolving iron(I1l) nitrate
(Fe(NO3);-9H,0) and barium hydroxide (Ba(OH),8H,0) in
distilled water. The required amount of KOH (Wako Chemicals
Ltd. Osaka, Japan) was added to get BaFe(OH)s precursor. The
final concentration of this precursor solution was adjusted to
0.05 M with a Ba/Fe molar ratio of 0.5. On the other hand,
0.25-0.5 M modifier reagent solution was prepared by dissolving
oleic acid in ethanol (Aldrich Chemicals). Double distilled water
distilled by EYELA STILL ACE SA-2100E was used for all the
preparations.

Sample Preparation by SCW Flow Reactor. The flow type
tube reactor was used to prepare the Ba-hexaferrite samples.
The schematic diagram of the flow type reactor is displayed in
Figure 1. The tube reactor was made up of pressure-resistant
SUS316 stainless steel and was 60 cm in length and 0.84 cm inner
diameter with a volume of 33.4 cm”. The reactor was maintained
at a constant temperature by using an external heater. Tempe-
rature was measured at the reactor inlet, in the middle of the
reactor, and at the reactor outlet, and then it was confirmed that
the temperature distribution was uniform to within =1 °C. The
residence time, 7, calculated was 20 s. For synthesis of Ba-hexa-
ferrite nanocrystals, high temperature water was fed through
one line at the flow rate of 30 cm*/min. A precursor solution of
0.05 mol/L concentration was fed from a second line at the flow
rate of 6 mL/min and mixed with the high temperature water at
mixing point MPI. The organic modifier solution was fed
through a third line which mixes with high temperature water
and precursor solution at mixing point MP2. The product was
quenched to room temperature using a cold water cooling
system and collected at the outlet. The reaction temperature
was 450—500 °C with a pressure of 30 MPa at MP1 and about
350-380 °C at MP2. The collected product was washed with
ethanol and centrifuged to collect the nanocrystals. The surface-
modified particles are extracted with toluene.

Analytical Characterization. The XRD patterns were recor-
ded ona RINT-2000 spectrometer (Rigaku, Tokyo, Japan) with
Cu Ka radiation at 36 kV and 20 mA, at the scan rate of 2°/min,
from 10 to 60 ° 26. The samples were ground to fine pow-
ders before being subjected to X-ray diffraction (XRD). The

Published on Web 11/20/2009 pubs.acs.org/crystal
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Figure 1. Schematic representation of the supercritical water flow
type apparatus.

transmission electron microscopy (TEM) images were obtained
using a TEM (JEM-1200EX, Japan) operated at 120 kV.
Dynamic light scattering (DLS) measurements were done
using Zetasizer Nano Series ((Nano ZS), Malvern Instruments,
UK). The magnetic property was measured by a commercial
superconducting quantum interference device magnetometer
(SQUID) (MPMS XL7, Quantum design, USA). The powder
sample was cast by a glue to avoid the reorientation of the
individual crystals along the applied magnetic field.

Results and Discussion. The size- and shape-controlled
Ba-hexaferrite nanocrystals were obtained by an organic ligand
assisted SCW method using a flow type reactor. As-prepared
nanocrystals can be dispersed well in toluene and they remain
stable for several months. The average particle size of the organic
modified Ba-hexaferrite nanocrystals was measured by DLS. The
measured DLS particle size is about 11 nm, and the histogram of’
the particle size distribution is shown in Figure 2. This DLS size
includes the size of the oleic acid ligand and the solvent ion. The
DLS size excluding the organic ligand is more or less comparable
to the particle size obtained from TEM and XRD data. The DLS
measurement revealed that the majority of nanoparticles were
nonagglomerated, resulting with stable Ba-hexaferrite nanocrys-
tals in a nonpolar solvent. Such stable suspensions of ferrofluids
can be used in many technological applications.

Crystallographic Analysis. The XRD patterns of the
Ba-hexaferrite samples prepared with a Ba:Fe molar ratio of
0.5 at temperature 450—500 °C and 30 MPa indicated that the
nanocrystals formed under SCW conditions exhibit a primitive
hexagonal structure (Figure 3) with space group, P6s/mmc (194)
that match well with the JCPDS card (PDF #39-1433). The
effects of Ba/Fe mole ratios on the phase composition of
products have been reported by several researchers.” Tt can be
observed that the nonstoichiometric ratio resulted in single
phase Ba-hexaferrite particles. Most of the reports indicate that
an increase in the Ba concentration promoted the formation of
Ba-hexaferrite phase with the different synthetic procedure. In
this study, we have observed that the Ba-hexaferrite single phase
was formed at a Ba/Fe mole ratio of 0.5. The stoichiometric
mole ratio of Ba/Fe resulted in a-Fe2O3 as an impurity phase
along with Ba-hexaferrite. Hakuta et al. reported the effect of
Ba/Fe molar ratios on Ba-hexaferrite formation under similar
supercritical water conditions using both flow and batch type
reactors in the absence of organic molecules. The results
obtained in this study are consistent with the results reported
by Hakuta et al. The XRD patterns of the Ba-hexaferrite
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Figure 2. Particle size distribution of the Ba-hexaferrite colloidal
nanocrystals capped with oleic acid ligand dispersed in toluene
measured by DLS.
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Figure 3. Powder X-ray diffraction patterns of the Ba-hexaferrite
nanocrystals; (a) with uncapped surface, (b) and (c) capped with
oleic acid ligand under supercritical water conditions at 400 °C
temperature and 30 MPa pressure.

nanocrystal synthesized in the absence and presence of the
organic ligand molecules are shown in Figure 3. When the
organic ligand molecules were introduced into the reaction
system, the organic ligand absorbed onto the surface of nano-
crystal and capped the surface to restrict the growth of the
nanoparticles. The XRD patterns of the nanocrystal capped
with oleic acid molecules indicate that the intensity of peaks
decreased with a small peak broadening. This suggests that
the size of the nanocrystals were decreased with organic modi-
fication. The average crystallite size of the Ba-hexaferrite
nanocrystals synthesized in the absence and presence of the
organic ligand was calculated by the XRD data using
Scherrer’s law. The average crystallite sizes of bare and
organic modified Ba-hexaferrite nanocrystals are 30 and
8.5 nm, respectively.

Size and Morphology. The size and morphology of the Ba-
hexaferrite nanocrystals prepared by the SCW flow reactor at
450—500 °C and 30 MPa were studied by TEM. TEM image
displayed in Figure 4 indicates that the Ba-hexaferrite nano-
crystals with an unmodified surface possesses platelike irregular
shape particles with an average diameter of 28 nm and the
particles were aggregated (Figure 4e). When the oleic acid
(molar ratio to Ba-hexaferrite precursor 10:1) was supplied to
the reaction system, the nano cube shape particles formed with
an average particle size of 9 nm (Figure 4a). As the concentra-
tion of the oleic acid was increased (molar ratio to Ba-hexafer-
rite precursor 50:1), the shape of the Ba-hexaferrite nanocrystals
was transformed to octahedral shape with an average size of
8 nm (Figure 4b). These nanocrystals exhibit a self-assembled
2D array on the surface of carbon coated copper grid with a
nearest-neighbor spacing of ca. 4 nm by oleic acid capping
group. The histograms of the particle size distribution analyzed
by the transmission electron micrographs is plotted as shown in
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Figure 4. TEM images of the Ba-hexaferrite nanocrystals. The molar ratios of oleic acid to BaFe;;OH, precursor were (a) 1:10, (b) 1:50, (¢) 1:0.
(c) and (d) are histograms of the particle size distribution analyzed (rom (a) and (b), respectively, (fand g) well resolved lattice plane of the

selected particle in (b and a).

Figure 4c,d. These data are consistent with DLS and XRD data.
The single-crystallinity and structure of the synthesized sample
was further confirmed by HRTEM. Distinct lattice planes in the
HRTEM image further suggests that the particles obtained are
single crystals, and particle shows a well resolved lattice plane
with an interplanar spacing of 0.278 nm corresponding to the
[107] plane of the hexagonal structure (Figure 4f) with P6s/mme
(194) space group, which was identified on the basis of data from
the standard Ba-hexaferrite database JCPDS file, No. 39-1433.
The HRTEM analysis for the cubes was carried out, which were
oriented perpendicular to the ¢ direction, in order to find that
they are cubes but not the platelets lying on the basic plane. In
general, the cubes of the hexaferrite structure were expected to
have the dominant periodicity that corresponds to half of the
cell parameter along the c-direction (002). It was difficult to find
the cubes, which were oriented perpendicular to the ¢ direction
on the HRTEM grid. However, we found a few such particles
and confirmed that they exhibit a lattice fringe with a distance of
1.14 nm as shown in Figure 4g. The nanocrystals synthesized in
the presence of organic ligand showed a pronounced effect on
the size and morphology of the nanocrystals indicating the
capping effect on nanocrystals. In this way, we could prepare
the organic ligand capped nanocrystals in a short reaction time

of about < 1 min by controlling the growth process, which tends
to take place at a long reaction time otherwise.* This results in
the shape- and size-controlled formation of Ba-hexaferrite
colloidal nanocrystals. Very recently, Primc et al. have used
oleic acid as a stabilizing and growth controlling agent for the
synthesis of ultrafine Ba-hexaferrite nanoparticles, under mild
hydrothermal conditions.'* However, the size- and shape-
controlled synthesis of Ba-hexaferrite nanocrystals are rarely
reported, as not many researchers have focused on the use of
organic ligand during the Ba-hexaferrite nanocrystal prepara-
tion. These findings should open new ways to tailor the size- and
shape-controlled Ba-hexaferrite nanocrystals for their applica-
tions, for example, in high density magnetic memory devices.
Magnetic Property. The magnetization versus magnetic field
plotat 5 and 280 K for Ba-hexaferrite nanocrystals capped with
organic ligand is shown in Figure 5. The saturation magnetiza-
tion of Ba-hexaferrite nanocrystals, measured at a maximum
applied magnetic field of 60 kOe is about 19 and 14 emu/g at
5 and 280 K, respectively. These are lower than the values
reported by other investigators using different preparation
techniques 30—40 emu/g.'* Actually, it is a well-known fact that
the saturation magnetization decreases with the decrease in
particle size of the magnetic materials. This is due to many




