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Abstract. Head and neck cancers (HNCs), in general,
have a poor prognosis with a worldwide 5-year survival
rate of <50%. Numerous HNC patients with locoregion-
ally advanced, difficult-to-treat, inoperable, recurrent and
drug-resistant tumors may require additional treatment
options when the standard of care surgery, chemotherapy
and radiation are not viable. The poor outcomes justify
exploring strategies to increase the efficacy of lower doses
of drugs, such as cisplatin, by combining these drugs with
other treatment modalities and manipulating the dosing
schedule. Cisplatin is a standard and effective anticancer
drug; however, some patients cannot tolerate the side-effects
or exhibit drug resistance. Adjuvant therapies may lower the
effective dose, decrease side-effects, address drug resistance
and improve overall survival outcomes, particularly for
patients with difficult-to-treat tumors. The present study
focuses on combining cisplatin with laser-activated nano-
therapy (LANT), as an adjuvant HNC therapy, with the aim
of enhancing the therapeutic efficacy of lower doses of cispl-
atin and decreasing treatment times. The results demonstrate
the potential of cisplatin and LANT co-therapy as a possible
addition to the adjuvant therapy options for HNC using
3 cell lines: Detroit 562, FaDu and CAL 27 cells. Combining
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cisplatin with LANT demonstrated up to a 5.4-fold greater
therapeutic efficacy than with cisplatin monotreatment.
The most effective combination in the present study was
1 uM Cis + 5 nM LANT, which demonstrated cell death
comparable to 5.9, 4.2 and 5.3 uM of Cis monotreatment,
in Detroit 562, FaDu and CAL 27 cells, respectively. This
result suggests that a lower cisplatin dose may be combined
with LANT to achieve the same therapeutic efficacy as that
obtained with higher doses of cisplatin monotreatment. The
combination of LANT and cisplatin suggests that LANT may
enhance the therapeutic efficiency of low doses of cisplatin,
decrease treatment times and improve patient outcomes.

Introduction

Head and neck cancers (HNCs), in general, have a poor prog-
nosis with a worldwide 5-year survival rate of <50% (1-3).
In part, this prognosis is due to the fact that numerous HNC
patients with locoregionally advanced, difficult-to-treat, inop-
erable, recurrent and drug-resistant tumors may be ineligible
for the standard of care surgery or may not tolerate chemo-
therapy and radiation (3-6). As a standard of care therapy,
cisplatin is a primary treatment for HNC, breast, cervical,
bladder, brain and other cancers. However, some patients do
not tolerate the current standard dose regimen and exhibit
increased side-effects or drug resistance (5-8).

Cisplatin, an antineoplastic or anticancer drug, binds
to DNA purine bases and interferes with the cellular repair
mechanisms, irreparably damaging the DNA and subse-
quently inducing apoptosis in the cell (8,9). This approach
does not limit cell death to the locoregional area of the tumor.
Consequently, normal tissue and healthy cells throughout
the body are also affected, resulting in one of the biggest
patient-centered challenges with cisplatin: side effects. Not all
patients will experience all of the known or listed side-effects,
but some of the most common side-effects include nausea,
vomiting, nephrotoxicity and ototoxicity, with the latter two
being the most severe (10-12).

The severity of some of these side-effects prevents the more
widespread use of cisplatin (11-13). Additional complications
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with this form of treatment are the possibility of drug resis-
tance, aggressive recurrence and metastasis (3,11,14,15).
Following the onset of drug resistance, these patients usually
do not survive past one year (6,16,17). Poor survival rates and
outcomes are among the reasons that the scientific community
is beginning to explore strategies to increase the efficacy of
cisplatin at lower doses by combining it with other treatment
modalities and manipulating the dosing schedule (6,10,18-21).
Dosing typically depends on the patient's height, weight,
general health and any specific health condition. The standard
cisplatin dose and schedule are usually 3 cycles of 100 mg/m?
every 3 to 4 weeks when used individually as a monotreatment
for HNC patients (22-24). Recent studies on manipulating the
cisplatin dosage have compared high-dose cisplatin with a
cisplatin-based combination therapy (radiation, chemotherapy,
or other intervention) to decrease side-effects, increase treat-
ment efficacy and improve patient outcomes and overall
survival rates (8,10,11,21,24-27).

Nanoparticles and nanomaterials have been used in the
treatment of cancer to enhance targeted drug delivery and
tumor specificity to minimize side-effects (28-32). The
present study focuses on a particular class of laser-activated
nanoparticles, specifically, a thermal ablation platform therapy
using near-infrared excitation of gold nanorods (AuNRs),
laser-activated nanotherapy (LANT). This LANT platform is
not designed to enhance targeting, but specifically to induce
cell death at the site of laser-activation for the sole purpose of
its therapeutic effect. LANT has demonstrated almost 100%
cell death in vitro and approximately 100% tumor regres-
sion in vivo (33). However, to the best of our knowledge, no
such platform has been approved by the U. S. Food and Drug
Administration (FDA) for humans to date. LANT presents
an opportunity to override some of the biological obstacles
encountered within the tumor microenvironment and with
cisplatin specificity, efficacy, and treatment time. The present
study investigates the mechanisms through which LANT,
as part of an adjuvant therapy regimen, can enhance the
therapeutic efficacy of lower doses of cisplatin for the treat-
ment of 3 head and neck squamous cell carcinoma (HNSCC)
cell lines, Detroit 562, FaDu and CAL 27.

Materials and methods

Materials. Gold (IIT) chloride trihydrate (HAuCl,), cetyltri-
methylammonium bromide (CTAB), sodium borohydride
(NaBH,), silver nitrate (AgNO;), L-ascorbic acid, potas-
sium carbonate (K,CO;) and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich; Merck KGaA.
Thiol-terminated methoxy poly-(ethylene glycol) (mPEG-SH,
MW 5,000K) and cisplatin were purchased from Creative
PEGWorks and Selleck Chemicals, respectively. UltraPure
water (18 MQ) was used for gold nanorod preparation.

Cell lines. In total, 3 human HNSCC cell lines were used in
this study: a human pharyngeal carcinoma cell line, Detroit
562, and 2 human squamous cell carcinoma cell lines,
FaDu and CAL 27. The cell lines were purchased from the
American Type Culture Collection (ATCC). Upon receiving
the cell lines from ATCC, the passage number was set at one
and cells at passage 3-7 were used. The cells tested negative
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for mycoplasma. The HNSCC cell lines were cultured in
Dulbecco's modified Eagle medium (DMEM; Gibco; Thermo
Fisher Scientific, Inc.) containing 10% v/v heat-inactivated
fetal bovine serum (Corning, Inc.), supplemented with
4.5 g/1 glucose, L-glutamine and penicillin-streptomycin
(Corning, Inc.) and incubated at 37°C in a 5% CO, humidified
atmosphere.

Cell death calculation from cell viability. Cell viability
was determined using PrestoBlue™ Cell Viability Reagent
(Thermo Fisher Scientific, Inc.). Briefly, the culture medium
containing AuNRs or the drug was removed and replaced
with culture medium containing PrestoBlue™ Cell Viability
Reagent (10% v/v) and the cells were incubated at 37°C for
30 min. The plate was read at a 560/590 nm excitation/emis-
sion wavelength using the SpectraMax® M5 Microplate Reader
(Molecular Devices, LLC). The fluorescence reading of the
blank was subtracted from all samples. The fluorescence read-
ings from the test samples were divided by those of the control
and multiplied by 100 to yield the percentage of cell viability.
The percentage of cell death was then calculated by subtracting
the percentage of cell viability from 100% (see formula below).
The results are expressed as the means =+ standard deviation of
sextuplet (n=6) in each treatment group.

% of cell death = 100 — % cell viability
(fluorescence of sample — fluorescence of blank)

= 100 - 100
(fluorescence of control — fluorescence blank) X

Preparation of AuNRs. The seed-mediated growth of
AuNRs was performed at 25°C using a freshly prepared
aqueous solution according to our previously described
methods, Green et al (34). Briefly, the PEGylated AuNRs
solution was centrifuged at 7,600 x g for 20 min at 25°C and
re-dispersed in deionized water to remove excess CTAB and
non-specifically bound mPEG-SH molecules. The PEGylated
AuNRs were characterized by UV/VIS Spectrophotometer
UV5Nano (Mettler Toledo, LLC) to determine the absorp-
tion and by Transmission Electron Microscope to verify
consistency in shape and size. The zeta-potential of the
AuNRs in PBS were evaluated using a Zetasizer Nano-ZS
(Malvern Panalytical, Ltd.).

LANT in vitro. LANT was performed according to our
previously described methods, Green et al (34). A total of
6x10* cells/well were seeded in 96-well culture plates and
treated at approximately 100% confluence. The concentra-
tion of the AuNRs were calculated by the Beer-Lambert Law
based on the previously determined molar absorptivity, =5
x10° 1/mol/cm for 808 nm and aspect ratio, R=4 (34). Serially
diluted AuNRs (25 pl) were added to each well and exposed
to a diode near-infrared (NIR) laser (Information Unlimited)
with an 808 nm wavelength at 1.875 W/cm? (spot size around
4 mm) for 4 min. Immediately, within 1-5 min after the laser
excitation of the AuNRs, the percentage of cell death was
determined by the PrestoBlue Assay, as described above.

Cell death induced by cisplatin. The HNSCC cell lines,
Detroit 562, FaDu and CAL 27, were seeded in 96-wells plates
at 1x10* cells/well and allowed to adhere overnight. The culture
medium was then replaced with fresh medium containing
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cisplatin at various concentrations, 0.05-40 M, and the cells
were incubated at 37°C for 48 h. The percentage of cell death
was determined by the PrestoBlue Assay, as described above.

Combination of cisplatin and LANT in vitro. The HNSCC
cell lines were seeded in 96-wells plates at 1x10* cells/well
and allowed to adhere overnight. The culture medium was
then replaced with fresh medium containing cisplatin at 2
concentrations (1 or 2 uM), and the cells were incubated with
cisplatin at 37°C for 48 h. Immediately after the 48-h incu-
bation, the medium containing cisplatin was removed, and
the cells were washed with PBS once. Subsequently, 25 ul
of AuNRs in PBS at the concentration of 2.5 or 5 nM were
added to the cisplatin-treated cells and exposed to 4 min
of 808 nm wavelength NIR irradiation at 1.875 W/cm?. As
described above, the final percentage of cell death induced
by the Cis + LANT combination treatment was evaluated
using the PrestoBlue Assay immediately following LANT
treatment. Each treatment combination was performed in
quadruplicate (n=4), and the results are expressed as the
means + standard deviation.

Calculations for EC50 and Cisplatin dose reduction. The
half-effective concentrations (EC50) of cisplatin and LANT
for the 3 HNSCC cell lines were calculated with the IC50
calculator provided by AAT Bioquest® according to the
Four-Parameter Logistic (4PL) model equation (Equation 1)
describing the sigmoid-shaped response pattern as shown in
Fig. 1 (35):

yx)=D+ Lﬂ,

1+()

where y (x) is the percentage of cell death induced by the
treatment that corresponds to each ‘x’; ‘X’ is the concentration
of the treatment used to establish the dose-response curve in
logarithmic form; ‘A’ is the highest percentage of cell death
on the dose-response curve (y,..; ‘B’ is the hill slope of
the dose-response curve; ‘C’ is the x-value (concentration)
corresponding to the midway between ‘A’ and ‘D’ on the
dose-response curve (i.e., the EC50 value); and ‘D’ is the
lowest percentage of cell death on the dose-response curve
(Yumin) (Fig. 2).

To describe the synergistic therapeutic efficacy, the 4PL
model equation was used to estimate the decrease in the
cisplatin dose, comparing the combination treatment to the
monotreatment. As LANT is not a drug, the combination
index (CI) and other traditional methods for calculating the
synergistic effects of a combination therapy did not apply to
this study. Thus, calculating the dose reduction required an
evaluation of the difference in doses at the same percentage
of cell death: the percentage of cell death induced by the
Cis + LANT combination treatment (y') was evaluated at
the same percentage of cell death caused by the cisplatin
monotreatment (y) (i.e., y=y'). Using the 4PL equation, the
concentration of cisplatin monotreatment (x) that would be
required to induce the percentage of cell death (y) equivalent
to y' (the percentage of cell death induced by the Cis + LANT
combination treatment) was determined. The 4PL equation
was also used to determine the dose reduction LANT intro-
duced to cisplatin.

(Equation 1)
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Figure 1. A sigmoidal-shaped dose-response curve corresponding to the
Four-Parameter Logistic (4PL) model equation. The 4PL equation (see
Equation 1) determined i) the half-effective concentrations (EC50) of
cisplatin and LANT; ii) the concentration of cisplatin monotreatment (x)
that would be required to induce the percentage of cell death (y) equivalent
to y' (the percentage of cell death induced by the Cis + LANT combina-
tion treatment); and iii) the dose reduction LANT introduced to cisplatin.
Corresponding to the 4PL equation, ‘A’ is the highest percentage of cell death
on the dose-response curve (y,,,); ‘B’ is the hill slope of the dose-response
curve; ‘C’ is the x-value (concentration) corresponding to the midway
between ‘A’ and ‘D’ on the dose-response curve (i.e., the EC50 value); and
‘D’ is the lowest percentage of cell death on the dose-response curve (y,,i,)-

Cisplatin monotreatment dose reduction calculation.
Equation 1 above was used to calculate the percentage of
cell death induced by each Cis monotreatment concentration
corresponding to each concentration of Cis monotreatment
used to establish the dose-response curve for the 3 HNSCC
cell lines. The measured and calculated values for A, B, C and
D were inserted for the Detroit 562, FaDu and CAL27 cells,
according to Equations 1a, 1b and Ic, respectively:
For Detroit 562 cells,

(109.024-0.896)

y= 0.896 + —1.414 (Equation 13.)
1+(535)
For FaDu cells,
(117.085+0.054)
y = -0.054 + % 0750 (Equation 1b)
1+(355)
For CAL 27 cells,
(98.510+40.445)
y = —0445 + T (Equation 1c)
1+(355)

Cis + LANT combination treatment dose comparison.
Equation 2 was used to calculate the percentage of cell death
induced by the combination, Cis + LANT treatment, that
corresponds to each concentration of Cis used to establish the
dose-response curve.

For Cis + PNT combination treatment,

L (Equation 2)
< B uation
1+(%) I

C

y'(x)=D+

where y' (x') is the percentage of cell death induced by the
combination Cis + LANT treatment that corresponds to
each ‘x’; ‘x’ is the concentration of the combination Cis +
LANT treatment used to establish the dose-response curve in
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Figure 2. LANT monotreatment dose responses for HNSCC cell lines. Mean percentage of cell death induced by LANT monotreatment for (A) Detroit 562,
(B) FaDu and (C) CAL 27 cells at concentrations of 0, 2.5, 5, 7.5, 10, 15,20, 25 and 30 nM with 25 pl of AuNRs per well, without (Laser OFF) and with (Laser
ON) 808 nm NIR activation for 4 min at 1.875 W/cm?. Columns present the mean and the standard deviation of n=6. AuNRs, gold nanorods; HNSCC, head
and neck squamous cell carcinoma; LANT, Laser-Activated NanoTherapy; NIR, near-infrared.

logarithmic form; ‘A’ is the highest percentage of cell death
on the dose-response curve (y',.0; ‘B’ is the hill slope of
the dose-response curve; ‘C’ is the x'-value (concentration)
corresponding to the midway between ‘A’ and ‘D’ on the
dose-response curve (i.e., the EC50 value); and ‘D’ is the
lowest percentage of cell death on the dose-response curve
(y'min)'

Considering that y'(x') in Equation 2 was derived from
real data, y'(x')=y (x) from Equation 1, and the present study
were only interested in the percentage of cell death that is
in common with both Cis monotreatment and Cis + LANT
combination treatment, the y'(x') from Equation 2 was
substituted for y(x) in Equation 1 and solved for ‘x’ to calculate
the Cis monotreatment dose.

Therefore, the dose reduction realized by combining Cis
with PNT was calculated according to Equation 3:

(x-x")

x

Dose reduction (%) = 100 x (Equation 3)
Statistical analysis. To assess differences in cell death percent-
ages across the 6 treatment conditions, a one-way Analysis
of Variance (ANOVA) was performed with post hoc tests
using the Bonferroni correction. The statistical significance
was set at P<0.05. Prior to the ANOVA estimation, statistical
tests were performed for the assumptions of homogeneity of
variance and normality using Bartlett's and Shapiro-Wilk
tests, respectively. For these tests, P>0.05 indicated that these
assumptions were met. These procedures were repeated for
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Table I. EC50 values for LANT and cisplatin mono-treatments.
Cell line
EC50 Detroit 562 FaDu CAL 27
LANT (nM) 8.08 11.03 6.68
Cisplatin (uM) 9.33 5.05 4.05

LANT and Cisplatin monotreatment concentrations that resulted in the EC50 values for 3 HNSCC cell lines: Detroit 562, FaDu and CAL 27.
EC50, half-effective concentrations; HNSCC, head and neck squamous cell carcinoma; LANT, Laser-Activated NanoTherapy.
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Figure 3. Cisplatin monotreatment dose responses for HNSCC cell lines. The mean percentage of cell death induced by a 48-h incubation with cisplatin as a
monotreatment at 9 different concentrations, 0.05-40 uM, for Detroit 562, FaDu and CAL 27 cells. Columns present the mean and the standard deviation of

n=6. HNSCC, head and neck squamous cell carcinoma.

each cell line, resulting in a total of 3 sets of analyses. The
comparisons of interest for the present study are those between
cisplatin alone treatments (i.e., 1 M Cis and 2 yM Cis) and the
treatments involving a combination of the cisplatin and LANT
(i.e., 1 uM Cis + 2.5 nM LANT; 1 uM Cis + 5 nM LANT,
2 uM Cis + 2.5 nM LANT; and 2 uM Cis + 5 nM LANT). All
analyses were performed using R statistical software (R Core
Team, 2019).

Results

Effects of LANT monotreatment. The therapeutic efficacy,
dose-response curves and half effective concentration (EC50)
were established in vitro for LANT as a monotherapy for
HNSCC. To determine the percentage of cell death induced by
AuNRs alone (Laser OFF) compared to LANT (Laser ON),
an 808 nm NIR laser, for 4 min at 1.875 W/cm?, was used
to excite the AuNRs at 8 or 9 concentrations: 0, 2.5, 5, 7.5,
10, 15, 20, 25 and 30 nM. Fig. 2 illustrates the concentra-
tion-dependent cell death induced by LANT monotherapy for
3 HNSCC cell lines, Detroit 562 (Fig. 2A), FaDu (Fig. 2B) and
CAL 27 (Fig. 2C). Under the conditions in this study, LANT
induced substantial death in all cell lines compared to the
AuNRs alone (Laser OFF). Increasing the AuNR concentra-
tion in LANT directly increased the percentage of cell death.
Furthermore, the CAL 27 cells were the least sensitive to
LANT at the lower AuNR concentrations (2.5 and 5 nM)
compared to the Detroit 562 and FaDu cells under the same
conditions. However, the CAL 27 cells were the most sensitive
to LANT at the higher AuNR concentrations used for LANT

(7.5, 10, 15, 20 and 25 nM) compared to the Detroit 562 and
FaDu cells under the same conditions.

The FaDu cells required a higher EC50 value of LANT than
the Detroit 562 and CAL 27 cells: the EC50 values of LANT
for treating the Detroit 562, FaDu and CAL 27 cells were
8.08, 11.03 and 6.68 nM, respectively (Table I). Furthermore,
the FaDu cells required an additional treatment condition, at
30 nM, to achieve the approximately 100% cell death obtained
in the other cell lines at 25 nM (Fig. 2). Consistent with
previous findings (34), LANT induced ~100% cell death in all
3 HNSCC cell lines at 25 nM and higher doses.

Effects of cisplatin monotreatment. To establish the
dose-response curves and EC50 for cisplatin as a mono-
therapy for the treatment of the HNSCC cell lines, Detroit
562, FaDu and CAL 27, the percentage of cell death induced
was determined after incubating the cells with cisplatin for
48 h at 9 different concentrations ranging from 0.05-40 uM.
The concentration-dependent cell death induced by cisplatin
monotherapy is illustrated in Fig. 3.

Increasing the cisplatin concentration was directly propor-
tional to the increase in the percentage of cell death. However,
administering the high cisplatin doses in humans necessary to
achieve a complete therapeutic response after 48 h would result
in patient intolerance due to increased severe side-effects and
toxicity. The FaDu cells were more sensitive to cisplatin at
doses <2.5 uM than the Detroit 562 and CAL 27 cells, whereas
all 3 cell lines were equally responsive to cisplatin at doses
=20 uM. The EC50 values of cisplatin for treating the Detroit
562, FaDu, and CAL 27 cells were 9.33, 5.05 and 4.05 uM,
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Table II. Descriptive statistics for cisplatin monotreatment and Cis + LANT combination treatment outcomes.

Treatment
1 uM Cis + 1 uM Cis + 2 uM Cis + 2 uM Cis +
Cell line Statistic 1 uM Cis 2.5 nM LANT 5 nM LANT 2 uM Cis 2.5 nM LANT 5nM LANT
Detroit 562 Mean 7.04 26.22 37.73 20.15 3348 44 .86
SD 3.64 1.74 2.68 2.09 2.59 2.03
Obs 4 4 4 4 4 4
FaDu Mean 21.64 39.44 51.73 33.62 53.67 59.77
SD 2.40 2.93 3.84 1.90 0.99 1.87
Obs 4 4 4 4 4 4
CAL27 Mean 11.18 34.99 58.48 23.40 38.39 75.46
SD 2.15 3.58 5.50 222 0.97 391
Obs 4 4 4 4 4 4

Mean percentage (Mean) and standard deviation (SD) of cell death of 4 observations (Obs) induced for 6 treatment groups for the 3 cell lines,
Detroit 562, FaDu and CAL 27. Cis, cisplatin; LANT, Laser-Activated NanoTherapy.
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Treatment

Figure 4. LANT and cisplatin combination treatment for HNSCC cell lines. The mean percentage of cell death induced by combining low dose cisplatin and
low dose LANT was significantly higher than that by the same low dose of cisplatin monotreatment for Detroit 562, FaDu and CAL 27 cells (corresponding
to Tables II and III). The cisplatin concentrations of 1 and 2 uM used in the combination treatments were less than half of the lowest cisplatin monotreatment
EC50 values for all cell lines. Likewise, the AuNR concentration for LANT of 2.5 and 5 nM were also less than the lowest EC50 values from the LANT
monotreatment. Cells were subjected to a 48-h incubation with cisplatin at a concentration of 1 or 2 #M, as a monotreatment or combined with LANT at
a concentration of 2.5 or 5 nM using NIR excitation for 4 min at 1.875 W/cm?. Columns present the mean and the standard deviation of n=4. AuNRs, gold
nanorods; HNSCC, head and neck squamous cell carcinoma; LANT, Laser-Activated NanoTherapy; NIR, near-infrared.

respectively (Table I). In the present study, 40 M of cisplatin
resulted in approximately 100% cell death in all 3 cell lines
during the 48-h treatment window.

Combination of cisplatin and LANT treatments. The
monotreatment EC50 values that induced 50% cell death
(Table I) informed the dose selection for the combination
experiments to specifically narrow the focus to low doses for
both cisplatin and LANT. To delineate and emphasize the effi-
cacy of the Cis + LANT combination treatment, 1 and 2 yM
of cisplatin were used in the combination treatment as they
were less than half of the concentration of the lowest cisplatin
monotreatment EC50 values for all cell lines (4.05 uM).
Likewise, 2.5 and 5 nM of AuNRs for LANT were selected as
they were also less than half of the lowest EC50 values from the
LANT monotreatment (6.68 nM). The percentage of cell death
due to the 4 Cis + LANT combination treatments, (cisplatin at
1 or2 uM) + (LANT at 2.5 or 5 nM), was significantly higher
than that due to the 2 cisplatin monotreatments (1 or 2 M) for
all 3 cell lines (Fig. 4).

Descriptive statistics, ANOVA and post hoc tests. Based on
the cell death percentage data shown in Fig. 4, the descriptive
statistics, mean percentage (Mean), and standard deviation
(SD) were summarized for the 6 treatment groups and 3 cell
lines in Table II. The ANOVA test compared the means of
the 6 treatment groups for 3 cell lines. There was a statisti-
cally significant difference in the means of most groups for
all 3 cell lines. ANOVA and post hoc test outcomes were
similar across all 3 cell types and the results are summarized
in Table III. The post hoc analyses results for all 3 cell lines
indicated statistically significant differences (P<0.05) in the
majority of comparisons of interest between the 6 treatment
groups.

Overall, the combination of treatments was significantly
more effective than the corresponding cisplatin monotreat-
ment. Specifically, the combinations (1 uM Cis + 2.5 nM
LANT; 1 uM Cis + 5 nM LANT; 2 uM Cis + 2.5 nM LANT;
and 2 uM Cis + 5 nM LANT) were more effective at inducing
death in all 3 cell lines than the corresponding cisplatin
monotreatment (1 M Cis or 2 uM Cis). There were 2 (of 15)
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Table III. Treatment group comparison.

Detroit 562 FaDu CAL 27
Mean Mean Mean

First column vs. second column Diff P-value Diff P-value Diff P-value
1 uM Cis + 2.5 nM LANT 1 uM Cis 19.18 <0.0001* 17.79 <0.0001* 23.81 <0.0001*
1 uM Cis + 5 nM LANT 30.69 <0.0001*  30.08 <0.0001* 47.30 <0.0001*
2 uM Cis + 2.5 nM LANT 26.44 <0.0001*  32.02 <0.0001* 2721 <0.0001*
2 uM Cis + 5 nM LANT 37.82 <0.0001*  38.13 <0.0001* 64.28 <0.0001*
1 uM Cis + 2.5 nM LANT 2 uM Cis 6.07 0.050° 5.82 0.059° 11.59 0.002*

1 uM Cis + 5 nM LANT 17.58 <0.0001* 18.11 <0.0001* 35.08 <0.0001*
2 uM Cis + 2.5 nM LANT 13.33 <0.0001*  20.05 <0.0001* 14.99 <0.0001*
2 uM Cis + 5 nM LANT 2471 <0.0001*  26.16 <0.0001* 52.06 <0.0001*
2 uM Cis 1 uM Cis 13.11 <0.0001* 11.97 <0.0001* 12.22 0.001*

1 uM Cis + 5 nM LANT 1 uM Cis + 2.5 nM LANT 11.51 <0.0001* 12.29 <0.0001* 23.49 <0.0001*
2 uM Cis + 2.5 nM LANT 7.26 0.012° 14.23 <0.0001* 3.40 >0.999
2 uM Cis + 5 nM LANT 18.64 <0.0001*  20.34 <0.0001* 40.47 <0.0001*
1 uM Cis + 5 nM LANT 2 uM Cis + 2.5 nM LANT 4.25 0.440 -1.94 >0.999 20.09 <0.0001*
2 uM Cis + 5 nM LANT 11.38 <0.0001* 6.11 0.041° 37.07 <0.0001*
2 uM Cis + 5 nM LANT 1 uM Cis + 5 nM LANT 7.13 0.014* 8.05 0.004* 16.98 <0.0001*

A one-way analysis of variance (ANOVA) with post hoc tests using the Bonferroni correction illustrates the differences in cell death percent-
ages across the 6 treatment conditions for Detroit 562, FaDu and CAL 27 cell lines comparing the efficacy of cisplatin monotreatment and
combination treatment groups. The results show post hoc tests with Bonferroni correction. Prior to the ANOVA estimation, statistical tests were
performed for the assumptions of homogeneity of variance and normality using Bartlett's and Shapiro-Wilk tests, respectively. For these tests,
P>0.05 indicated that these assumptions were met. The statistical significance was set at P<0.05. For the treatment group comparison, the first
column is more effective than the second column by the mean difference amount; *P<0.05; *P<0.10; Mean Diff, mean difference; Cis, cisplatin;
LANT, Laser-Activated NanoTherapy.

Table IV. Reducing effect on cisplatin dose by Cisplatin + LANT combination treatments.

Treatment combination

1 uM Cis + 1 uM Cis + 2 uM Cis + 2 uM Cis +
Cell line Outcome 2.5nM LANT 5 nM LANT 2.5nM LANT 5nM LANT
Detroit 562 Cell death (%) in combo 26.2 37.7 335 449
Est. conc. (M) of Cis mono 4.0 59 52 7.1
to obtain the same % cell death
Cis dose reduction (%) 75.2 829 61.2 72.0
FaDu Cell death (%) in combo 394 51.7 53.7 59.8
Est. conc. (uM) of Cis mono 23 42 4.6 6.0
to obtain the same % cell death
Cis dose reduction (%) 56.6 76.0 56.1 66.7
CAL 27 Cell death (%) in combo 35.0 58.5 384 755
Est. conc. (uM) of Cis mono 2.7 53 3.0 94
to obtain the same % cell death
Cis dose reduction (%) 62.7 81.2 32.8 78.7

An outline, per HNSCC cell line, of the percentage of cisplatin dose reduction, based on the concentration of the cisplatin monotreatment that is
needed to achieve the same percentage of cell death as the concentration of cisplatin used in the Cis + LANT combination treatment. Bold font
indicates that the 1 #M Cis + 5 nM LANT combination resulted in the highest percentage of cisplatin dose reduction. AuNRs, gold nanorods;
Conc., concentration; Cis, cisplatin; LANT, Laser-Activated NanoTherapy.
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comparisons that did not exhibit statistically significant differ-
ences in their efficacy: 1 uM Cis + 5 nM LANT vs. 2 uM Cis
+ 2.5 nM LANT for Detroit 562 and FaDu cell lines; and 2 uM
Cis +2.5nM LANT vs. 1 uM Cis + 2.5 nM LANT for CAL 27
cells, implying that these treatments were equivalent.

The most effective combination with the most notable
increase in cell death over its corresponding cisplatin monotreat-
ment was 1 uM Cis + 5 nM LANT, with approximately 2- to
5-fold greater cell death than 1 uM cisplatin monotreatment.
The lowest therapeutic efficacy improvement was observed with
the 2 uM Cis + 2.5 nM LANT combination, with <2-fold more
cell death than the 2 yM Cis monotreatment.

The 4PL model equation was used to determine the syner-
gistic therapeutic efficacy of the combination treatment and
the percentage of cisplatin dose reduction (35). The cell death
percentages induced by the 4 combinations of Cis + LANT
(1 or2uM Cis + 2.5 or 5 nM LANT) were evaluated. The dose
of cisplatin necessary to achieve the same cell death percentage
as the corresponding cisplatin used in the combination treat-
ments was determined. The reduction in dose was derived
using cell death percentage as the commonality (Table I'V).

The 1 uM Cis + 5 nM LANT combination treatment
resulted in the highest percentage of cisplatin dose reduction:
82.9, 76.0 and 81.2% for the Detroit 562, FaDu and CAL 27
cell lines, respectively. For example, the 82.9% dose reduc-
tion for the Detroit 562 cells elucidates that 5.9 yuM Cis as a
monotreatment is required to achieve the same 37.7% cell
death as the 1 uM Cis used in the 1 yuM Cis + 5 nM LANT
combination treatment.

Discussion

Adjuvant, neoadjuvant and combination therapies are an
emerging and viable approach to overcome the current chal-
lenges experienced by patients who cannot receive or tolerate
the standard of care chemotherapeutic treatment regimens.
This patient-centered solution reduces the standard drug
dosage administered, thereby reducing toxicity, side-effects
and poor prognosis. Cisplatin, a standard chemotherapeutic
therapy for HNSCC, has shown promise to decrease toxicity
and side-effects at lower doses when combined with other ther-
apeutic interventions. Several emerging clinical studies have
combined cisplatin with other interventions and demonstrated
dose reduction while maintaining efficacy. A previous study
compared cisplatin combined with paclitaxel to high-dose
cisplatin in patients with locally advanced HNSCC receiving
concurrent radiation. That study demonstrated less acute
and chronic toxicities at one-fifth of the cisplatin dose with
comparable overall survival rates and efficacy (10). In another
study that followed patients with locally advanced HNSCC,
induction chemotherapy combining docetaxel, cisplatin, and
fluorouracil (TPF), in comparison to cisplatin and fluorouracil
(PF), demonstrated significant improvement in overall-,
median- and progression-free survival without increasing
treatment-related toxicity, as measured by tracheostomies and
dependence on gastric feeding tubes (18).

Pre-clinical studies are beginning to emerge and show
promise for cisplatin dose reduction and enhanced drug
delivery by combining cisplatin with various unconven-
tional interventions, such as nanomedicines and therapeutic
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nanotechnologies (28). One such example is a nano-enabled
version of cisplatin combined with a nano-enabled version of
rapamycin. Rapamycin, which inhibits angiogenesis and prolif-
eration through the mTOR pathway, has been shown to enhance
human melanoma cell sensitivity to cisplatin, induce significant
apoptosis in vitro, inhibit the growth of a xenografted tumor
and permit the enhanced tumor penetration of NPs in vivo (36).
Another example is a theranostic nanomedicine study of gold
nanoclusters conjugated to folic acid and cisplatin that signifi-
cantly improved the efficacy of cisplatin by accelerating the
cellular uptake and increasing cytotoxicity in breast cancer cells.
These conjugates also inhibited growth and lung metastasis of
orthotopically implanted breast tumors (37).

There is a class of nanoparticle drug delivery systems
(DDSs) used to facilitate the delivery of cisplatin, relying on
the enhanced permeability and retention (EPR) effect (28).
These include organic (polymeric NPs, polymeric micelles,
polymeric conjugates, dendrimers, liposomes, polymer-coated
liposomes, and nanocapsules), inorganic (carbon nanotubes,
iron oxide NPs, gold NPs, and mesoporous silica NPs)
and hybrid NPs (nanoscale coordination polymers and
polysilsesquioxane NPs) (28).

Another class of nanotechnologies that may enhance drug
performance, aside from the class of previously mentioned
nanomedicines, are the less explored, therapeutic metallic
nanoparticles. A previous study demonstrated that zinc oxide
nanoparticles (ZnO-NPs) induced tumor-selective cell death in
HNSCC in vitro and enhanced cytotoxic effects when irradi-
ated with UVA-1 in combination with cisplatin and paclitaxel.
Although UVA-1 activated ZnO-NPs alone produced a signifi-
cant decrease in viable cells, this effect was further enhanced
when combined with cisplatin and paclitaxel, indicating a
synergistic association between the photocatalytic nanopar-
ticles and the chemotherapeutic drug combination (38,39).

Previous LANT research by the authors, also in this class of
therapeutic metallic nanoparticles, used AuNRs to demonstrate
approximately 100% cell death in vitro and complete xeno-
grafted tumor regression in vivo in HNSCC when exposed to a
specific excitation wavelength of near-infrared laser light (785
nm) (34). In the present study, LANT, combined with cisplatin
as an adjuvant therapy, improved the therapeutic efficacy of
cisplatin by >5-fold that of cisplatin monotreatment and reduced
the effective cisplatin dose in 3 HNSCC cell lines. This cisplatin
+ LANT combination therapy is designed to lower the effective
dose, decrease treatment times and minimize the side-effects
of cisplatin monotreatment. This nano-drug adjuvant therapy
approach may also circumvent systemic delivery and the need
for conjugation by overriding the tumor microenvironment and
avoiding the delivery obstacles encountered during uptake by
the reticuloendothelial system. This strategy is based on effec-
tive intratumoral LANT delivery (34) and may hold promise of
becoming an additional option for patients who cannot tolerate
the full dose of the standard cisplatin regimen.

In conclusion, the present study demonstrates the potential
of cisplatin and LANT co-therapy as a possible addition to
the adjuvant therapy options for the treatment of HNSCC. The
combination of cisplatin + LANT demonstrates up to 5.4-fold
greater therapeutic efficacy than cisplatin monotreatment.
The most effective treatment combination, 1 uM Cis + 5 nM
LANT, demonstrates an 82.9% dose reduction in Detroit 562
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cells, compared to the 5.9 yM of Cis monotreatment required
to achieve the same 37.7% cell death in 48 h. This observation
suggests that a lower cisplatin dose may be used in combina-
tion with LANT to achieve the same therapeutic efficacy as
higher doses of cisplatin monotreatment. Directly translating
this in vitro concentration to an animal or human dose is
not a process clearly outlined in the literature. However, if
the same 82.9% dose reduction was applied to the standard
human cisplatin dose schedule, LANT could reduce the stan-
dard clinical dose of cisplatin from 2.54 mg/kg (100 mg/m?)
every 3 to 4 weeks to 0.43 mg/kg (17.1 mg/m?) in 48 h. The
combination of LANT and cisplatin suggests that LANT may
boost the therapeutic effect of low doses of cisplatin, and may
result in fewer side-effects for cancer patients and improved
patient outcomes. It also suggests that adding LANT to the
current standard cisplatin dose schedule may provide a more
aggressive treatment option if desired; however, this requires
additional study.

It is suggested that these findings may be extended to a
variety of other cancer types. It is also suggested that these
findings may extend to the development of novel adjuvant
therapy formulations, incorporating other metallic-based
nanoparticle technologies, such as other gold, silver, platinum
and iron nanoparticles. Other therapeutic nanotechnologies,
such as dendrimers, polymers and liposomes may also serve as
adjuvant, multi-step interventions that may be less expensive
and more effective than the conjugated, hybrid versions of
the same components. Consequently, future studies should
also consider the improvement cisplatin may have to the other
treatment component in the adjuvant therapy, including, but not
limited to, LANT and other nanotechnologies. Future studies
are also required to address the impact of the combination
treatment on oral keratinocytes, fibroblasts, the mechanism of
cell death and decreased cellular proliferation.
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